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the request directs the PCE to perform routing and wave-
length assignment (RWA) and a first impairment validation of
anetwork path, wherein the request comprises a type of signal
quality of the network path which indicates the first type of
impairment validation to be performed.
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IMPAIRMENT AWARE PATH COMPUTATION
ELEMENT METHOD AND SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation of U.S. patent
application Ser. No. 13/543,471 filed on Jul. 6, 2012 by Young
Lee and Greg Bernstein and entitled “Impairment Aware Path
Computation Flement Method and System”, which claims
priority to U.S. Provisional Patent Application No. 61/505,
368 filed Jul. 7, 2011 by Young Lee and Greg Bernstein and
entitled “Impairment Aware Path Computation Element
Method and System,” both of which are incorporated herein
by reference as 1f reproduced in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

REFERENCE TO A MICROFICHE APPENDIX

Not applicable.

BACKGROUND

Wavelength division multiplexing (WDM) 1s one technol-
ogy that 1s envisioned to increase bandwidth capability and
enable bidirectional communications 1n optical networks. In
WDM networks, multiple data signals can be transmitted
simultaneously between network elements (NEs) using a
single fiber. Specifically, the individual signals may be
assigned different transmission wavelengths so that they do
not interfere or collide with each other. The path that the
signal takes through the network 1s referred to as the lightpath.
One type of WDM network, a wavelength switched optical
network (WSON), seeks to switch the optical signals with
tewer optical-electrical-optical (OEO) conversions along the
lightpath, e.g. at the individual NEs, than existing optical
networks.

One of the challenges 1n implementing WDM networks 1s
the determination of the routing and wavelength assignment
(RWA) during path computation for the various signals that
are being transported through the network at any given time.
Unlike traditional circuit-switched and connection-oriented
packet-switched networks that merely have to determine a
route for the data stream across the network, WDM networks
are burdened with the additional constraint of having to

ensure that the same wavelength 1s not simultaneously used
by two signals over a single fiber. This constraint 15 com-
pounded by the fact that WDM networks typically use spe-
cific optical bands comprising a finite number of usable opti-
cal wavelengths. As such, the RWA continues to be one of the
challenges 1n implementing WDM technology 1n optical net-
works.

Path computations can also be constrained due to other
1ssues, such as excessive optical noise, along the lightpath. An
optical signal that propagates along a path may be altered by
various physical processes 1n the optical fibers and devices,
which the signal encounters. When the alteration to the signal
causes signal degradation, such physical processes are
referred to as “optical impairments.” Optical impairments can
accumulate along the path traversed by the signal and should
be considered during path selection n WSONs to ensure

10

15

20

25

30

35

40

45

50

55

60

65

2

signal propagation, e.g. from an ingress point to an egress
point, with an acceptable amount of degradation.

SUMMARY

In one embodiment, the disclosure includes an apparatus
comprising: a path computation element (PCE) comprising a
processor configured to: recerve a path computation element
protocol (PCEP) path computation request from a path com-
putation client (PCC), wherein the path computation request
comprises an impairment validation request that directs the
PCE to perform an impairment validation of a network path;
alter recerving the path computation request, compute a net-
work path; and perform an impairment validation of the net-
work path specified by the impairment validation request.

In another embodiment, the disclosure includes a method
comprising: sending, by a PCC a PCEP path computation
request to a PCE, wherein the request directs the PCE to
perform routing and wavelength assignment (RWA) and a
first impairment validation of a network path, wherein the
request comprises a type of signal quality of the network path
which indicates the first type of impairment validation to be
performed.

In yet another embodiment, the disclosure includes a
method comprising: performing, by a PCE, a first impairment
validation of a network path; and after performing the first
network path impairment validation, sending, by the PCE, a
PCEP reply to a network node, wherein the reply comprises a
first indicator that indicates whether the first network path
impairment validation 1s successtul.

In yet another embodiment, the disclosure includes a
method comprising: receiving, by a PCE, a PCEP path com-
putation request (PCReq) message, wherein the PCReq mes-
sage mncludes a measure of signal quality to which computed
paths should conform.

These and other features will be more clearly understood

from the following detailed description taken 1n conjunction
with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of this disclosure, retf-
erence 1s now made to the following brief description, taken
in connection with the accompanying drawings and detailed
description, wherein like reference numerals represent like
parts.

FIG. 1 1s a schematic diagram of an embodiment of a
WSON system.

FIG. 2 1s a protocol diagram of an embodiment of the
communications between a PCE and a PCC.

FIG. 3 1s a schematic diagram of an embodiment of a PCE
architecture.

FIG. 4 1s a schematic diagram of another embodiment of
the PCE architecture.

