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METHOD AND SYSTEM FOR DETECTING

OPTICAL FAULTS WITHIN THE OPTICAL

DOMAIN OF A FIBER COMMUNICATION
NETWORK

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to fiber optic
telecommunication. More particularly, the present invention
pertains to a system and method for simple, rapid detection
of an optical fault within the optical domain in a commu-
nication network.

2. Related Art

Acommunication network serves to transport information
among a number of locations. The information to be trans-
ported is often presented to the network in the form of
time-domain electrical signals representing a combination of
telephony, video, or computer data in a variety of formats.
A typical communication network has many physical sites
called nodes interconnected by information conduits called
links. Each link carries data from one node to another node.
Each node can contain equipment for combining, separating,
transforming, conditioning, and routing data.

Optical fibers are increasingly relied upon for carrying
vital communications traffic. Fiber trunks extend between
nodes (i.e. cities) forming networks extending across states,
nations, and continents. Fiber cables whether laid out above
ground, underground, or underwater are subject to damage.
For example, lightning, backhoes, fires, train derailment,
trawler nets, and shark attacks have been reported to have
severed or impaired optical fiber connectivity. See, Grover,
Wayne PhD., “Distributed Restoration of the Transport
Network,” Network Management into the 21st Century,
Chapter 11, IEEE Press, (1991), p 337.

Fiber optic cables carry far greater amounts of digital data
than conventional electrical cables. A single fiber operating
at approximately 10 Gb/s and packeting data according to a
standard SONET OC-192 protocol, carries data equivalent
to over 128,000 voice calls. Moreover, dozens of fibers may
be included in a single cable. The impact of a cable cut, or
even a single optical fiber failure, can be widespread.
Sudden link failure due to a fiber failure, cable cut, nodal
failure, or any other system error can cause a significant loss
in revenue for a network owner or network subscriber.

Sophisticated consumers no longer tolerate disruptions of
service. Prompt detection of optical signal impairment or
loss is therefore essential to effective network management.
Conventional restoration systems detect loss of fiber con-
nectivity in the electrical domain. For example, the absence
of a traffic signal at a light terminal element (LTE) receiver
is detected. Detecting signal loss at the LTE can take two or
more seconds—too slow for modern industry demands.

All-optical networks often include endpoint nodes opti-
cally interconnected through paths which include interme-
diate optical switching nodes. Each path can include mul-
tiple intermediate nodes coupled to one another through
multiple spans or links. Detecting signal loss at an LTE
located at an endpoint node, however, only provides a fault
indication for the entire path between endpoint nodes. The
specific intermediate span or link which is the source of the
fault indication cannot be distinguished.

Moreover, implementing additional detection circuitry in
the electrical domain can be costly. At a practical level, some
existing LTE circuits cannot be easily accessed or
re-configured to accommodate fiber fault detection process-
ing.

—
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What is needed is a simple, fast method and system for
detecting optical faults in the optical domain of a fiber optic
network.

SUMMARY OF THE INVENTION

The present invention provides a method and system for
detecting optical signal degradation or loss within the optical
domain of a fiber network. Dedicated optical signals for
detecting fiber faults are introduced and removed within the
optical domain of the fiber network. Such fiber faults can
include fiber failure, cable cut, nodal failure or any other
system error.

In one embodiment, transmitter/receiver units are coupled
directly to the fiber link for broadcasting optical signals for
fault detection over working and/or spare fibers. In another
embodiment, transmitter/receiver units are coupled to the
fiber link through one or more dedicated ports within optical
cross-connect switches (OCCS) at network nodes. In each
embodiment, optical signals for fault detection can be broad-
cast or switched through working and/or spare fibers.

According to another aspect of the present invention,
distinctive optical fault detection signals are used when the
signals are broadcast or switched over working fibers. For
example, a dedicated wavelength can be added to distin-
guish optical fault detection signals from normal data traffic
across the fiber network.

Thus, in the present invention, optical signal impairment
or loss is detected simply and quickly in the network optical
domain. Fault indications for a specific span along an optical
path between endpoint nodes are provided. Rapid, accurate
optical fault capability can be added to communication
networks without requiring changes to existing light termi-
nal elements and processing circuitry in the electrical
domain.

Further features and advantages of the present invention,
as well as the structure and operation of various embodi-
ments of the present invention, are described in detail below
with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and form part of the specification, illustrate the
present invention and, together with the description, further
serve to explain the principles of the invention and to enable
a person skilled in the pertinent art make and use the
invention.

In the drawings

FIG. 1is a block diagram illustrating fiber fault detection
within the optical domain of a network according to the
present invention.

FIG. 2 is a block diagram of one node in a first configu-
ration broadcasting optical signals for fault detection over a
fiber link.

FIG. 3 is a block diagram showing an example of a
transmitter/receiver unit and processor for detecting faults
according to the first configuration.

FIG. 4 is a block diagram of one node in a second
configuration switching optical signals through one or more
dedicated OCCS ports for fault detection over a fiber link.

FIG. 5 is a block diagram showing a transmitter/receiver
unit and fault processor in the second configuration using
OTDR.

FIG. 6 is a block diagram showing another transmitter/
receiver unit and fault processor in the second configuration
detecting switched optical signals.

