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Abst ract

To allow efficient allocation of optical spectral bandw dth for
systens that have high bit-rates, the International Tel ecommunication
Uni on Tel ecomuni cati on Standardi zati on Sector (I TU-T) has extended
its Reconmendations G 694.1 and G 872 to include a new Dense

Wavel ength Division Miltiplexing (DAWDM grid by defining a set of

nom nal central frequencies, channel spacings, and the concept of the
"frequency slot". In such an environnment, a data-plane connection is
swi tched based on all ocated, variabl e-sized frequency ranges within
the optical spectrum creating what is known as a flexible grid
(flexi-grid).

G ven the specific characteristics of flexi-grid optical networks and
their associated technol ogy, this docunment defines a framework and
the associated control -plane requirenments for the application of the
exi sting GWLS architecture and control -plane protocols to the
control of flexi-grid DADM networks. The actual extensions to the
GWPLS protocols will be defined in conpani on docunents.
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Status of This Menp

Thi s docunent is not an Internet Standards Track specification; it is
publ i shed for informational purposes.

This docunent is a product of the Internet Engineering Task Force
(IETF). It represents the consensus of the IETF community. It has
recei ved public review and has been approved for publication by the
Internet Engineering Steering Group (IESG. Not all docunents
approved by the I ESG are a candidate for any |evel of Internet

St andard; see Section 2 of RFC 5741.

I nformati on about the current status of this docunment, any errata,
and how to provide feedback on it may be obtained at
http://ww. rfc-editor.org/info/rfc7698

Copyri ght Notice

Copyright (c) 2015 | ETF Trust and the persons identified as the
document authors. All rights reserved.

Thi s docunent is subject to BCP 78 and the | ETF Trust’'s Lega
Provisions Relating to | ETF Documents
(http://trustee.ietf.org/license-info) in effect on the date of
publication of this docunment. Please review these docunents
carefully, as they describe your rights and restrictions with respect
to this docunent. Code Conponents extracted fromthis document rnust
include Sinplified BSD Li cense text as described in Section 4.e of
the Trust Legal Provisions and are provided without warranty as
described in the Sinplified BSD License.
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1. Introduction

The term"flexible grid" ("flexi-grid" for short), as defined by the

I nternati onal Tel ecomunication Uni on Tel ecomuni cati on

St andardi zation Sector (ITU-T) Study Group 15 in the | atest version
of [G 694.1], refers to the updated set of nominal centra

frequencies (a frequency grid), channel spacing, and optical spectrum
managenment and all ocation considerations that have been defined in
order to allow an efficient and flexible allocation and configuration
of optical spectral bandw dth for systems that have high bit-rates.

A key concept of flexi-grid is the "frequency slot": a variabl e-sized
optical frequency range that can be allocated to a data connection

As detailed later in the docunent, a frequency slot is characterized
by its nominal central frequency and its slot w dth, which, as per
[G694.1], is constrained to be a multiple of a given slot width
granul arity.

Conpared to a traditional fixed-grid network, which uses fixed-size
optical spectrum frequency ranges or frequency slots with typica
channel separations of 50 GHz, a flexible-grid network can select its
nmedi a channels with a nore flexible choice of slot wi dths, allocating
as much optical spectrumas required

From a networki ng perspective, a flexible-grid network is assuned to
be a layered network [G 872] [G 800] in which the nmedia |layer is the
server layer and the optical signal layer is the client layer. |In
the media layer, switching is based on a frequency slot, and the size
of a media channel is given by the properties of the associated
frequency slot. 1In this |layered network, a media channel can
transport nmore than one Optical Tributary Signal (OTSi), as defined
later in this docunent.

A Wavel ength Switched Optical Network (WSON), addressed in [RFC6163],
is atermcomonly used to refer to the application/deploynment of a
GWPLS- based control plane for the control (e.g., provisioning and
recovery) of a fixed-grid Wavel ength Division Miltiplexing (VDM
network in which nmedia (spectrun) and signal are jointly considered.
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2.

2.

2.

Thi s docunent defines the franework for a GWLS-based control of
flexi-grid enabl ed Dense Wavel ength Di vi sion Miltiplexing (DADM
networks (in the scope defined by ITUT |layered Optical Transport
Networks [ G 872]), as well as a set of associated control-plane

requi rements. An inportant design consideration relates to the
decoupl i ng of the managenent of the optical spectrumresource and the
client signals to be transported.

Ter m nol ogy

Further term nol ogy specific to flexi-grid networks can be found in
Section 3.2.

1. Requirenents Language

The key words "MJST", "MJST NOT", "REQUI RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMVENDED', "NMAY", and "OPTIONAL" in this
docunent are to be interpreted as described in [RFC2119].

Whil e [RFC2119] describes interpretations of these key words in termns
of protocol specifications and inplenentations, they are used in this
docunent to describe design requirements for protocol extensions.

2. Abbreviations

FS: Frequency Sl ot

FSC. Fiber-Switch Capable

LSR: Label Switching Router

NCF: Nomi nal Central Frequency

OCC. Optical Channel Carrier

OCh: Optical Channel

OCh- P: Optical Channel Payl oad

OIN: Optical Transport Network

OrSi: Optical Tributary Signal

OISiG OISi Goup is a set of OIS

PCE: Path Computation El enment
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ROADM Reconfigurabl e Optical Add/Drop Miltipl exer
SSON: Spectrum Switched Optical Network
SWE Slot Wdth Granularity
3. Overview of Flexi-Gid Networks
3.1. Flexi-Gid in the Context of OIN
[ G 872] describes, froma network | evel, the functional architecture
of an OTN. It is deconposed into independent-|ayer networks with

client/layer relationships anobng them A sinplified view of the OIN
| ayers is shown in Figure 1.

oo o - +
| Digital Layer
S +
| Signal Layer
o +
| Media Layer
oo o - +

Figure 1. Generic OIN Overvi ew

In the OTN |l ayering context, the nedia layer is the server |ayer of
the optical signal layer. The optical signal is guided to its
destination by the media | ayer by means of a network medi a channel
In the nmedia |layer, switching is based on a frequency slot.

In this scope, this docunent uses the term"flexi-grid enabl ed DWDM
network" to refer to a network in which switching is based on
frequency slots defined using the flexible grid. This docunent

mai nly covers the nedia | ayer, as well as the required adaptations
fromthe signal l|ayer. The present docunment is thus focused on the
control and nmanagenent of the nedia | ayer.

3.2. Flexi-Gid Term nol ogy
This section presents the definitions of the terns used in flexi-grid
networks. More details about these terns can be found in ITUT
Recomendations [G 694.1], [G 872], [G 870], [G 8080], and
[ G 959. 1-2013].