FIG. 5 1s a flowchart of an impairment validation process.

FIG. 6 1s a flowchart of an impairment validation error
process.

FIG. 7 illustrates an embodiment of an encoding for a
signal quality request type length value (TLV).

FIG. 8 illustrates an embodiment of an encoding for a
signal quality reply TLV.

FIG. 9 1s a schematic diagram of an embodiment of an NE.

FIG. 10 1s a schematic diagram of an embodiment of a
general-purpose computer system.

DETAILED DESCRIPTION

It should be understood at the outset that although an 1llus-
trative implementation of one or more embodiments are pro-
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vided below, the disclosed systems and/or methods may be
implemented using any number of techniques, whether cur-
rently known or 1n existence. The disclosure should in no way
be limited to the illustrative implementations, drawings, and
techniques illustrated below, including the exemplary designs
and 1mplementations illustrated and described herein, but
may be modified within the scope of the appended claims
along with their full scope of equivalents.

Disclosed herein 1s a system, apparatus, and method for
performing PCE lightpath impairment validation. A PCC
may send a PCEP path computation request to a PCE. The
PCEP request may comprise at least one impairment value.
The impairment value may comprise data indicating a par-
ticular optical signal quality that a computed lightpath should
possess and a minimum/maximum threshold value that a
computed lightpath’s estimated optical signal quality should/
shouldn’t exceed. The PCE may perform impairment valida-
tion requested by the PCE on each computed lightpath using,
network impairment data. The PCE may validate the optical
signal value of each link of a lightpath or may validate the
cumulative optical signal value of the lightpath. The PCE may
perform the validation using 1mp airment data already known
to the PCE, e.g. stored 1n a traflic engineering database and/or
received directly from other network components, etc. The
PCE may send a PCEP reply to the PCC with a computed
lightpath and data indicating whether the computed lightpath
was successiully validated for each impairment value.

FIG. 1 1llustrates one embodiment of a WSON system 100.
The system 100 may comprise a WSON 110, a control plane
controller 120, and a PCE 130. The WSON 110, control plane
controller 120, and PCE 130 may communicate with each
other via optical, electrical, or wireless means. The WSON
110 may comprise a plurality of NEs 112 coupled to one
another using optical fibers. In an embodiment, the optical
fibers may also be considered NEs 112. The optical signals

may be transported through the WSON 110 over lightpaths
that may pass through some of the NEs 112. In addition, some
of the NEs 112, for example those at the ends of the WSON
110, may be configured to convert between electrical signals

from external sources and the optical signals used in the
WSON 110. Although four NEs 112 are shown in the WSON

110, the WSON 110 may comprise any number of NEs 112.

The WSON 110 may be any optical network that uses
active or passive components to transport optical signals. The
WSON 110 may implement WDM to transport the optical
signals through the WSON 110, and may comprise various
optical components as described 1n detail below. The WSON
110 may be part of a long haul network, a metropolitan
network, or a residential access network.

The NEs 112 may be any devices or components that
transport signals through the WSON 110. In an embodiment,
the NEs 112 consist essentially of optical processing compo-
nents, such as line ports, add ports, drop ports, transmitters,
receivers, amplifiers, optical taps, and so forth, and do not
contain any electrical processing components. Alternatively,
the NEs 112 may comprise a combination of optical process-
ing components and electrical processing components. At
least some of the NEs 112 may be configured with wave-
length converters, optical-electrical (OF) converters, electri-
cal-optical (EO) converters, OEO converters, or combina-
tions thereol. However, 1t may be advantageous for at least
some ol the NEs 112 to lack such converters as such may
reduce the cost and complexity of the WSON 110. In specific
embodiments, the NEs 112 may comprise optical cross con-
nects (OXCs), photonic cross connects (PXCs), type I or type
I1 reconfigurable optical add/drop multiplexers (ROADMs),
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4

wavelength selective switches (WSSs), fixed optical add/drop
multiplexers (FOADMSs), or combinations thereof.

The NEs 112 may be coupled to each other via optical
fibers. The optical fibers may be used to establish optical links
and transport the optical signals between the NEs 112. The
optical fibers may comprise standard single mode fibers
(SMFs) as defined i International Telecommunications
Union Telecommunications Standardization Sector (ITU-T)
standard 5.652, dispersion shifted SMFs as defined in ITU-T
standard (.653, cut-oif shifted SMFs as defined 1n ITU-T
standard (5.654, non-zero dispersion shifted SMF's as defined
in ITU-T standard G.655, wideband non-zero dispersion
shifted SMF's as defined in I'TU-T standard G.656, or combi-
nations thereol. These fiber types may be differentiated by
their optical impairment characteristics, such as attenuation,
chromatic dispersion, polarization mode dlsperswn four
wave mixing, or combinations thereof. These effects may be
dependent upon wavelength, channel spacing, input power
level, or combinations thereotf. The optical fibers may be used
to transport WDM signals, such as course WDM (CWDM)
signals as defined m ITU-T G.694.2 or dense WDM
(DWDM) signals as defined in ITU-T G.694.1. All of the
standards described herein are incorporated herein by refer-
ence.