FIGS. 7A and 7B are block diagrams showing integrated
optical devices for broadcasting optical signals for fault
detection.
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The present invention will now be described with refer-
ence to the accompanying drawings. In the drawings, like
reference numbers indicate identical or functionally similar
clements. Additionally, the left-most digit(s) of a reference
number typically identifies the drawing in which the refer-
ence number first appears.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Table of Contents
I. Overview
II. Example Environment
III. Fiber Communications Link
a. Electrical-Optical Domain Interface
b. Network Optical Domain
I'V. Fault Detection in the Network Optical Domain
a. Broadcasting Fault Detection Signals
b. Switching Fault Detection Signals

i. OTDR Detection Module

ii. Fiber Connectivity Module
V. Integrated OCCS and T/R Unit
VI. Distinctive Optical Fault Detection Signals
VII. Conclusion
I. Overview

The present invention detects fiber optic signal degrada-
tion or loss in the optical domain of a fiber network. Optical
cross-connect switches (OCCS) are provided at network
nodes. Optical data traffic is conducted between nodes via a
fiber link. The fiber link extends between respective ports of
the optical cross-connect switches at each network node.
Dedicated optical signals for detecting faults are introduced
and removed within the optical domain of the fiber network.
In one embodiment, transmitter/receiver units are coupled
directly to the fiber link for broadcasting optical fault
detection signals. In another embodiment, transmitter/
receiver units are coupled to the fiber link through one or
more dedicated ports within optical cross-connect switches
(OCCS) at network nodes. Optical signals for fault detection
are broadcast or switched through working and/or spare
fibers. Distinctive optical fault detection signals are used
when the signals are broadcast or switched over working
fibers.
II. Example Environment

The present invention is described in the example envi-
ronment of a fiber optic communications network. In
particular, fault detection over a long-distance fiber optic
trunk linking two nodes is considered. Description in these
terms is provided for convenience only. It is not intended
that the invention be limited to application in this example
environment. In fact, after reading the following description,
it will become apparent to a person skilled in the relevant art
how to implement the invention in alternative environments.
III. Fiber Communications Link

FIG. 1 is a block diagram of a fiber fault detection system
in two nodes of a fiber link according to the present
invention. In particular, nodes A and B are connected by an
east-west fiber link 120. These nodes can be part of an
overall local, national or global telecommunications net-
work. The invention is not limited to a particular type of
network topology or hierarchy. For example, as would be
apparent to one skilled in the art, the nodes A and B and the
fiber link 120 can be configured in ring, full mesh, or partial
mesh topologies, or combinations thereof. Fiber link 120 can
also be an intermediate span within a longer path between
endpoint nodes. Tandem-nodes and multiple-level hierar-
chies can be used in a network design.
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Node A consists of a lightwave or line terminal element
unit (LTE)102, a broadband digital cross-connect switch unit
(BB-DXC) 104, optical cross-connect switch (OCCS) 106,
and a OCCS controller 108. Node B similarly consists of a
light terminal element unit (LTE)112, a broadband digital
cross-connect switch unit (BB-DXC) 114, optical cross-
connect switch (OCCS) 116, and a OCCS controller 118.
Because Node B consists of substantially the same elements
as Node A, the operation of Node B will not be described in
detail.

a. Electrical-Optical Domain Interface

At node A, data signals are converted from the electrical
domain to the optical domain (and vice versa) at the LTE
102. Light source arrays can be utilized to produce modu-
lated optical carrier signals. Multiplexers can be added to
multiplex multiple input electrical signals to produce a drive
signal for driving light sources in LTE 102 at a higher bit
rate. Light detector arrays detect multiple optical carrier
signals and produce representative electrical signals. Demul-
tiplexers further separate the detected electrical signals
output from LTE 102.

BB-DXC 104 is connected to LTE 102 for controlling
switching and transmission of data signals. For example,
common data carrier standards for digital signal transmis-
sion such as DS3, OC-3, OC-12, OC-48, and OC-192 used
in SONET networks can be processed by LTE 102 and/or
BB-DXC 104. As would be apparent to one skilled in the art,
hardware and/or software for implementing LTE 102 and
BB-DXC 104 (and LTE 112 and BB-DXC 114) is generally
well-known and need not be described further.

Digital optical signals, i.e. Optical Carrier signals (OC-1
to OC-192), are emitted by LTE 102 and optically coupled
to input ports of OCCS 106. Alternatively, BB-DXC 104 can
be coupled to direct optical signals to OCCS 106. OCCS
controller 108 then switches the optical paths through OCCS
106 to distribute optical signals across the fiber link 120
depending upon fiber availability, capacity, traffic demands,
and other network considerations. For instance, system
processor 130 can be used to monitor the status of OCCS
106, i.e. the switch state, and to issue switch commands.
Similarly, digital optical signals sent from node B to Node
A are output from OCCS 106 ports to detectors in LTE 102
and/or BB-DXC 104.

b. Network Optical Domain

Considering the optical domain in more detail, one face
106A of OCCS 106 has N ports optically coupled (e.g.
through fibers) to receive respective optical signals from
LTE 102. The opposite OCCS face 106B has N ports
optically coupled to the respective fibers of fiber link 120.
OCCS 106 switches any or all of the optical signals passing
between its ports. For example, optical signals received from
LTE 102 at any of ports 1 to N at face 106A can be switched
to exit any of ports 1 to N at face 106B. Specific software
and/or hardware implementations for addressing,
monitoring, and controlling OCCS 106 through system
processor 130 based on the number of ports and switch
configurations would be apparent to one skilled in the art.