VWere appropriate, this docurment al so uses termnol ogy and
| exi cography from [ RFC4397].
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3.2.1. Frequency Slots
Thi s subsection is focused on the frequency slot and related terns.

o Frequency Slot [G 694.1]: The frequency range allocated to a sl ot
within the flexible grid and unavailable to other slots. A
frequency slot is defined by its nom nal central frequency and its
sl ot width.

o Nom nal Central Frequency: Each of the all owed frequencies as per
the definition of the flexible DADMgrid in [G 694.1]. The set of
nom nal central frequencies can be built using the follow ng
expr essi on:

f =193.1 THz + n x 0.00625 THz

where 193.1 THz is the ITU- T "anchor frequency" for transm ssion

over the C-band and 'n’ is a positive or negative integer
i ncl udi ng 0.
-5-4-3-2-1 0 1 2 3 4 5 <- values of n

B T S JIE, ST S S S
N
193.1 THz <- anchor frequency
Fi gure 2: Anchor Frequency and Set of Nom nal Central Frequencies

o Nom nal Central Frequency Granularity: The spaci ng between all owed
nom nal central frequencies. It is set to 6.25 GHz [G 694.1].

o Slot Wdth Ganularity (SWg: 12.5 GHz, as defined in [G 694.1].
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o Slot Wdth: Determ nes the "amount" of optical spectrum
regardl ess of its actual "position" in the frequency axis. A slot
width is constrained to be mx SWs (that is, mx 12.5 GHz),
where 'm is an integer greater than or equal to 1

Frequency Slot 1 Frequency Slot 2

-3-2-1 0 1 2 3 4 5 6 7 8 910 11
T S

N N
Slot NCF = 193.1 THz Sl ot NCF = 193. 14375 THz
Slot width = 25 GHz Slot width = 37.5 Gz
n=0 m=2 n=%7, m=3

Figure 3: Exanple Frequency Slots

* The synbol '+ represents the allowed noninal centra
frequenci es.

* The '--' represents the nom nal central frequency granularity
inunits of 6.25 Gz.

* The '~ represents the slot nom nal central frequency.

* The nunber on the top of the '+ synbol represents the 'n’ in

the frequency cal cul ati on fornul a.
* The nominal central frequency is 193.1 THz when n equal s zero.
o Effective Frequency Slot [G 870]: That part of the frequency slots
of the filters along the nedia channel that is common to all of

the filters’ frequency slots. Note that both the terns "frequency
slot" and "effective frequency slot" are applied |ocally.
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o Figure 4 shows the effect of conmbining two filters along a

channel . The conbi nati on of Frequency Slot 1 and Frequency Slot 2
applied to the nedia channel is the effective frequency sl ot
shown.

Frequency Slot 1

-3-2-1 0 1 2 3 4 5 6 7 8 910 11
T S

Frequency Slot 2

| |
-3-2-1 0 1 2 3 4 5 6 7 8 910 11
T S

| |
-3-2-1 0 1 2 3 4 5 6 7 8 910 11
e T S i S e S T

Figure 4. Effective Frequency Sl ot
3.2.2. Media-Layer Elenents

o Media Elenent: A nedia elenent directs an optical signal or
affects the properties of an optical signal. It does not nodify
the properties of the informati on that has been nodul ated to
produce the optical signal [G 870]. Exanples of nedia elenments
include fibers, amplifiers, filters, and switching matrices.

o Media Channel Matrix: The media channel matrix provides flexible
connectivity for the nmedia channels. That is, it represents a
point of flexibility where relationshi ps between the nedia ports
at the edge of a nedia channel matrix nmay be created and broken
The rel ati onship between these ports is called a "matrix channel .
(Networ k) nedia channels are switched in a nedia channel matrix.
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3.

3.

2. 3.

Medi a Channel s

This section defines concepts such as the (network) mnedia channel
the mapping to GWLS constructs (i.e., LSP) is detailed in Section 4.

o

2. 4.

Medi a Channel : A nmedi a association that represents both the

topol ogy (i.e., path through the nedia) and the resource
(frequency slot) that it occupies. As a topological construct, it
represents a frequency slot (an effective frequency slot)
supported by a concatenation of nedia elements (fibers,

amplifiers, filters, switching matrices...). This termis used to
identify the end-to-end physical-layer entity with its
correspondi ng (one or nore) frequency slots |ocal at each link
filter.

Net wor k Medi a Channel : Defined in [G 870] as a nedi a channel that
transports a single OTSi (defined in the next subsection).

Optical Tributary Signals

Optical Tributary Signal (OTSi): The optical signal that is placed
within a network media channel for transport across the optica
network. This may consist of a single nodul ated optical carrier
or a group of nodul ated optical carriers or subcarriers. To
provi de a connection between the OTSi source and the OIS sink

the optical signal nust be assigned to a network nmedi a channe

(see also [G 959.1-2013]).

OISi Goup (OTSiGQ: The set of OIS that are carried by a group of
networ k medi a channels. Each OTSi is carried by one network nedi a
channel . From a nanagenent perspective, it SHOULD be possible to
nmanage both the OISi G and a group of network medi a channel s as
single entities.
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3.

3.

2.

5. Composite Media Channel s

o It is possible to construct an end-to-end nedi a channel as a

conposite of more than one network nedia channel. A conposite
nmedi a channel carries a group of OTSi (i.e., OISIG. Each OIS is
carried by one network nedia channel. This OISiGis carried over

a single fiber.

o In this case, the effective frequency slots may be contiguous

(i.e., there is no spectrum between themthat can be used for
ot her medi a channel s) or non-conti guous.

o It is not currently envisaged that such composite nmedia channel s
may be constructed fromslots carried on different fibers whether
those fibers traverse the same hop-by-hop path through the network
or not.

o Furthernore, it is not considered likely that a nedia channel may
be constructed froma different variation of slot conposition on
each hop. That is, the slot conposition (i.e., the group of OIS
carried by the conposite nedia channel) must be the sane from one
end of the media channel to the other, even if the specific slot
for each OISi and the spacing anong slots may vary hop by hop

o How the signal is carried across such groups of network nedia
channel s is out of scope for this docunent.

Hi erarchy in the Media Layer

In summary, the concept of the frequency slot is a |ogica

abstraction that represents a frequency range, while the nedia | ayer
represents the underlying nedia support. Media channels are nedia
associ ati ons, characterized by their respective (effective) frequency
slots, and nedia channels are switched in media channel matrices.
Fromthe control and managenent perspective, a nedia channel can be
logically split into network nedi a channel s.
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3. 4.