The control plane controller 120 may coordinate activities
within the WSON 110. Specifically, the control plane con-
troller 120 may receive optical connection requests and pro-
vide lightpath signaling to the WSON 110 via an Interior
Gateway Protocol (IGP) such as Generalized Multi-Protocol
Label Switching (GMPLS), thereby coordinating the NEs
112 such that data signals are routed through the WSON 110

with little or no contention. In addition, the control plane
controller 120 may communicate with the PCE 130 using
PCEP, provide the PCE 130 with information that may be
used for the RWA, receive the RWA from the PCFE 130, and/or

torward the RWA to the NEs 112. The control plane controller
120 may be located 1n a component outside ol the WSON 110,
such as an external server, or may be located 1n a component
within the WSON 110, such as a NE 112.

The PCE 130 may perform all or part of the RWA {for the

WSON system 100. Specifically, the PCE 130 may receive
the wavelength or other information that may be used for the
RWA from the control plane controller 120, from the NEs
112, or both. The PCE 130 may process the information to
obtain the RWA, for example, by computing the routes, e.g.
lightpaths, for the optical signals, specifying the optical
wavelengths that are used for each lightpath, and determining
the NEs 112 along the lightpath at which the optical signal
should be converted to an electrical signal or a different
wavelength The RWA may include at least one route for each
incoming signal and at least one wavelength associated with
cach route. The PCE 130 may then send all or part of the RWA
information to the control plane controller 120 or directly to
the NEs 112. To assist the PCE 130 1n this process, the PCE
130 may comprise a global trailic-engineering database
(TED), a RWA 1nformation database, an optical performance
monitor (OPM), a physical layer constraint (PLC) informa-
tion database, or combinations thereof. The PCE 130 may be
located 1n a component outside of the WSON 110, such as an
external server, or may be located 1n a component within the
WSON 110, such as a NE 112.

In some embodiments, the RWA mformation may be sent
to the PCE 130 by a path computation client (PCC). The PCC
may be any client application requesting a path computation

to be performed by the PCE 130. The PCC may also be any
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network component that makes such a request, such as the
control plane controller 120, or any NE 112, such as a
ROADM or a FOADM.

FIG. 2 illustrates an embodiment of a path computation
communication method 200 between the PCC and the PCE.
The method 200 may be implemented using any suitable
protocol, such as the PCEP. In the method 200, the PCC may
send a path computation request 202 to the PCE. The path
computation request may direct the PCE to calculate a path
through the network. The path computation request may com-
prise an impairment validation request that directs the PCE to
perform an impairment validation of a certain network path,
for example, the calculated path. The impairment validation
request may direct the PCE to validate the path by considering,
a type of optical signal quality of the path such as Bit Error
Limit (BER), Optical Signal to Noise Ratio (OSNR), OSNR
margin, Polarization-Mode Dispersion (PMD), Quality Fac-
tor (Q factor), or combinations thereof. The impairment vali-
dation request may also comprise a threshold that a path or
that each path link needs to meet to be validated. For example,
the threshold may indicate the minimum or maximum accept-
able value for the signal quality of each type for path level or
link level. At 204, the PCE may calculate a path through the
network that meets the lightpath constraints. For example, the
PCE may calculate the RWA. The PCE may then perform an
impairment validation on the path based on the type of optical
signal quality indicated in the path computation request 202.
The PCE may send a path Computatlon reply 206 to the PCC.
The reply 206 may comprise the RWA, data indicating the
impairment validations performed, the result of the valida-
tions, and the estimated impairment data associated with the
network path or the network path’s links.

When a network comprises a plurality of PCEs, not all
PCEs within the network may have the ability to calculate the
RWA. Therefore, the network may comprise a discovery
mechanism that allows the PCC to determine the PCE in
which to send the request 202. For example, the discovery
mechanism may comprise an advertisement from a PCC for a
RWA-capable PCE, and a response from the PCEs indicating
whether they are RWA-capable. The discovery mechanism
may be implemented as part of the method 200 or as a sepa-
rate process.