In FIG. 1, OCCS controller 108 includes system processor
130, fault processor 140, transmitter/receiver (T/R) unit 150
(and/or T/R unit 160). The operation of the T/R units and
fault processor in detecting optical fault within the network
optical domain will be described in detail below with respect
to FIGS. 2 to 6.

The OCCS controller 108 is further coupled to a separate,
off-band Digital Communications Network (DCN) and/or to
an Operational Support System (OSS). The DCN is an
ultra-reliable data network which is provided for communi-
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cating status signaling messages between nodes regarding
system operation, faults, etc. In general, the DCN can
transport status messages in any type of network protocol
including Frame Relay, ATM, X.25, TCP/IP, and/or B-ISDN
protocols. The Operational Support System is a centralized
network manager which oversees global network operations
including network restoration.

OCCS controllers 108, 118 include a module at each node
for storing and processing status signaling messages. Such
status signaling message processing can be incorporated in
the system processors 130, 131 and/or fault processors 140,
141. In this way, different nodes can communicate status
information through the DCN to coordinate fault detection
efforts and increase accuracy. For example, each OCCS
controller 108, 118 can send active or fault status signals (i.e.
by setting an active or fault bit or field) through the DCN
indicating a normal working state or a fault. After sending a
fault status an OCCS controller waits for confirmation from
the other node that a fault has been detected.

The OSS can be notified after both nodes have confirmed
a fault. Either the system processor 130,131 or the fault
processor 140,141 can send the confirmed fault indication to
the OSS. This improves the accuracy of the fault detection
and reduces the number of false fault indications. The OSS
can then initiate restoration algorithms and procedures to
avoid a faulty link (due to a fiber failure, cable cut, nodal
failure or other system error) with greater confidence.

The present fault detection system is not dependent on the
number of ports or the type of optical cross-connect switch
used. In principal for an NxN OCCS any number of ports
(e.g., N=4, 16, 40, 72, 128, or 256) can be switched. Any
type of optical switch can be used depending upon the
available technology. See, e.g., the integrated directional-
coupler type switches discussed by Waynant, R. et al., Eds.,
Electro-Optics Handbook, McGraw-Hill, Inc. U.S.A.
(1994), chapter 26, and especially page 26.34 (incorporated
herein by reference). For example, OCCS 106 can consist of
a 16x16 LiNbO; switch (N=16). Sixteen ports are then
available on each OCCS face 106A,106B for switching
optical signals. Other suitable optical switching technologies
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, NxN multi-port OCCS is
shown schematically herein for clarity, multiple discrete
switches and couplers can be used to perform equivalent
optical switching. For example, a set of discrete 1x2 or 2x2
optical switches can be used to switch individual tributary
signals between working and/or protect fibers in fiber link
120. Multiple Y-couplers and directional couplers can also
be used. In general, the number of fibers, port counts, and/or
discrete switches can increase to accommodate a variety of
architectures.

Fiber link 120 consists of working and/or spare fibers. The
number of fibers typically, but not necessarily, matches the
number of ports N. One or more spare fibers are optionally
provided to allow traffic to be re-routed in the event a
working fiber becomes inoperative or over-taxed. Optical
fault detection signals can be sent over working and/or spare
fibers in fiber link 120. According to one aspect of the
present invention, distinctive optical fault detection signals,
distinguishable from normal data traffic, are transported over
working fibers. In another aspect of the invention, the spare
fibers can be used to carry fault detection optical signals
without interfering with normal data traffic.

I'V. Fault Detection in the Network Optical Domain

According to the present invention, fault detection is
provided within the optical domain of a network. Dedicated
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optical fault detection signals are introduced and removed
entirely within the optical domain. According to one
embodiment, transmitter/receiver (T/R) units 150, 170 are
coupled to the fiber link 120 through respective optical links
155, 175. For instance, optical link 155 can consist of a
uni-directional or bi-directional fiber arrangement for opti-
cally coupling a dedicated T/R unit 150 directly with fiber
link 120. Optical signals for fault detection can be broadcast
from T/R unit 150 over one or more working and/or spare
fibers of fiber link 120 to T/R unit 170 at node B.

According to another embodiment, T/R units 160, 180 are
coupled to one or more dedicated ports of the OCCSs 106,
116 through respective optical links 165, 185. For instance,
optical link 165 can consist of a uni-directional or
bi-directional fiber arrangement for optically coupling dedi-
cated transmitter/receiver 160 with fiber link 120 through a
dedicated port N at face 106A. Optical signals for fault
detection issued by T/R unit 160 can be switched through
OCCS 106 over one or more working and/or spare fibers of
fiber link 120.

Fault processor 140 is coupled to the T/R unit 150 or 160
for detecting faults based on received optical fault detection
signals. Status signals indicative of any detected faults are
then output by fault processor 140 (or system processor 130)
through the separate digital communication network (DCN)
linking at least the network nodes A and B. As described
earlier, when each node is detecting optical faults, fault
processor 141 at node B will also send a fault indication
through the DCN which confirms the fault detected by node
A.