Gon

In Figure 5, a nmedia channel has been configured and di nensioned to
support two network medi a channels, each of them carrying one OIS

Medi a Channel Frequency Sl ot

o e e e e e e e e e e e e aa o s L +
| |
| Frequency Sl ot Frequency Sl ot

| e ) G U I + e ) G U I +

| | orsi orsi | |
| |

-4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12
S S S S

<- Network Media Channel -> <- Network Media Channel ->
SR R TR T Media Channel ----------------------- >
X - Frequency Slot Central Frequency
o - Signal Central Frequency

Figure 5: Exanple of Media Channel, Network Media Channels, and
Associ ated Frequency Slots

Fl exi -Grid Layered Network Mde

In the OIN | ayered network, the network nedia channel transports a
single OIS (see Figure 6).

| orsi |
O- - - - - - - = = - - - - - - - e - - s e - - - - - - - - -0
| |
| Channel Port Net wor k Medi a Channel Channel Port
O- - - - - - - = = - - - - - - - - .- - - - - - - - - - - - - -0
| |
S + S + S +
|\ (1) | | (1) | | (1) /|
N s |- |- |----- I
SR + Li nk Channel R + Link Channel SR +
Medi a Channel Medi a Channel Medi a Channe
Mat ri x Mat ri x Mat ri x

The synbol (1) indicates a nmatrix channe

Figure 6: Sinplified Layered Network Mode
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Note that a particular exanple of OISi is the OCh-P. Figure 7 shows
this specific exanple as defined in G 805 [ G 805].

OCh AP Trail (QOCh) OCh AP
(O T T R I O
| |
--- OCh-P OCh-P ---
\ / source sink \ /
+ +
| CCh-P OCh- P Networ k Connecti on OCh- P
OTCP - - - - - - - = - = - - - = - - - - - - - - - - - - -TCPO
| |
| Channel Port Net wor k Medi a Channel Channel Port
O- - - - - = - = - - - - - - - - - - - - - - -0
| |
Fomm e m oo - + S + S +
| \ (1) | ©CCh-P LC | (1) | OCh-P LC | (1) /
R SRR |- |- |- I
e + Li nk Channel A + Li nk Channel AT +
Medi a Channel Medi a Channel Medi a Channe
Mat ri x Mat ri x Mat ri x

The synbol (1) indicates a matrix channe
"LC" indicates a |link connection

Figure 7: Layered Network Mddel According to G 805
3.4.1. DWM Flexi-Gid Enabl ed Network El enent Mbdel s

A flexible-grid network is constructed from subsystens that include
VWDM |i nks, tunable transnitters, and receivers (i.e., nmedia el enents
i ncl udi ng nmedi a-l ayer switching el ements that are nedia nmatrices), as
wel | as electro-optical network elenments. This is just the same as
in a fixed-grid network, except that each element has flexible-grid
characteristics.

As stated in Clause 7 of [G 694.1], the flexible DADM grid has a

nom nal central frequency granularity of 6.25 GHz and a slot wdth
granularity of 12.5 GHz. However, devices or applications that make
use of the flexible grid m ght not be capable of supporting every
possi ble slot width or position. 1In other words, applications may be
defi ned where only a subset of the possible slot w dths and positions
is required to be supported. For exanple, an application could be
defi ned where the nomi nal central frequency granularity is 12.5 Gz
(by only requiring values of n that are even) and where slot widths
are a multiple of 25 GHz (by only requiring values of mthat are
even) .
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4. GWLS Applicability

The goal of this section is to provide an insight into the
application of GWLS as a control mechanismin flexi-grid networks.
Specific control -plane requirenents for the support of flexi-grid
networks are covered in Section 5. This franework is ained at
controlling the nedia layer within the OIN hierarchy and controlling
the required adaptations of the signal layer. This docunent also
defines the term "Spectrum Switched Optical Network" (SSON) to refer
to a flexi-grid enabled DAWDM network that is controlled by a GWLS or
PCE control pl ane.

This section provides a mapping of the ITUT G 872 architectura
aspects to GWLS and control -plane terns and al so considers the
rel ati onship between the architectural concept or construct of a
nmedi a channel and its control-plane representations (e.g., as a TE
link, as defined in [ RFC3945]).

4.1. Ceneral Considerations

The GWLS control of the media |ayer deals with the establishnent of
nmedi a channels that are switched in nedia channel matrices. GWLS

| abel s are used to locally represent the nmedia channel and its

associ ated frequency slot. Network nedia channels are considered a
particul ar case of nedia channels when the endpoints are transceivers
(that is, the source and destination of an OISi).

4.2. Consideration of TE Links

From a theoretical point of view, a fiber can be nodel ed as having a
frequency slot that ranges frommnus infinity to plus infinity.
This representation hel ps us understand the rel ati onshi p between
frequency slots and ranges.

The frequency slot is a |local concept that applies within a component
or element. Wen applied to a nmedia channel, we are referring to its
ef fective frequency slot as defined in [G 872].

The associ ati on sequence of the three conponents (i.e., a filter, a
fiber, and a filter) is a nmedia channel in its nost basic form From
the control -pl ane perspective, this may be nodel ed as a (physical)

TE link with a contiguous optical spectrum This can be represented
by saying that the portion of spectrumavailable at tinme t0 depends
on which filters are placed at the ends of the fiber and how t hey
have been configured. Once filters are placed, we have a one-hop
medi a channel. In practical terms, associating a fiber with the
termnating filters determ nes the usable optical spectrum
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_______________ + .
| |
Fommmee-- + Fommmmm- +
| | | |+
---Ol e e Seseerssbep 0--|
| | Fi ber | | | -
--- 0| | | o-- |
| | | ||
---Ol s oo s o s e b 0--| -
| Filter | | Filter | |
| | | |+
Fomm oo + Fomm oo +
| |
| ------- Basi ¢ Media Channel ---------
............... + I,
________ + .,
[ oo |
LSR | TE link | LSR
e EEEEEE |
........ + i,

Figure 8: (Basic) Media Channel and TE Link

Addi tionally, when a cross-connect for a specific frequency

slot is

consi dered, the resulting media support of joining basic nedia
channels is still a nedia channel, i.e., a |longer association

sequence of nedia elenments and its effective frequency slot.

In

other words, it is possible to "concatenate" several nedia channels
(e.g., patch on internedi ate nodes) to create a single nedia channel
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The architectural construct resulting fromthe associati on sequence
of basic nedia channels and nedi a-1ayer matri x cross-connects can be
represented as (i.e., corresponds to) a Label Switched Path (LSP)
froma control -pl ane perspective.

---------- + S o
| | | |
Fo----- + Fo----- + Fo----- + Fo----- +
| | | | e o | | |
--Ol —======== 0--| |--0 —======== 0o- -
| | Fiber | | | --\ 1-- ] | | Fiber | |
-0l | | o--] AL [0 | 0- -
| | | || I\ || | | |
__Ol —======== 0--***********'--0 —======== 0- -
| Filter| |Filter| | | |Filter] | Filter|
| | | | | | | |
Fomem o + Fomem o + Fomem o + Fomem o +
| |
<- Basic Media -> <- Matrix -> <- Basic Media ->
| Channel | Channel | Channel
---------- + I I T o Fomm e mm -
S TR T Medi a Channel ---------------- >
------ + R I o Fo-----
s | EEEEEETTErR |
LSR | TElink | LSR |  TE link | LSR
TR | R |
------ + mm e+ R

Figure 9: Extended Medi a Channe
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Furthernore, if appropriate, the nmedia channel can al so be
represented as a TE link or Forwardi ng Adj acency (FA) [RFC4206],
augnenting the control -plane network nodel .