The PCE may be embodied 1n one of several architectures
as described in Internet Engineering Task Force (IETF) docu-
ments request for comment (RFC) 6566, which 1s incorpo-

rated by reference. FIG. 3 illustrates an embodiment of a
combined RWA architecture 300. In the combined RWA

architecture 300, the PCC 310 communicates the RWA
request and the required mformation to the PCE 320, which
implements the routing assignment, the wavelength assign-
ment, and the impairment validation functions using a single
computation entity, such as a processor. For example, the
processor may process the RWA information using a single or
multiple algorithms to compute the lightpaths as well as to
assign the optical wavelengths for each lightpath. The amount
of RWA 1nformation needed by the PCE 320 to compute the
RWA may vary depending on the algorithm used. I desired,
the PCE 320 may not compute the RWA until suificient net-
work links are established between the NEs or when suificient
RWA information about the NEs and the network topology 1s
provided.

The PCE 320 may comprise a trailic engineering database
(TED) 330. The TED may store information related to NEs
and network links, including topology information, link state
information, and/or physical characteristics of the NEs and
links, such as optical impairment data, switching capabilities,
etc. The TED may be used for traific engineering and may be
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6

updated by the NEs 1n the network using Open Shortest Path
First (OSPF) and similar interior gateway protocols (IGPs).
The PCE 320 may use data stored 1n the TED when perform-
ing impairment validation on a computed lightpath.

FIG. 4 1llustrates an embodiment of a separated RWA
architecture 400. In the separated RWA architecture 400, the
PCC 410 communicates the RWA request comprising an
impairment validation request to the PCE 420, which imple-
ments the routing function, the wavelength assignment func-
tion, and the impairment validation function using separate
computation entities, such as processors 422 and 424. Alter-
natively, the separated RWA architecture 400 may comprise
two separate PCEs 420 each comprising one of the processors
422 and 424. Implementing routing RWA separately from
impairment validation may oifload some of the computa-
tional burden on the processors 422 and 424 and reduce the
processing time. Additionally, separating RWA from 1mpair-
ment validation may be necessary in some network embodi-
ments because of impairment sharing constraints. In an
embodiment, the PCC 410 may be aware of the presence of
only one of two processors 422, 424 (or two PCEs) and may
only communicate with that processor 422, 424 (or PCE). For
example, the PCC 410 may send the RWA and impairment
validation request to the processor 422, which may act as a
coordinator by computing lightpath routes and wavelength
assignments. The processor 422 may forward the computed
routes and wavelengths assignments along with the impair-
ment validation request to the processor 424 where 1impair-
ment validation 1s performed. The impairment validation may
be of the type or types indicated 1n the RWA request sent by
the PCC 410 and may be performed using impairment data
stored 1n a local TED 423. The RWA and impairment valida-
tion results may then be passed back to the processor 422 and
then to the PCC 410. Such an embodiment may also be
reversed such that the PCC 410 communicates with the pro-
cessor 424 1nstead of the processor 422. In addition to the
impairment and RWA request data discussed above, compu-
tation requests transmitted between PCEs 422 and 424 (e.g.
PCEP computation requests) may include data indicating
whether more than one source-destination path should be
computed, data indicating a maximum number of impairment
validated paths to be returned, and/or wavelength constraints
associated with RWA. Replies transmitted between PCEs 422
and 424 (e.g. PCEP replies) may comprise optical impair-
ment validated paths, wavelength constraints for the optical
impairment validated paths, and/or data indicating that no
path 1s found when impairment validation 1s unsuccessiul for
all computed paths.

In either architecture 300 or 400, the PCC 310 or 410 may
receive a route from the source to destination along with the
wavelengths, e.g. GMPLS generalized labels, to be used
along portions of the path. The GMPLS signaling supports an
explicit route object (ERO). Within an ERO, an ERO label
sub-object can be used to indicate the wavelength to be used
at a particular NE. The PCC 310 or 410 may also receive a
communication indicating whether the impairment validation
was successiul and indicating the path’s optical impairment
value.