OCCS controller 108 at node can then send a confirmed,
accurate fault indication signal to the OSS. Depending upon
where status signaling messages are stored and tracked,
system processor 130 or fault processor 140 can issue the
confirmed fault indication signals to the OSS and receive
restoration commands from the OSS for re-routing traffic
through the OSSC 106. Known network restoration
schemes, i.e. distributed restoration, can be invoked to avoid
loss of service until repairs are made. Other system designs
for responding to a fault indication by fault processor 140
would be apparent to one skilled in the art.

Bi-directional fibers are shown in FIG. 1. Two uni-
directional fibers carrying optical signals in opposite direc-
tions between the nodes A and B could be substituted for
each bi-directional fiber. Generally, any type of fiber includ-
ing single-mode, multi-mode, dispersion-shifted, non-
dispersion shifted, or modified-dispersion shifted fiber can
be used.

a. Broadcasting Fault Detection Signals

FIG. 2 is a block diagram example of node A according
to a first embodiment of the present invention. Optical link
255 couples OCCS controller 208 and in particular, a T/R
unit 250, with a fiber link 220. T/R unit 250 consists of a
transmitter T and a receiving array R. Fiber link 220 consists
of working and/or spare fibers.

Transmitter T at node A broadcasts an optical signal for
fault detection which can be distinguished by receiving array
R from other optical signals carrying normal network data
traffic. For example, transmitter T can consist of a laser
source or array, such as a laser diode, generating a distinctive
optical signal at wavelength }, for transmission over work-
ing and/or spare fibers. Alternatively, optical signals for fault
detection can be sent over spare fibers only in fiber link 220,
thereby avoiding potential interference with optical data
traffic and a need to use a distinctive wavelength.

The fault detection optical signal then passes through an
optical coupler 252, e.g. a waveguide branch coupler, which
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splits the signal into N/2 signals guided by fibers 256. These
optical signals enter respective uni-directional fibers I trans-
porting data from Node A to Node B. Well-known optical
couplers/splitters 254, such as passive directional or tap
couplers, can be used to optically couple fibers 256 with
fiber link 220.

Receiving array R consist of individual detectors, i.c. PIN
diodes. The detectors are optically coupled through respec-
tive fibers 257 to fiber link 220. Couplers or splitters 258
split optical signals off through fibers 257. For example,
simple tap couplers or 5/95 splitters can be used to direct a
portion of the optical signals traveling toward node A from
uni-directional fibers II to receiver array R.

Detectors in receiving array R respond to optical fault
detection signals input through fiber link 257. In a simple
example, each detector outputs a hi/lo electrical signal, i.e.
0 or 5 volts, representing the presence or absence of the
optical signals. The absence of an optical signal indicates a
potential fiber fault condition. Fiber faults for a particular
link or span are thus detected quickly in the optical domain
of the network, i.e. less than two seconds for each fiber.

Abank of optical filters 259 is provided, when necessary,
in each fiber optic path 257 to filter optical fault detection
signals. In current Wavelength Division Multiplexing
(WDM) data communication networks, data is carried at or
near either of two wavelengths, 1310 or 1550 nm. For
example, optical data signals can be carried in four-
wavelengths A, to A, at or near 1550 nm. A wavelength
,=1533 nm. is used for optical fault detection signals. The
wavelength filters 259 can then be tuned to 1533 nm. to
match the wavelength

Alternatively, when the node B transmitter T, transmits at
another wavelength 2, wavelength filters 259 then match the
node B wavelength ;. By detecting signals from node B at
a different wavelength, i.e. A;=1532 nm., receiver R at node
A encounters less interference from the node A transmitter.
As stated earlier, optical fault detection signals can be sent
over working and/or protect fibers. Tunable filters 259 filter
the fault detection signals from other data traffic. When
optical fault detection signals are only sent over spare fibers
in fiber link 220, tunable filters 259 to discriminate data
traffic are not necessary.

Fault processor 240 processes the output of receiver R and
reports individual fiber active/failure status quickly through
the digital communications network (DCN). Because fiber
fault is detected in the network optical domain, fault pro-
cessor 240 can respond to fiber failure in the subsecond
range—a much faster response than the 2 to 5 second limit
for LTE-based detection in the electrical domain. For
instance, the absence of a optical fault detection signal can
be detected by the fault processor in milliseconds i.e. 10-50
msec. OCCS 206 can then be switched in microseconds to
re-store communication.

FIG. 3 shows a more detailed example of a OCCS
controller 308 used to detect fiber fault in the network
optical domain. OCCS controller 308 includes system pro-
cessor 330, fault processor 340, and T/R unit 350. Relatively
simple comparison and logic processing in fault processor
340 detects the presence/absence of the optical signals, and
therefore, physical fiber fault or other system error. In T/R
unit 350, detector signals from array R are compared to
predetermined thresholds in comparators 342. Logic unit
344 evaluates which fibers, if any, have faults. Processor 346
then receives the output from logic unit 344 and sends a
corresponding fault status message through the DCN.

Time delay circuitry or processing (not shown) can be
included in the logic unit 344 to avoid construing false,
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momentary lapses as permanent physical failures. This way
checks are made to ensure an outage has persisted for a
predetermined period of time, i.e. at least two clock cycles.
Optical signals impairments (as opposed to a complete
optical loss) can also be determined from erratic signal
behavior, such as, irregular timing or intensity fluctuations/
diminishment.