---------- + s e
| | | |
Hommm - + Fommm - + Hommm - + Fommm - +
| | | | heemeeenees v | | |
- - Ol —======== 0- - | | --0 —======== o- -
| | Fiber | | | --\ [/--1 | | Fiber | |
o] | T VAR R R | o
| | | | I\ | | | |
--ol —======== 0--***********|--0 —======== 0- -
| Filter| |Filter| | | |Filter] | Filter|
| | | | | | | |
Fommmm s + Fommmm s + Fommmm s + Fommmm s +
| | | |
---------- + oo e oo+ oo
S R Medi a Channel  ----------- >
...... + oo oo -
T P ERTERRO |
LSR | TE 1 nk | LSR
e |
______ + Hom oo o

Figure 10: Extended Medi a Channel TE Link or FA
4.3. Consideration of LSPs in Flexi-Gid

The flexi-grid LSP is a control -plane representation of a nedia
channel . Since network nmedi a channels are nedia channels, an LSP may
al so be the control -plane representati on of a network nedia channe
(wi thout considering the adaptation functions). Froma control-plane
perspective, the main difference (regardl ess of the actual effective
frequency slot, which may be di nmensioned arbitrarily) is that the LSP
that represents a network media channel al so includes the endpoints
(transceivers), including the cross-connects at the ingress and
egress nodes. The ports towards the client can still be represented
as interfaces fromthe control -pl ane perspective.
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Figure 11 shows an LSP routed between three nodes. The LSP is

term nated before the optical matrix of the ingress and egress nodes
and can represent a nedia channel. This case does not (and cannot)
represent a network nedi a channel because it does not include (and
cannot include) the transceivers.

--------- + oo e e+ Foomoo oo
| | | |
Fomm - + Fommm o + Fomm - + Fommm o +
| | | | peeeeeeees b | | |
- ol —======== 0- - - | | ---0 —======== 0-
| | Fiber | | | --\ [--] | | Fiber | |
- Ol SS5335333533353333353353353353333353333353333333353333333355>3>5>3>>0-
| | | | I\ | | | |
-Ol —======== 0---***********'---0 —======== 0-
|Filter| |Filter| | | |Filter| |Filter|
| | | | | | | |
N + N + N + N +
| | | |
--------- + o e e e+ Fommm oo
SSSSSSSSSSSSSSSSSSSSSSSSSSS> LSP S555555555555555555555>>
----- + N N
__________________ | |________________
LSR | TE link | LSR | TE link | LSR
T | [ mm e |
----- + e e oo 4 omm -

Figure 11: Flexi-Gid LSP Representing a Media Channel That Starts at
the Filter of the Qutgoing Interface of the Ingress LSR and Ends at
the Filter of the Incomng Interface of the Egress LSR
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In Figure 12, a network nedia channel is represented as term nated at
the network side of the transceivers. This is comonly named an
OrSi-trail connection.

o e e e e + o e e e e +
| | |
S R + S R + S R + S R +
N IESEEER | | IESEEER | OTSi
arsi | o- | | -o |  +----- + o- | | -o | si nk
src | | | | | ===+4-+ +-+== | | | O--| R
Tl***O******O********************************************************
| AU A 11 AU A |
| o-| \/ |-o ===| | | |=7| o-| \/ |-o |
| AR | 4+ -+ AR |
| o-|/ \|-o | N o-|/ \|-o |
|Filter]| | | |Filter] | /\ |Filter]| | | |Filter]
S e + | | +------ +  H----- + H------ + | | +------ +
| | | | | | | |
o e e e e a o + o e e e e a o +
LSP
Qm m o o e o o e e e e e e e e e e e e e e e e e e e e e e e e eem e eaoo - >
LSP
Qo m o e e e e o e e e e e e e e e e e e e e e e e e e e e e e e e e e eaao o >
+--- - - + - + +--- - - +
o- - - |- | |- ---0
| LSR | TE i nk | LSR | TE i nk | LSR |
| R | |- | |
+o-m o - + Fomm e e + +o-m o - +

Figure 12: LSP Representing a Network Media Channel (OTSi Trail)
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In a third case, a network nmedi a channel is ternminated on the filter
ports of the ingress and egress nodes. This is defined in G 872 as
an OTSi Network Connection. As can be seen fromthe figures, froma
GWPLS nodel i ng perspective there is no difference between these
cases, but they are shown as distinct exanples to highlight the

di fferences in the data pl ane.

R Net wor k Medi a Channel --------------------

o e e eeae e + o e e eeae e +
S + S + S + S +
| | Ao | | | | Ao | |
| o-| -0 | e v o-| -0 |
| —====+4-+ - ===== | | | |
T_0******0********************************************************O_R
I AN |1 | | I AN I
I o-| \/ |-o0 =====| | | |====5| o-| \/ |-o0 I
I |1 /N ] I -t k- I |1 /N ] I
I o-|/ \|-o I |\ I o-|/ \|-o I
|Filter]| | | |Filter] A |Filter]| | | |Filter]
S R, + | | +------ + S R, + S R, + | | +------ +
I I I I I I I I
o + o +
Qo o o e e e o e e e e e e e e e e e e meee e meeao oo >
LSP
LSP
o o o m m o e e e e e e e e e e e e e e e e e e me o meea——o- >
Fommm- + - + Fommm- +
R I R LR EEET | EEEREEEEEEEEEEEEREE |--o
| LSR | TE link | LSR | TE link | LSR |
| R REEAEEEEE | R ERREEEEEEEE | |
Fooo-- + S + Fooo-- +

Figure 13: LSP Representing a Network Media Channel
(OTSi Network Connection)
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Applying the notion of hierarchy at the nedia | ayer, by using the LSP
as an FA (i.e., by using hierarchical LSPs), the nmedia channe
created can support nultiple (sub-)nmedia channels.

oo + oo +
| Media Channel | TE | Media Channel| Virtual TE
| | i nk | | i nk
| Mat ri x |o- - - - - - - - - - 0 Mat ri x |o- - - - - -
o e o + o e o +
| LRt + |
| | Media | |
| 0----] Channel [----- o|
| |
| Matrix
R +

Figure 14: Topology Viewwith TE Link or FA

Note that there is only one nedia-layer switch nmatrix (one

i mpl enentation is a flexi-grid ROADM) in SSON, while a signal-Iayer
LSP (network nedia channel) is established mainly for the purpose of
management and control of individual optical signals. Signal-Iayer
LSPs with the same attributes (such as source and destination) can be
grouped into one nedia-layer LSP (nmedia channel); this has advant ages
in spectral efficiency (reduced guard band between adjacent OChs in
one FSC channel) and LSP nanagenent. However, assum ng that sone
network el enents performsignal-layer switching in an SSON, there
must be enough guard band between adjacent OTSi in any nedi a channe
to conpensate for the filter concatenation effects and other effects
caused by signal -layer switching elements. |In such a situation, the
separation of the signal layer fromthe nedia | ayer does not bring
any benefit in spectral efficiency or in other aspects, and it nakes
the network swi tching and control nmore conplex. If two OTSi nust be
switched to different ports, it is better to carry themvia different
FSC channel s, and the nedi a-layer switch is enough in this scenario.