FIG. 5 15 a flowchart of an impairment validation process
500, which may be implemented by a PCE. The process 500
may begin at block 510 when a path computation request 1s
received (e.g. from a PCC). For example, the path computa-
tion request may be a PCEP path computation request. As an
example embodiment, the path computation request may
comprise at least one impairment value and/or at least one
threshold value. The impairment value may comprise an opti-
cal signal quality type that the PCC wishes to validate, and the
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threshold may comprise the minimum or maximum accept-
able path or link optical signal quality. The optical signal
quality type may comprise a BER, OSNR, PMD, Q factor, or
combinations thereof. In a specific embodiment, OSNR may
comprise a margin, which may be an additional value added
to OSNR to account for unpredictable path degradation and
other degradation not included i1n validation estimates. A
margin may be from about three to about six decibels (dB).
The process 500 may then compute a network path at block
520. The process 300 may obtain impairment data for the
network path and/or the network path’s links from the PCE’s
TED at block 530. The impairment data may be of the optical
signal quality type indicated by the path computation request.
At block 540, the PCE may validate the path or the path links
by comparing the network path/link impairment data to the
threshold. Specifically, the process 500 may consider cumu-
lattve network path impairment data, impairment data for
cach network path link, or both. The process 500 may then
send areply (e.g. a PCEP path computation reply to the PCC)
with the impairment validation results at block 550. The reply
may comprise data indicating whether the network path and/
or network path links were successtully validated (e.g the
optical signal qualities of the path or links are below/above a
maximum/mimmum threshold wvalue, respectively). The
reply may also comprise the estimated optical signal impair-
ment value of the calculated network path or network path
link. Alternatively or additionally, a path computation request
may 1nclude multiple impairment values and thresholds. In
that case, the PCE obtains data of each type requested, vali-
dates the network path/links for each impairment type
requested, and replies with the results of each validation.

FIG. 6 1s a flowchart of an impairment validation error
process 600, which may be implemented by a PCE. The
process 600 may begin at block 610 when a path computation
request that does not comprise a BER limit 1s received (e.g.
from a PCC). The process 600 may then determine whether a
default BER limit exists at block 620. If a default BER limat
threshold exists (e.g. at the PCE), the process may proceed to
block 630 where the process 600 may compute the lightpath
and perform impairment validation using the default BER
limit threshold. The process 600 may then proceed with sub-
stantially the same steps discussed i process 500. If there 1s
not a default BER limit threshold at block 620, then the
process may proceed to block 640 and transmit an error
message, (e.g. to the PCC or a network administrator, indi-
cating that no BER limit has been specified.

FIG. 7 1illustrates an embodiment of an encoding for a
signal quality request TLV 700, which may be included 1n a
PCEP path computation request (e.g. the path computation
request of block 510 of process 300) and may be treated by a
PCE as an impairment validation request. The signal quality
request TLV 700 may comprise a plurality of thirty-two bt
sections, each numbered from bit position zero to bit position
thirty one, and a plurality of fields/bits positioned i the
sections. The signal quality request TLV 700 may comprise a
pass (P) b1t 701, which may be located at bit position zero, and
may be set to one to indicate a requested impairment valida-
tion should be performed at the network path level and zero to
indicate the impairment validation should be performed at the
network path link level. The signal quality request TLV 700
may comprise a Signal Quality Type field 702, which may be
sixteen bits long, may extend from bit position one to bit
position sixteen, and may indicate the type of impairment
validation to be performed. The Signal Quality Type field 702
may be set to a value of one to indicate BER limit, two to
indicate OSNR plus margin, three to indicate PMD, or four to
indicate Q factor. The signal quality request TLV 700 may
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comprise a Reserved field 703, which may be fifteen bits long
and may extend from bit position seventeen to bit position
thirty-one. The Reserved field 703 may be reserved for other
purposes. The signal quality request TLV 700 may comprise
a Threshold field 704 which may be thirty two bits long, may
extend from bit position zero to bit position thirty-one, and
may indicate the minimum or maximum acceptable signal
quality value of the type indicated in the Signal Quality Type
field 702 for path level or link level.

FIG. 8 illustrates an embodiment of an encoding for a
signal quality reply TLV 800, which may comprise the results
of an impairment validation and may be sent (e.g. by a PCE to
a PCC 1n block 550 of process 500) as part of a PCEP path
computation reply. The signal quality request TLV 800 may
comprise a plurality of thirty-two bit sections, each numbered
from bit position zero to bit position thirty one, and a plurality
of fields/bits positioned 1n the sections. The signal quality
reply TLV 800 may comprise a P bit 801, which may be
located at bit position zero, and may be set to one to indicate
that an associated impairment validation was successiul and
set to two to indicate an associated impairment validation was
not successtul. The signal quality reply TLV 800 may com-
prise a Signal Quality Type field 802, which may be sixteen
bits long, may be extend from bit position one to bit position
sixteen, and may indicate the type of impairment validation
performed. The Signal Quality Type field 802 may be setto a
value of one to indicate BER limit, two to indicate OSNR plus
margin, three to indicate PMD, or four to indicate Q factor.
The signal quality reply TLV 800 may comprise a Reserved
field 803, which may be fifteen bits long and may extend from
bit position seventeen to bit position thirty-one. The Reserved
ficld 803 may be reserved for other purposes. The signal
quality reply TLV 800 may comprise a Signal Quality value
ficld 804, which may be thirty two bits long, may extend from
bit position zero to bit position thirty-one, and may indicate
the estimated optical signal quality of an associated network
path.