In general, the above fault processing can be implemented
through hardware, firmware, software and/or combinations
thereof as would be apparent to one skilled in the art. Such
comparison and time delay processing is well-known and
various, alternative designs for implementing the functions
described above would be apparent to one skilled in the art.

b. Switching Fault Detection Signals

FIG. 4 is a block diagram example of node A according
to a second embodiment of the present invention. Through
T/R unit 460 the OCCS controller 408 is coupled in the
network optical domain to fiber link 420. Optical link 465
optically couples light between the T/R unit 460 and one or
more dedicated ports of OCCS face 406A.

T/R unit 460 consists of a transmitter T and a receiver R.
Transmitter T sends optical signals for fault detection from
node A across fiber link 420 to node B. Receiver R receives
optical fault detection signals issued by node B and sent over
fiber link 420. OCCS controller 408 further includes system
processor 430 and fault processor 440. Fault processor 440
includes an OTDR (Optical Time Domain Reflectometry)
module 442 and/or a fiber connectivity module 444.

The one or more dedicated ports on OCCS face 406A are
reserved to couple optical signals between T/R unit 460 and
fiber link 420. Separate dedicated ports couple light through
respective unidirectional fibers 466, 467. Only one dedicated
port is required when a single fiber, i.e. a bi-directional fiber,
couples both transmitted and received light. In any event
other ports in face 406A remain available for switching data
traffic. All of the N ports at face 406B can be used for
switching data traffic and/or the optical fault detection
signals. Alternatively, some ports at face 406B can be
coupled to unoccupied spare fibers to pass the optical fault
detection signals.

Two basic modes of fault detection within the network
optical domain are achieved in the example of FIG. 4: (1)
Optical Time Domain Reflectometry (OTDR) and (2) Fiber
Connectivity (Working and/or Spare Fibers). Each detection
mode can be implemented, separately or in combination, in
the respective modules 442, 444 (software and/or hardware)
in fault processor 440.

i. OTDR Detection Module

FIG. 5 shows a fault processor 540 incorporating an
OTDR module 542 in more detail. Sensitive OTDR mea-
surements of fiber quality can be performed on any of the
fibers of fiber link 520. Transmitter T transmits an OTDR
pulse which is coupled through bi-directional fiber 565 to
the dedicated port N at face S06A. The OTDR pulse is then
switched through waveguides within the OCCS 506 to the
fiber being measured in accordance with control signals sent
from System processor 530.

As is well-understood in OTDR measurement, back-
reflected pulses result from fiber irregularities due to fiber
degradation or failure. These back-reflected OTDR pulses
return to OCCS 506 and are switched back through the
dedicated receiver port N to receiver R. Receiver R then
detects back-reflected OTDR pulses through fiber 565.
OCCS controller 508 includes a conventional OTDR pro-
cessor 542. Accordingly, among other things, fiber
attenuation, degradation, and location of faults can be
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detected based on the timing, intensity, and other character-
istics of the back-reflected OTDR pulses. See, e.g., the
article by DeMeis, R., “Select the Right Test Equipment for
your Fiber Optic Needs,” Laser Focus World, pp. 161-73,
October 1995 (incorporated by reference herein).

In the present invention, OTDR pulses for fault detection
can be sent across working fibers and/or spare fibers in fiber
link 520. Preferably, these OTDR pulses are sent over an
inactive spare fiber 521 to allow large amplitude OTDR
pulses to be sent without interfering with normal link
operation. Tunable filters (not shown) can also provided to
further discriminate the optical OTDR signals used for fault
detection from normal data traffic. Because returning OTDR
pulses can be particularly weak, filters can be omitted by
conducting OTDR measurements on spare fibers or during
off-line periods.

ii. Fiber Connectivity Module

FIG. 6 shows a fault processor 640 incorporating a Fiber
Connectivity Module 644 in more detail. Optical link 665
couples T/R unit 660 and at least one dedicated port N at
OCCS face 606A. T/R unit 660 consists of a transmitter T
641 and a receiver R 642 for transmitting and detecting
optical fault detection signals between nodes A and B over
fiber link 620. For example, transmitter T 641 can be a laser
source (i.e. a semiconductor laser diode) and receiver R can
be a compatible detector (i.e. a PIN diode) or array of
detectors.

Preferably, each node A and B has a similar T/R unit. In
this way, transmitter T 641 sends optical fault detection
signals to a receiver in a T/R unit (not shown) at node B.
Receiver R 642 then detects optical fault detection signals
sent from the T/R unit at node B. For purposes of deter-
mining fiber connectivity between nodes A and B with
limited confirmation, node A need only have a transmitter T
while node B has a corresponding receiver R.

Fiber Connectivity module 644 includes a comparator 646
and multiplexer processor 648. Signals output from the
receiver R 642 are compared to a predetermined reference
threshold in comparator 646 to determine the presence
and/or absence of an optical fault detection signal. Multi-
plexer processor 648 tracks the state of OCCS 606 to
determine which port at face 606B is currently switched and
optically coupled to the dedicated port at face 606A. In this
way, multiplexer processor 648 correlates a detected signal
with the fiber from which it was or should have been
received. Detected optical signals output through compara-
tor 644 which are indicative of impairment or loss can then
be matched to the particular source fiber in link 620 having
the fault.