As discussed in Section 3.2.5, a nedia channel nmay be constructed
froma conposite of network media channels. This may be achieved in
two ways using LSPs. These mechani sms may be conpared to the

techni ques used in GWLS to support inverse nultiplexing in Tinme
Division Miultiplexing (TDM networks and in OIN [ RFC4606] [ RFC6344]

[ RFC7139] .

o Inthe first case, a single LSP nay be established in the contro
pl ane. The signaling nessages include information for all of the
conponent network medi a channel s that nake up the composite medi a
channel
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o |In the second case, each conponent network nedia channel is
establ i shed using a separate control -plane LSP, and these LSPs are
associated within the control plane so that the endpoints may see
them as a single media channel

4.4, Control-Plane Mdeling of Network El enents

Optical transmitters and receivers may have different tunability
constraints, and nedi a channel nmatrices may have switching
restrictions. Additionally, a key feature of their inplenentation is
their highly asymretric switching capability, which is described in
detail in [RFC6163]. Media matrices include line-side ports that are
connected to DWDM | i nks and tributary-side input/output ports that
can be connected to transnitters/receivers.

A set of commbn constraints can be defined:
o Slot widths: The m ni mum and maxi mum sl ot wi dth.

o Ganularity: The optical hardware nmay not be able to sel ect
paranmeters with the | owest granularity (e.g., 6.25 GHz for nonina
central frequencies or 12.5 Giz for slot width granularity).

o Avail able frequency ranges: The set or union of frequency ranges
that have not been allocated (i.e., are available). The relative
groupi ng and distribution of avail able frequency ranges in a fiber
are usually referred to as "fragmentation".

0o Available slot width ranges: The set or union of slot w dth ranges
supported by nmedia matrices. It includes the follow ng
i nformation:

* Slot width threshold: The mini num and naxi num sl ot w dth
supported by the nedia matrix. For exanple, the slot width
could be from50 GHz to 200 GHz.

* Step granularity: The mninmum step by which the optical filter
bandwi dth of the media matrix can be increased or decreased.
This paraneter is typically equal to slot width granularity
(i.e., 12.5 GHz) or integer nultiples of 12.5 GH.

4.5. Media Layer Resource Allocation Considerations

A medi a channel has an associated effective frequency slot. Fromthe
perspective of network control and managenent, this effective slot is
seen as the "usable" end-to-end frequency slot. The establishment of
an LSP is related to the establishment of the nedia channel and the
configuration of the effective frequency slot.
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A "service request” is characterized (at a mninum by its required
effective slot width. This does not preclude the request from adding
additional constraints, such as also inposing the nominal centra
frequency. A given effective frequency slot nmay be requested for the
nmedi a channel in the control-plane LSP setup nmessages, and a specific
frequency slot can be requested on any specific hop of the LSP setup.
Regardl ess of the actual encoding, the LSP setup nessage specifies a
m ni mum ef fective frequency slot width that needs to be fulfilled in
order to successfully establish the requested LSP

An effective frequency slot nmust equally be described in terns of a
central nom nal frequency and its slot width (in terns of usable
spectrum of the effective frequency slot). That is, it nust be
possible to determ ne the end-to-end values of the n and m
paranmeters. W refer to this by saying that the "effective frequency
sl ot of the nedia channel or LSP nust be valid".

In GWLS, the requested effective frequency slot is represented to
the TSpec present in the RSVP-TE Path nessage, and the effective
frequency slot is mapped to the Fl owSpec carried in the RSVP-TE Resv
nmessage.

In GWLS-control |l ed systens, the switched el enent corresponds to the
"label’. In flexi-grid, the switched elenent is a frequency slot,
and the | abel represents a frequency slot. Consequently, the | abe
in flexi-grid conveys the necessary information to obtain the
frequency slot characteristics (i.e., central frequency and sl ot
width: the n and mparanmeters). The frequency slot is locally
identified by the | abel

The | ocal frequency slot may change at each hop, given hardware
constraints and capabilities (e.g., a given node m ght not support
the finest granularity). This nmeans that the values of n and m may
change at each hop. As long as a given downstream node all ocates
enough optical spectrum mcan be different along the path. This
covers the issue where nedia matrices can have different slot width
granularities. Such variations in the local value of mwll appear
in the allocated | abel that encodes the frequency slot as well as in
the Fl owSpec that describes the flow

Di fferent operational nodes can be considered. For Routing and
Spectrum Assi gnnent (RSA) with explicit |abel control, and for
Routing and Distributed Spectrum Assi gnnent (R+DSA), the GWLS
signaling procedures are simlar to those described in Section 4.1.3
of [RFC6163] for Routing and Wavel ength Assi gnnent (RWA) and for
Routing and Distributed Wavel ength Assignnent (R+tDWA). The main
difference is that the | abel set specifies the avail able nom na
central frequencies that neet the slot width requirenments of the LSP
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The internedi ate nodes use the control plane to collect the
acceptabl e central frequencies that neet the slot w dth requirenent
hop by hop. The tail-end node al so needs to know the slot w dth of
an LSP to assign the proper frequency resource. Except for
identifying the resource (i.e., fixed wavelength for WSQON, and
frequency resource for flexible grids), the other signaling
requirenents (e.g., unidirectional or bidirectional, with or wthout
converters) are the sane as for WSON as described in Section 6.1 of
[ RFC6163] .

Regardi ng how a GWLS control plane can assign n and m hop by hop
along the path of an LSP, different cases can apply:

a. n and mcan both change. It is the effective frequency slot that
matters; it needs to remain valid along the path.

b. mcan change, but n needs to remain the sanme al ong the path.
This ensures that the nom nal central frequency stays the sane,
but the width of the slot can vary along the path. Again, the
important thing is that the effective frequency slot remains
valid and satisfies the requested paraneters along the whol e path
of the LSP.

c. n and mneed to be unchanging along the path. This ensures that
the frequency slot is well known fromend to end and is a sinple
way to ensure that the effective frequency slot remains valid for
the whol e LSP

d. n can change, but mneeds to remain the sane along the path.
This ensures that the effective frequency slot remmins valid but
al so allows the frequency slot to be noved within the spectrum
fromhop to hop.