FIG. 9 1s a schematic diagram of an embodiment of an NE
900, which may function as a node 1 network 100, 300,
and/or 400. NE 900 may function as a PCE, PCC, and/or any
of the NE’s disclosed herein. One skilled in the art will
recognize that the term NE encompasses a broad range of
devices of which NE 900 1s merely an example. NE 900 1s
included for purposes of clarity of discussion, but 1s in no way
meant to limit the application of the present disclosure to a
particular NE embodiment or class of NE embodiments. At
least some of the features/methods described in the disclosure
may be implemented 1n a network apparatus or component,
such as an NE 900. For instance, the features/methods 1n the
disclosure may be implemented using hardware, firmware,
and/or software installed to run on hardware. The NE 900
may be any device that transports frames through a network,
¢.g., a switch, router, bridge, server, etc. As shown in FIG. 9,
the NE 900 may comprise a receiver (Rx) 912 coupled to
plurality of ingress ports 910 for receiving frames from other
nodes, a logic unit 920 coupled to the recerver to determine
which nodes to send the frames to, and a transmitter (1x) 932
coupled to the logic unit 920 and to plurality of egress ports
930 for transmitting frames to the other nodes. The logic unit
920 may comprise one or more multi-core processors and/or
memory devices, which may function as data stores. The
logic unit 920 may be implemented using hardware, soitware,
or both. The ingress ports 910 and/or egress ports 930 may
contain electrical and/or optical transmitting and/or receiving
components. NE 900 may or may not be a routing component
that makes routing decisions. In an example embodiment,

when the NE 900 functions as a PCE, the logic unit 920 1n the
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NE 900 may implement some or all of the processes of the
method disclosed herein such as impairment validation pro-
cess 500 and impairment validation error process 600. In an
example embodiment, the logic unit 920 1n the NE 900 may
implement some or all of the processes performed by the PCE
320 disclosed in the architecture 300, or by the PCE 420 1n the
architecture 400. Alternatively, in an example embodiment,
the NE 900 tunctions as a PCC, the logic unit 920 in the NE
900 may implement some or all of the processes performed by
the PCC 310 disclosed 1n the architecture 300, or by the PCC
410 1n the architecture 400.

The network components and methods described above
may be implemented on any general-purpose network com-
ponent, such as a computer or network component with sui-
ficient processing power, memory resources, and network
throughput capability to handle the necessary workload
placed upon it. FIG. 10 illustrates a typical, general-purpose
network component 1000 suitable for implementing one or
more embodiments of the components and methods disclosed
herein. The network component 1000 includes a processor
1002 (which may be referred to as a central processor unit or
CPU) that 1s in communication with memory devices includ-
ing secondary storage 1004, read only memory (ROM) 1006,
random access memory (RAM) 1008, mput/output (I/O)
devices 1010, and network connectivity devices 1012. The
processor 1002 may be implemented as one or more CPU
chips, or may be part of one or more application specific
integrated circuits (ASICs), and/or digital signal processors
(DSPs). The processor 1002 may be used to implement the
methods disclosed herein such as impairment validation pro-
cess 500 and impairment validation error process 600. The
processor 1002 may also be used to implement some or all of
the processes performed by the PCC 310 disclosed in the
architecture 300 by the PCC 410 1n the architecture 400, by
the PCE 320 disclosed in the architecture 300, and/or by the
PCE 420 in the architecture 400.

The secondary storage 1004 1s typically comprised of one
or more disk drives or tape drives and 1s used for non-volatile
storage of data and as an over-tlow data storage device 1
RAM 1008 1s not large enough to hold all working data.
Secondary storage 1004 may be used to store programs that
are loaded into RAM 1008 when such programs are selected
for execution. The ROM 1006 1s used to store instructions and
perhaps data that are read during program execution. ROM
1006 1s a non-volatile memory device that typically has a
small memory capacity relative to the larger memory capacity
of secondary storage. The RAM 1008 1s used to store volatile
data and perhaps to store instructions. Access to both ROM
1006 and RAM 1008 1s typically faster than to secondary
storage 1004.