As would be apparent to one skilled in switching, any
well-known multiplexer scheme (e.g. a clocked binary
counter) can be used in system processor 630 to scan and
match the status of the OCCS 606 with the comparator 646
output. Fiber connectivity module 644 can then output
corresponding fault status indications through DCN to node
B. Fault indication signals can also be sent to the OSS,
system processor 630, and/or a display alarm/warning unit.

Unlike the configuration of FIG. 2, however, receiver R in
T/R unit 660 receives optical signals for fault detection
through the optical cross-connect switch OCCS 606.
Receiver R can include a tunable filter 659, e.g. a Mach-
Zehnder wavelength filter, for filtering distinctive optical
signals for fault detection. The filter 659 could be set to the
same wavelength as the node A transmitter T. To discrimi-
nate between fault signals issued from different nodes and/or
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to distinguish fault signals from data traffic between nodes,
filters 659 can be inserted to transmit at a different wave-
length ... As shown in FIG. 6, receiver R then detects signals
at wavelength 2, passing through the filter 659.

In general, optical fault detection signals can be transmit-
ted as described above, over working and/or spare fibers of
fiber links 620 to determine fiber connectivity. Switching
fault detection signals through the spare fibers only allows
normal data traffic to be conducted through other ports in
OCCS 606 without interference and avoids the need to use
an optical fault detection signal distinguishable from other
optical data traffic. Faults (i.e. optical signal impairment or
loss) in the spare fiber(s) 622 are then associated with a
complete physical cable failure including the active working
fibers 621.

V. Integrated OCCS and T/R Unit

FIGS. 7A and 7B show block diagrams of an OCCS 706
optically coupled through waveguides 765 to T/R unit 750.
In FIG. 7A, OCCS 706, waveguides 765, and T/R unit 750
are all integrated on a common substrate 700.

FIG. 7B shows a particular example using a LiNbOj,
substrate. A 4x4 Z-cut LINbO, switch is shown for simplic-
ity. Alternatively, OCCS can consist of an integrated
LiNbO, 128x128 matrix switch made by NEC.

Integrated channel waveguides 765, i.e. Ti-diffused 3-D
channel waveguides, couple light to/from the T/R unit 750
to integrated couplers 754. Couplers 754 can be passive
directional couplers which couple light between the
waveguides 765 and ports at face 706B. Transmitter array T
can consist of a edge-emitting-type laser diode array
mounted on face 706A. Receiver array R can consist of
side-mounted or embedded photodiode array. See, e.g.
‘Waynant et al., “Optical Integrated Circuits,” Electro-Optics
Handbook, (McGraw-Hill, Inc.:U.S.A.), chapter 26, pp.
26.1-26.39 (1994). Alternatively, T/R unit 750 can be
mounted in a separate package or substrate. Light would
then be externally coupled to the integrated waveguides 765.

As described with respect to other examples in FIGS. 2 to
6, processors, comparators, logic processing, and/or OTDR
detection can be incorporated in a fault processor (not
shown) coupled to the T/R unit 750. Integrated tunable
filters 759 can also be inserted when a distinctive wave-
length for fault detection is sought to be detected.

Finally, given the above description of an example inte-
grated optical electronic device implementing the present
invention, other arrangements of integrated components and
semiconductor material combinations would be apparent to
one skilled in the art.

VI Distinctive Optical Fault Detection Signals

In the above description, optical fault detection signals are
distinguished from normal data communications traffic (i.e.
SONET OC-192 signal at or about 1330 or 1510 nm.) in a
variety of ways. In particular, the optical signals for fault
detection can be made unique through physical separation,
wavelength, frequency, and/or modulation. First, the optical
fault detection signals can be sent over spare fibers which
physically separates the fault detection signals from other
data traffic. Second, the optical fault detection signals can
have a wavelength distinct from the wavelengths dedicated
to communication. Finally, the optical fault detection signals
can have a recognizable frequency or modulation (such as a
pilot tone identifier or a digital subcarrier modulation bit
field). In this case, fault processors 140-640 would need to
include additional conventional processing for detecting and
recognizing such frequency and/or modulation.

VII. Conclusion

While various embodiments of the present invention have

been described above, it should be understood that they have
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been presented by way of example only, and not limitation.
It will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the invention as
defined in the appended claims. Thus, the breadth and scope

12

dedicating at least one port in said first set of ports for
fault detection;

introducing an optical fault detection signal separate from
network communication, having at least one character-

5 istic distinguishable from the optical network commu-
of the present invention should not be limited by any of the nication signals, wherein said optical fault detection
above-described exemplary embodiments, but should be signal has a wavelength different from a wavelength of
defined only in accordance with the following claims and the optical network communication signals and said
their equivalents. optical fault detection signal capable of being trans-