The selection of a path that ensures n and mcontinuity can be

del egated to a dedicated entity such as a Path Conputation El enent
(PCE). Any constraint (including frequency slot and width

granul arities) can be taken into account during path conputation

Al ternatively, A PCE can conpute a path, |leaving the actual frequency
sl ot assignment to be done, for exanmple, with a distributed
(signaling) procedure:

o Each downstream node ensures that mis >= requested_m
o A downstream node cannot foresee what an upstream node wll
allocate. A way to ensure that the effective frequency slot is

valid along the length of the LSP is to ensure that the sane val ue
of nis allocated at each hop. By forcing the sane value of n, we
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avoi d cases where the effective frequency slot of the nedia
channel is invalid (that is, the resulting frequency slot cannot
be described by its n and m paraneters).

o This may be too restrictive, since a node (or even a centralized/
conbined RSA entity) nmay be able to ensure that the resulting
end-to-end effective frequency slot is valid, even if n varies
locally. That neans that the effective frequency slot that
characterizes the nedia channel fromend to end is consistent and
is determined by its n and mvalues but that the effective
frequency slot and those values are logical (i.e., do not nmap
"direct" to the physically assigned spectrum) in the sense that
they are the result of the intersection of |ocally assigned
frequency slots applicable at |ocal conponents (such as filters),
each of which may have different frequency slots assigned to them

As shown in Figure 15, the effective slot is nade valid by ensuring
that the mninummis greater than the requested m The effective
slot (intersection) is the |owest m (bottl eneck).

C B A
| Pat h(m req | n |
EEREEEEE > # |
| | # A
N e e e . Heommm oo #- -
Effective # # # #
FSn m #. . . . . . .# # . # <-fixed
# # # # n
R R R #- - -
| | # \Y;
| | # Resv |
| | v <------ |
| | | Fl owSpec(n, m.a)|
| | <--oo--- | |
| | Fl owSpec(n, |
<-------- | mn(ma, mb))
Fl owSpec(n, |

mn(ma, mb, mc))
ma, mb, mc: Selected frequency slot w dths

Figure 15: Distributed Allocation with Different mand Sane n
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In Figure 16, the effective slot is made valid by ensuring that it is
valid at each hop in the upstreamdirection. The intersection needs
to be conputed; otherwi se, invalid slots could result.

C B A
| Path(mreq) | |
EEREREEES > # | |
| # N N
N e Hemm e e e oo Hemmm e e e s Heoooooan
Effective # # # #
FSn, m # # # #
# # # #
A AREEEEEEE R Vommmmmmmm e - - e R R e
| | # %
| | # Resv
| | v <--ee- |
| | | Fl owSpec(n_a, m. a)
| | <o
| | FlowSpec(FSb [intersect] FSa)
Cemm e e ==

Fl owSpec([intersect] FSa, FSbh, FSc)

n_a: Sel ected nom nal central frequency by node A
m a: Sel ected frequency slot w dths by node A
FSa, FSb, FSc: Frequency slot at each hop A B, C

Figure 16: Distributed Allocation with Different mand Different n

Note that when a nmedia channel is bound to one OIS (i.e., is a
networ k medi a channel), the effective FS nust be the frequency sl ot
of the OISi. The media channel set up by the LSP nmay contain the
effective FS of the network nedia channel effective FS. This is an
endpoi nt property; the egress and i ngress have to constrain the
effective FSto be the OTSi effective FS.

4.6. Neighbor Discovery and Link Property Correlation

There are potential interworking problenms between fixed-grid DWM
nodes and flexi-grid DWM nodes. Additionally, even two flexi-grid
nodes may have different grid properties, leading to |link property
conflict and resulting in limted interworking.

Devi ces or applications that nmake use of flexi-grid m ght not be able
to support every possible slot width. In other words, different
applications may be defined where each supports a different grid
granularity. In this case, the link between two optical nodes with
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different grid granularities nust be configured to align with the
| arger of both granularities. Furthernore, different nodes may have
different slot width tuning ranges.

In summary, in a DADM | ink between two nodes, at a mninmum the
followi ng properties need to be negoti at ed:

o0 Gid capability (channel spacing) - Between fixed-grid and
flexi-grid nodes.

o Gidgranularity - Between two flexi-grid nodes.
o Slot width tuning range - Between two flexi-grid nodes.
4.7. Path Computation, Routing and Spectrum Assi gnnment (RSA)

In WBON, if there is no (avail able) wavel ength converter in an
optical network, an LSP is subject to the "wavel ength continuity
constraint" (see Section 4 of [RFC6163]). Simlarly, in flexi-grid,
if the capability to shift or convert an allocated frequency slot is
absent, the LSP is subject to the "spectrumcontinuity constraint".

Because of the limted availability of spectrumconverters (in what
is called a "sparse translucent optical network"), the spectrum
continuity constraint always has to be considered. Wen avail able,

i nformation regardi ng spectrum conversion capabilities at the optica
nodes may be used by RSA mechani sms.

The RSA process determnes a route and frequency slot for an LSP
Hence, when a route is conputed, the spectrum assi gnnent process
determ nes the central frequency and slot w dth based on the
foll ow ng:

o the requested slot width

o the information regarding the transmtter and receiver
capabilities, including the availability of central frequencies
and their slot width granularity

o the information regarding avail abl e frequency slots (frequency

ranges) and avail able slot widths of the links traversed al ong
the route
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4.7.1. Architectural Approaches to RSA

Similar to RM for fixed grids [RFC6163], different ways of
perform ng RSA in conjunction with the control plane can be

consi dered. The approaches included in this docunent are provided
for reference purposes only; other possible options could also be
depl oyed.

Note that all of these nodels allow the concept of a conposite nmedia
channel supported by a single control-plane LSP or by a set of
associ ated LSPs.

4.7.1.1. Conbined RSA (R&SA)

In this case, a conputation entity perfornms both routing and
frequency slot assignnent. The conputation entity needs access to
detail ed network information, e.g., the connectivity topol ogy of the
nodes and |inks, avail abl e frequency ranges on each |ink, and node
capabilities.

The conputation entity could reside on a dedi cated PCE server, in
the provisioning application that requests the service, or on the
i ngress node.

4.7.1.2. Separated RSA (R+SA)

In this case, routing conputation and frequency sl ot assignment are
performed by different entities. The first entity computes the
routes and provides themto the second entity. The second entity
assigns the frequency slot.