At least one embodiment 1s disclosed and variations, com-
binations, and/or modifications of the embodiment(s) and/or
teatures of the embodiment(s) made by a person having ordi-
nary skill in the art are within the scope of the disclosure.
Alternative embodiments that result from combining, inte-
grating, and/or omitting features of the embodiment(s) are
also within the scope of the disclosure. Where numerical
ranges or limitations are expressly stated, such express ranges
or limitations should be understood to include iterative ranges
or limitations of like magnitude falling within the expressly
stated ranges or limitations (e.g., from about 1 to about 10
includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12,
0.13, etc.). For example, whenever a numerical range with a
lower limit, R,, and an upper limit, R, 1s disclosed, any
number falling within the range 1s specifically disclosed. In
particular, the following numbers within the range are spe-

cifically disclosed: R=R;+k*(R, —R,), wherein k 1s a variable
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ranging from 1 percent to 100 percent with a 1 percent incre-
ment, 1.e., k 1s 1 percent, 2 percent, 3 percent, 4 percent, 7
percent, . . ., 70 percent, 71 percent, 72 percent, . . ., 97
percent, 96 percent, 97 percent, 98 percent, 99 percent, or 100
percent. Moreover, any numerical range defined by two R
numbers as defined in the above 1s also specifically disclosed.
Unless otherwise stated, the term “about” means +10% of'the
subsequent number. Use of the term “optionally™ with respect
to any element of a claim means that the element 1s required,
or alternatively, the element 1s not required, both alternatives
being within the scope ol the claim. Use of broader terms such
as comprises, mncludes, and having should be understood to
provide support for narrower terms such as consisting of,
consisting essentially of, and comprised substantially of.
Accordingly, the scope of protection 1s not limited by the
description set out above but 1s defined by the claims that
follow, that scope including all equivalents of the subject
matter of the claims. Each and every claim 1s incorporated as
further disclosure into the specification and the claims are
embodiment(s) of the present disclosure. The discussion of a
reference 1n the disclosure 1s not an admission that 1t 1s prior
art, especially any reference that has a publication date after
the priority date of this application. The disclosure of all
patents, patent applications, and publications cited in the
disclosure are hereby incorporated by reference, to the extent
that they provide exemplary, procedural, or other details
supplementary to the disclosure.

While several embodiments have been provided in the
present disclosure, 1t should be understood that the disclosed
systems and methods might be embodied 1n many other spe-
cific forms without departing from the spirit or scope of the
present disclosure. The present examples are to be considered
as 1llustrative and not restrictive, and the intention 1s not to be
limited to the details given herein. For example, the various
clements or components may be combined or integrated 1n
another system or certain features may be omitted, or not
implemented.

In addition, techniques, systems, subsystems, and methods
described and illustrated 1n the various embodiments as dis-
crete or separate may be combined or integrated with other
systems, modules, techniques, or methods without departing,
from the scope of the present disclosure. Other 1items shown
or discussed as coupled or directly coupled or communicating
with each other may be indirectly coupled or communicating
through some interface, device, or intermediate component
whether electrically, mechanically, or otherwise. Other
examples of changes, substitutions, and alterations are ascer-
tainable by one skilled 1n the art and could be made without
departing from the spirit and scope disclosed herein.

What 1s claimed 1s:

1. An apparatus comprising:

a recerver configured to receive a path computation ele-
ment protocol (PCEP) path computation request from a
path computation client (PCC), wherein the path com-
putation request comprises an impairment validation
request that directs a path computation element (PCE) to
perform an impairment validation of a computed net-
work path, wherein a type length value (TLV) 1s
included i the impairment validation request, and
wherein the TLV comprises a first Pass (P) bit that indi-
cates whether a signal quality impairment to be validated
1s a link level impairment;

a processor coupled to the receiver and configured to
implement the PCE by:
computing the computed network path after receiving

the path computation request; and
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performing an impairment validation of the computed
network path specified by the impairment validation
request; and

a transmitter coupled to the processor and configured to
transmit a PCEP reply to the PCC,

wherein the PCEP reply comprises an estimated optical
signal impairment value resulting from the impairment
validation of the computed network path.

2. The apparatus of claim 1, wherein the PCEP reply fur-
ther comprises the computed network path and data indicat-
ing whether validation of the computed network path was
successiul or unsuccessitul.

3. The apparatus of claim 1, wherein the impairment vali-
dation request comprises a type of signal quality of the com-
puted network path which indicates a type of impairment
validation to be performed, and wherein, the PCE 1s config-
ured to perform the impairment validation of the computed
network path based on the type of signal quality.

4. The apparatus of claim 3, wherein the type of signal
quality of the computed network path comprises at least one
of Bit Error Rate (BER), Optical Signal to Noise Ratio
(OSNR), OSNR margin, Polarization-Mode Dispersion
(PMD), and Quality Factor (Q factor).