What is claimed is: 10 mitted along the same fiber link as the optical network
1. A method for performing testing and fault isolation of communication signals, said optical fault detection
a fiber fault within an optical domain of a fiber communi- signal, said introducing step comprises optically cou-
cations network, wherein the fiber communications network pling a transmitter to at least one dedicated port in said
includes a fiber link having at least one optical fiber for first set of ports in the optical cross-connect switch at
carrying optical network communication signals between a the first node within the optical domain of the network;
first node having a first optical cross connect switch and a 13 removing said optical fault detection signal, said remov-
second node having a second optical cross connect switch ing step comprises optically coupling a receiver to at
comprising the steps of: least one dedicated port in said first set of ports in the
introducing an optical fault detection signal along the optical cross-connect switch at the first node within the
same fiber link as the optical network communication optical domain of the network, wherein said optical
signals, said optical fault detection signal having at 2° fault detection signal is introduced and removed
least one characteristic distinguishable from the optical entirely within the optical domain of the communica-
network communication signals, at a first location 110nsinetW(.)rk; apd o
between the first optical cross connect switch and the processimng said optical fgult dClCCtIOH. signal to detect and
fiber link, wherein said optical fault detection signal isolate the fiber fault in the fiber link.
has a wavelength different from a wavelength of the s S .Thfn’ methoq of claim 4, wherein: . .
optical network communication signals, said optical said introducing step further comprises transmitting an
fault detection signal being separate from network OTDR pulss: as the optical fault detection signal from
communication carried on the fiber link and generated .Sald lransmmer; and . . .
by a transmitter optically coupled to said first location; said Processing step comprises processing an optlca.l fault
. . . . . . 30 detection signal representative of a back-reflection of
removing said optical fault detection signal carried along . .

. . . said OTDR pulse traveling through at least one of
the fiber link at a secgnd location between the ﬁber. link working and spare optical fibers in said fiber link.
and .1he sef:ond .optlcal cross-connect switch w1th a 6. The method of claim 4, wherein:
recever unit opt%cally coupled to Sal,d secc.)nfl location, said introducing step comprises optically coupling a trans-
wherein said optical fault detection signal is introduced mitter to at least one dedicated port in said first set of
and removed entirely within the optical domain of the ports in the optical cross-connect switch at the first
communications network; and node within the optical domain of the network; and

processing said optical fault detection signal to detect and said removing step comprises optically coupling a
isolate the fiber fault in the fiber link. receiver to at least one dedicated port in said first set of
2. The method of claim 1, wherein the fiber link includes ports in the optical cross-connect switch at the second
working and spare optical fibers for carrying the network node within the optical domain of the network.
communication, and wherein: 7. The method of claim 6, further comprising the step of
said introducing step further comprises broadcasting said  controlling the optical cross-connect switches at the first and
optical fault detection signal from said transmitter  second nodes to switch optical fault detection signals so that
across at least one of said working and spare optical 45 they pass through said at least one dedicated port in said first
fibers, and set of ports and through said second sets of ports to at least
said removing step further comprises detecting said opti- one of working and spare optical fibers in the fiber link.
cal fault detection signal broadcast across said at least 8. An apparatus for performing testing and fault isolation
one working and spare optical fibers. of a fiber fault within an optical domain of a fiber commu-
3. The method of claim 1, wherein said optical fault sy nications network, wherein the fiber communications net-
detection signal has a wavelength different from the optical ~ work includes a fiber link having at least one optical fiber for
network communication signals emitted by a light terminal carrying optical data communications traffic between first
element, and wherein said removing step further comprises: and second nodes, each node having an optical cross-
splitting a portion of said network communication signals connect switch, comprising:
and said optical fault detection signal from said at least 55 means for introducing an optical fault detection signal to
one optical fiber in the fiber link; and a first location between a first optical cross connect
filtering to transmit only said optical fault detection signal switch and the fiber link, said introducing means
to the receiver. including means for emitting said optical fault detec-
4. A method for performing testing and fault isolation of tion signal along the same fiber link as the optical data
a fiber fault within an optical domain of a fiber communi- 60 communications traffic, and means for coupling the
cations network, wherein the fiber communications network optical fault detection signal to at least one optical fiber
includes a fiber link having at least one optical fiber for in the fiber link, said optical fault detection signal
carrying optical network communication signals between a having at least one characteristic distinguishable from
first node and a second node, each node having an optical the optical data communications traffic, wherein said
cross connect switch, wherein at each node the optical 65 optical fault detection signal has a wavelength different

cross-connect switch has a first and a second set of ports,
comprising the steps of:

from a wavelength of the optical data communications
traffic;
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means for removing said optical fault detection signal at
a second location between the fiber link and the second
optical cross-connect switch after said optical fault
detection signal has traveled in at least one fiber in the

14

said transmitter enters said at least one dedicated port
in the first optical cross-connect switch, travels through
the first optical cross-connect switch, and, depending
upon the switch state of the first optical cross-connect

fiber link, wherein said optical fault detection signal is 5 switch, passes from the first optical cross-connect
introduced and removed entirely within the optical switch to said at least one optical fiber in the fiber link.
domain of the communications network; and 17. The apparatus of claim 9, further comprising:
means for processing said optical fault detection signal to a second optical link between said receiver and at least
isolate the fiber fault in the fiber link. one dedicated port in the first optical cross-connect