The first entity needs the connectivity topology to conpute the
proper routes. The second entity needs information about the
avai |l abl e frequency ranges of the links and the capabilities of the
nodes in order to assign the spectrum

4.7.1.3. Routing and Distributed SA (R+DSA)

In this case, an entity conputes the route, but the frequency sl ot
assignment is perforned hop by hop in a distributed way al ong the
route. The available central frequencies that neet the spectrum
continuity constraint need to be collected hop by hop along the
route. This procedure can be inplenmented by the GWLS signaling
pr ot ocol
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4.8. Routing and Topol ogy Di ssem nation

In the case of the conbined RSA architecture, the conmputation entity
needs the detailed network information, i.e., connectivity topol ogy,
node capabilities, and avail able frequency ranges of the |inks.

Route conputation is perforned based on the connectivity topol ogy and
node capabilities, while spectrum assignnent is perforned based on
the avail abl e frequency ranges of the links. The conmputation entity
may get the detailed network information via the GVPLS routing

pr ot ocol

For WSQON, the connectivity topol ogy and node capabilities can be
advertised by the GWLS routing protocol (refer to Section 6.2 of

[ RFC6163]). Except for wavel ength-specific availability information
the information for flexi-grid is the sane as for WSON and can

equal ly be distributed by the GWLS routing protocol

This section anal yzes the necessary changes to link infornmation
required by flexible grids.

4.8.1. Avail abl e Frequency Ranges (Frequency Slots) of DWM Links

In the case of flexible grids, channel central frequencies span from
193.1 THz towards both ends of the C band spectrumwith a granularity
of 6.25 GHz. Different LSPs coul d nake use of different slot widths
on the sane |ink. Hence, the avail able frequency ranges need to be
adverti sed.

4.8.2. Available Slot Wdth Ranges of DWM Li nks

The available slot width ranges need to be advertised in conbination
with the avail abl e frequency ranges, so that the conputing entity can
verify whether an LSP with a given slot width can be set up or not.
This is constrained by the available slot width ranges of the media
matri x. Depending on the availability of the slot width ranges, it
is possible to allocate nore spectrumthan what is strictly needed by
t he LSP.

4.8.3. Spectrum Managenent

The total avail able spectrumon a fiber can be described as a
resource that can be partitioned. For exanple, a part of the
spectrum coul d be assigned to a third party to manage, or parts of
the spectrum coul d be assigned by the operator for different classes
of traffic. This partitioning creates the inpression that the
spectrumis a hierarchy in view of the managenent plane and the
control plane: each partition could itself be partitioned. However,
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the hierarchy is created purely within a managenent system it
defines a hierarchy of access or nanagenent rights, but there is no
correspondi ng resource hierarchy within the fiber

The end of the fiber is a link end and presents a fiber port that
represents all of the spectrum available on the fiber. Each spectrum
al | ocation appears as a Link Channel Port (i.e., frequency slot port)
within the fiber. Thus, while there is a hierarchy of ownership (the
Li nk Channel Port and corresponding LSP are |ocated on a fiber and
therefore are associated with a fiber port), there is no continued
nesting hierarchy of frequency slots within |arger frequency slots.
Inits way, this mrrors the fixed-grid behavior where a wavel ength
is associated with a fiber port but cannot be subdivided even though
it is a partition of the total spectrum available on the fiber

4.8. 4. | nformati on Mode

This section defines an informati on nodel to describe the data that
represents the capabilities and resources available in a flexi-grid
network. It is not a data nodel and is not intended to linmt any
protocol solution such as an encoding for an I GP. For exanple,
information required for routing and path selection nay be the set of
avai | abl e nom nal central frequencies fromwhich a frequency slot of
the required width can be allocated. A convenient encoding for this
information is left for further study in an | GP encodi ng docunent.

Fi xed DWDM gri ds can al so be described via suitable choices of slots
ina flexible DADM grid. However, devices or applications that make
use of the flexible grid may not be capable of supporting every
possi ble slot width or central frequency position. Thus, the

i nformati on nodel needs to enable:

0 the exchange of information to enable RSAin a flexi-grid network

o the representation of a fixed-grid device participating in a
flexi-grid network

o full interworking of fixed-grid and flexible-grid devices within
t he same network

o interworking of flexible-grid devices with different capabilities
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The infornmati on nodel is represented using the Routing Backus- Naur
Format (RBNF) as defined in [ RFC5511].

<Avail abl e Spectrums ::=
<Avai | abl e Frequency Range-Li st>
<Avai | abl e NCFs>
<Avai | abl e Sl ot W dt hs>

wher e

<Avai |l abl e Frequency Range-List> ::=
<Avai |l abl e Frequency Range> [ <Avail abl e Frequency Range- Li st >]

<Avai | abl e Frequency Range> ::=
( <Start NCF> <End NCF> ) |
<FS defined by (n, m containing contiguous avail abl e NCFs>

and

<Avail abl e NCFs> :: =
<Avail abl e NCF Granul arity> [ <O f set >]
-- Subset of supported n values given by p x n + ¢
-- where p is a positive integer
-- and q (offset) belongs to 0,..,p-1

and

<Avail able Slot Wdths> ::=
<Avail able Slot Wdth G anul arity>
<M n Slot Wdth>
-- given by j x 12.5 GHz, with j a positive integer
<Max Sl ot W dth>
-- given by k x 12.5 GHz, with k a positive integer (k >=j)

Figure 17: Routing Information Mde

5. Control-Plane Requirenents
The control of flexi-grid networks places additional requirements on
the GWLS protocols. This section sunmarizes those requirements for
signaling and routing.

5.1. Support for Media Channels
The control plane SHALL be able to support nedi a channel s,
characterized by a single frequency slot. The representation of the

nmedi a channel in the GWLS control plane is the so-called "flexi-grid
LSP". Since network nedia channels are nedi a channels, an LSP may
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al so be the control -plane representati on of a network nedia channel
Consequently, the control plane will also be able to support network
nmedi a channel s.

5.1.1. Signaling

The signaling procedure SHALL be able to configure the nonina
central frequency (n) of a flexi-grid LSP

The signaling procedure SHALL allow a flexi ble range of values for
the frequency slot width (n) paranmeter. Specifically, the contro

pl ane SHALL allow setting up a nedia channel with frequency sl ot
width (m ranging froma mninmumof m= 1 (12.5 GHz) to a naxi mum of
the entire C-band (the wavel ength range 1530 nmto 1565 nm which
corresponds to the anplification range of erbium doped fi ber
anplifiers) with a slot width granularity of 12.5 GHz.

The signaling procedure SHALL be able to configure the m ni mumwi dth
(m of a flexi-grid LSP. 1In addition, the signaling procedure SHALL
be able to configure |ocal frequency slots.

The control -plane architecture SHOULD all ow for the support of the
L- band (the wavel ength range 1565 nmto 1625 nm and the S-band (the
wavel ength range 1460 nmto 1530 nnj.