5. The apparatus of claim 1, wherein the impairment vali-
dation request comprises an indicator that indicates whether
the impairment validation 1s requested to be performed at a
network path level or at a network path link level, and wherein
the PCE performs the impairment validation of the computed
network path based on the indicator.

6. The apparatus of claim 4, wherein the impairment vali-
dation request comprises a threshold value that indicates a
mimmum or maximum value of signal quality of the com-
puted network path or a network path link to be satisfied, and
wherein the PCE performs the impairment validation of the
computed network path based on the threshold value.

7. The apparatus of claim 6, wherein the PCE performs the
impairment validation of the computed network path based
on the threshold value by comparing a signal quality value of
the computed network path, at a path level or at a link level, to
the threshold value, wherein when the threshold value com-
prises a mimmmum value, the impairment validation 1s suc-
cessiul when the signal quality value 1s greater than or equal
to the threshold value.

8. The apparatus of claim 7, further comprising a memory
coupled to the processor and comprising a traffic engineering
database (TED), wherein the TED comprises network impair-
ment data, and wherein the PCE employs the network impair-
ment data to determine the signal quality value of the com-
puted network path.

9. An apparatus comprising:

a processor configured to implement a path computation

client (PCC);

a transmitter coupled to the processor and configured to
send a path computation element protocol (PCEP) path
computation request to a path computation element
(PCE), wherein the request directs the PCE to perform
routing and wavelength assignment (RWA) and a first
impairment validation of a computed network path
resulting from the RWA, and wherein the request com-
prises a type of signal quality impairment of the com-
puted network path which indicates a first type of
impairment validation to be performed; and

a receiver configured to receive a PCEP reply from the
PCE, the PCEP reply comprising the computed network
path and an estimated optical signal impairment value
resulting from the requested validation of the computed
network path,
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wheremn a type length value (TLV) 1s included in the

request, and wherein the TLV comprises:

a first Signal Quality Type field that comprises the type
of signal quality of the computed network path;

a first Threshold field that comprises a threshold value
that a signal quality measurement for the computed
network path or a computed network path link must
satisty, and

a first Pass (P) bit that indicates whether the type of
signal quality impairment is a path level impairment.

10. The apparatus of claim 9, wherein the type of signal
quality of the computed network path comprises at least one
of Bit Error Rate (BER), Optical Signal to Noise Ratio
(OSNR), OSNR margin, Polarization-Mode Dispersion
(PMD), and Quality Factor (Q factor).

11. The apparatus of claim 9, wherein the request further
comprises a threshold value that indicates a minimum or
maximum value the computed network path or a network path
link of the computed network path needs to satisty to be
validated.

12. A method comprising:

receving, by a processor comprising a path computation

clement (PCE), a path computation element protocol

(PCEP) path computation request (PCReq) message

from a Path Computation Client (PCC), wherein the

PCReq message includes a measure of signal quality to

which a computed path must conform, wherein the

PCReq message comprises a signal quality measure type

length value (TLV), and wherein the signal quality mea-

sure TLV comprises:

a Signal Quality Type field that indicates a kind of signal
quality impairment;

a pass (P) bit that indicates 11 the signal quality impair-
ment 1s a path level impairment; and

a Threshold field that indicates a threshold that a signal
quality measurement for a path or a link must satisty;

computing the computed path after recerving the PCReq

message;

performing an impairment validation of the computed path

specified by the PCReq message; and

transmitting a PCEP reply towards the PCC, wherein the

PCEP reply comprises an estimated optical signal

impairment value resulting from the impairment valida-

tion of the computed path.

13. The method of claim 12, wherein the PCReq message
comprises at least one of a Bit Error Rate (BER) limit, an
Optical Signal to Noise Ratio (OSNR), an OSNR margin, a
Polarization-Mode Dispersion (PMD), and a Quality Factor
(Q factor).

14. The method of claim 12, wherein the PCReq message
does not comprise a BER limit, wherein no default BER limat
1s provisioned at the PCE, and wherein the method further
comprises sending, by the PCE, an error message speciiying
that the BER limit must be provided.

15. The method of claim 12, wherein the PCRep message
comprises the computed path, wavelengths assigned to the
computed path, and an indicator that indicates whether the
computed path conforms to the threshold of the signal quality
measurement of the PCReq message.

16. The method of claim 12, wherein the PCReq message
1s received from the PCC via a Routing and Wavelength
Assignment (RWA) coordinating PCE, and wherein the

PCReq message comprises:
an indicator that indicates whether more than one com-
puted path 1s desired;
a limit to a number of optical impairment qualified com-
puted paths to be returned in the PCRep message; and
a specified path and wavelength to be qualified by the PCE.
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