9. An apparatus for performing testing and fault isolation 10 switch.
of a fiber fault within an optical domain of a fiber commu- 18. The apparatus of claim 16, further comprising:
nications network, wherein the fiber communications net- a second optical link between said receiver and at least
work includes a fiber link for carrying optical network one dedicated port in the second optical cross-connect
communication signals between first and second nodes, the switch, whereby said optical fault detection signal after
first node having a first optical cross-connect switch, and the 15 traveling along said at least one optical fiber enters the
se.cqnd node a second optical cross-connect switch, com- second optical cross-connect switch, and, depending
prising: upon the switch state of the second optical cross-

a transmitter optically coupled to a first location between connect switch, passes from said at least one dedicated

the first optical cross-connect switch and the fiber link port in the second optical cross-connect switch through
that emits an optical fault detection signal separate 20 said second optical link to said receiver.

from the network communication, and which travels 19. The apparatus of claim 9, wherein the first optical
along the same fiber link as the optical network com-  cross-connect switch comprises an integrated optical cross-
munication signals, said optical fault detection signal connect switch.

having at least one characteristic distinguishable from 20. The apparatus of claim 9, further comprising:

the optical network communication signals, wherein 25, frt substrate having first and second faces, said first
said optical fault detection signal has a wavelength substrate including the first optical cross-connect
different from a wavelength of the optical network switch integrated on said first substrate for switching
communication signals; light passing between ports provided at said first and

a receiver optically coupled to a second point between the 0 second faces of said first substrate, a first set of optical

fiber link and the second optical cross-connect switch waveguides integrated on said first substrate, and a first
to detect said emitted optical fault detection signal and set of couplers integrated on said first substrate for
to provide an output signal representative thereof, coupling light between said first optical cross-connect
wherein said opti.cal faul.t d.eteclion s@gnal is inliroduced switch and said first set of optical waveguides; and

and removed entirely within the optical domain of the 35 a second substrate having third and fourth faces, said
communications network; and second substrate including the second optical cross-

a fault processor connected to said receiver to evaluate connect switch integrated on said second substrate for

said receiver output to isolate the fiber fault. switching light passing between ports provided at said

10. The apparatus of claim 9, wherein the fiber link third and fourth faces, a second set of optical
includes at least one of working and spare optical fibers. 40 waveguides integrated on said second substrate, and a

11. The apparatus of claim 9, wherein said optical fault second set of couplers integrated on said second sub-
detection signal emitted by said transmitter has the wave- strate for coupling light between said second optical
length as the same optical network communication signals, cross-connect switch and said second set of optical
wherein said optical fault detection signal is modulated at a waveguides; wherein, said first set of integrated optical
frequency different from a modulation rate of the optical 45 waveguides optically couple said transmitter to the
network communication signals. fiber link and said second set of integrated optical

12. The apparatus of claim 9, wherein said transmitter waveguides optically couple said receiver to the fiber
comprises at least one light emitter and said receiver com- link.
prises at least one light detector and a wavelength selective 21. The apparatus of claim 9, wherein said fault processor
filter. ) o . s5p comprises:

13‘. The apparatus of claim 93 wherein s.ald transmitter is a comparator for comparing said receiver output to a
provided at the first node and said receiver is provided at the predetermined threshold to determine the absence of
second node. . L. o said optical fault detection signal.

14,' The apparatus of claim 93 Whert?m S,ald transmitter is 22. The apparatus of claim 14, wherein said fault proces-
provided at the first node and Sé}l(:l receiver is provided at.the ss sor comprises an OTDR module and a Fiber Connectivity
first node and further comprising an OTDR transceiver module.
optica! coupled within the network optical domain to the 23. The apparatus of claim 9, wherein said transmitter
fiber link. . .. transmits an optical fault detection signal having at least one

15. The apparatus of claim 9, further comprising;: characteristic distinguishable from the network communi-

a first optical link between said transmitter and a first ¢y cation.

point along the fiber link; and 24. The apparatus of claim 23, wherein said at least one

a second optical link between said receiver and a second  characteristic comprises a unique wavelength, and further

point along the fiber link. comprising at least one wavelength filter tuned to said

16. The apparatus of claim 9, further comprising: unique wavelength for filtering said optical fault detection

a first optical link between said transmitter and at least one 65 signal passed to said receiver.

dedicated port in the first optical cross-connect switch,
whereby said optical fault detection signal emitted by

25. An apparatus for detecting a fiber fault within an
optical domain of a fiber communications network, wherein
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the fiber communications network includes a fiber link for are optically coupled to a line side of the respective
carrying network communication between first and second optical cross-connect switches within the optical
nodes, the first node having a first light terminal element and domain of the network to the fiber link to process an

a first optical cross-connect switch, and the second node
having a second light terminal element and a second optical 5
cross-connect switch, comprising:

optical fault detection signal separate from the network
communication traffic, said optical fault detection sig-
nal having at least one characteristic distinguishable
from the network communications traffic, wherein said
optical fault detection signal has a wavelength different
from a wavelength of the network communications
traffic, and wherein said optical fault detection signal is
introduced and removed entirely within the optical
domain of the communications network.

a first optical cross-connect switch controller located at
the first node, said first optical cross-connect switch
controller including a first transmitter/receiver unit and
a first fault processor; and 10

a second optical cross-connect switch controller located at
the second node, said second optical cross-connect
switch controller including a second transmitter/

receiver unit and a second fault processor; is
wherein said first optical cross-connect switch controller

and said second optical cross-connect switch controller L
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