The signaling process SHALL be able to collect the |ocal frequency
sl ot assigned at each link along the path.

The signaling procedures SHALL support all of the RSA architectura
nodel s (R&SA, R+SA, and R+DSA) within a single set of protoco

obj ects, although sone objects may only be applicable within one of
t he nodel s.

5.1.2. Routing

The routing protocol will support all functions described in
[ RFC4202] and extend themto a flexi-grid data plane.

The routing protocol SHALL distribute sufficient information to
conpute paths to enable the signaling procedure to establish LSPs as
described in the previous sections. This includes, at a mninmm the
dat a described by the information nodel in Figure 17.

The routing protocol SHALL update its advertisenments of avail able
resources and capabilities as the usage of resources in the network
varies with the establishment or teardown of LSPs. These updates
SHOULD be anenabl e to danping and thresholds as in other traffic
engi neering routing advertisenents.
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The routing protocol SHALL support all of the RSA architectura
nodel s (R&SA, R+SA, and R+DSA) without any configuration or change of
behavior. Thus, the routing protocols SHALL be agnostic to the
conput ati on and signaling nodel that is in use.

5.2. Support for Media Channel Resizing

The signaling procedures SHALL allow the resizing (grow ng or
shrinking) of the frequency slot width of a media channel or network
medi a channel. The resizing MAY inply resizing the |ocal frequency
slots along the path of the flexi-grid LSP

The routing protocol SHALL update its advertisements of avail able
resources and capabilities as the usage of resources in the network
varies with the resizing of LSPs. These updates SHOULD be anenabl e
to danping and thresholds as in other traffic engineering routing
advertisenents.

5.3. Support for Logical Associations of Miltiple Media Channels

A set of media channels can be used to transport signals that have a
| ogi cal association between them The control -plane architecture
SHOULD al l ow mul ti ple nedia channels to be |logically associated. The
control plane SHOULD all ow the co-routing of a set of nedia channels
that are | ogically associ ated.

5.4. Support for Composite Media Channels

As described in Sections 3.2.5 and 4.3, a nedia channel may be
conposed of nmultiple network nedi a channel s.

The signaling procedures SHOULD i ncl ude support for signaling a
single control -plane LSP that includes information about multiple
networ k nmedi a channels that will conprise the single conpound nedia
channel

The signaling procedures SHOULD i nclude a nmechanismto associate
separately signal ed control -plane LSPs so that the endpoints nay
correlate theminto a single compound nedia channel

The signaling procedures MAY include a mechanismto dynanmically vary
the conposition of a conposite nedia channel by allowi ng network
medi a channels to be added to or renpved fromthe whol e.

The routing protocols MJUST provide sufficient information for the

conput ati on of paths and slots for conposite medi a channel s using any
of the three RSA architectural npdels (R&SA, R+SA, and R+DSA).

CGonzal ez de Dios, et al. I nf or mati onal [ Page 33]



RFC 7698 GWPLS Flexi -Gid Franework November 2015

5.5. Support for Neighbor Discovery and Link Property Correlation

The control plane MAY include support for nei ghbor discovery such
that a flexi-grid network can be constructed in a "plug-and-pl ay"
manner. Note, however, that in conmon operational practice,
val i dation processes are used rather than autonmatic discovery.

The control plane SHOULD al |l ow the nodes at opposite ends of a |link
to correlate the properties that they will apply to the link. Such a
correlation SHOULD i nclude at |east the identities of the nodes and
the identities that they apply to the link. Qher properties, such
as the link characteristics described for the routing informtion
nodel in Figure 17, SHOULD al so be correl ated.

Such nei ghbor discovery and |ink property correlation, if provided,
MJST be able to operate in both an out-of-band and an out-of-fiber
control channel

6. Security Considerations

The control - pl ane and dat a- pl ane aspects of a flexi-grid systemare
fundanmentally the sanme as a fixed-grid system and there is no
substantial reason to expect the security considerations to be any
different.

A good overview of the security considerations for a GWLS-based
control plane can be found in [ RFC5920].

[ RFC6163] includes a section describing security considerations for
WBON, and it is reasonable to infer that these considerations apply
and may be exacerbated in a flexi-grid SSON system |n particular
the detailed and granular information describing a flexi-grid network
and the capabilities of nodes in that network could put stress on the
routing protocol or the out-of-band control channel used by the
protocol. An attacker m ght be able to cause small variations in the
use of the network or the avail abl e resources (perhaps by nodifying
the environnent of a fiber) and so trigger the routing protocol to
make new fl oodi ng announcenents. This situation is explicitly
mtigated in the requirenents for the routing protocol extensions
where it is noted that the protocol must include damping and
configurable thresholds as already exist in the core GVWPLS routing

pr ot ocol s.
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7.

Manageabi | ity Consi derations

GWLS systens al ready contain a nunber of managenent tools:

o

M B nodul es exi st to nodel the control -plane protocols and the
network el ements [ RFC4802] [RFC4803], and there is early work to
provide simlar access through YANG The features described in
these nodels are currently designed to represent fixed-Iabe
technol ogi es such as optical networks using the fixed grid,;

ext ensi ons may be needed in order to represent bandw dth,
frequency slots, and effective frequency slots in flexi-grid

net wor ks.

There are protocol extensions within GWLS signaling to all ow
control -pl ane systenms to report the presence of faults that affect
LSPs [ RFC4783], although it nust be carefully noted that these
mechani snms do not constitute an al arm mechani smthat could be used
to rapidly propagate information about faults in a way that would
allow the data plane to performprotection switching. These
nmechani sns coul d easily be enhanced with the addition of

technol ogy-specific reason codes if any are needed.

The GWPLS protocols, thensel ves, already include fault detection
and recovery nechani sns (such as the PathErr and Notify nessages
in RSVP-TE signaling as used by GWLS [RFC3473]). It is not
anticipated that these nmechanisnms will need enhancenent to support
flexi-grid, although additional reason codes nay be needed to
descri be technol ogy-specific error cases.

[ RFC7260] describes a framework for the control and configuration
of data-plane Operations, Adninistration, and Mi ntenance (QAM.

It would not be appropriate for the IETF to define or describe
dat a- pl ane OAM for optical systems, but the framework described in
RFC 7260 coul d be used (with mnor protocol extensions) to enable
dat a- pl ane CQAM t hat has been defined by the originators of the
flexi-grid data-plane technology (the ITUT).

The Link Managenent Protocol (LMP) [RFC4204] is designed to allow
the two ends of a network link to coordinate and confirmthe
configuration and capabilities that they will apply to the |ink.
LMP is particularly applicable to optical |inks, where the
characteristics of the network devices may considerably affect how
the link is used and where m sconfiguration or ms-fibering could
make physical interoperability inpossible. LM could easily be
extended to collect and report information between the endpoints
of links in a flexi-grid network.
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