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Abstract—Ethernet is a success story in local area networks
(LAN). Efforts for extending its boundaries beyond LAN to
the carriers’ backbone networks are in progress. We study
the problem of designing reliable and cost-ef cient high-rate
(100 Ghit/s) carrier-grade Ethernet in a multiline-rate optical
growth is dominated by data traf c, Ethernet transport
can be used for both data and voice and is a packet-based
technology.

— Traditional SONET/SDH uses mainly

+ and ring
protection. Since Ethernet is intended to transport hetero-
geneous traf ¢, it must be able to meet the heterogeneous
reliability requirements of the traf c. Hence, as opposed
to the rigid xed protection scheme in SONET/SDH,
more exible and cost-effective schemes can be used, e.g.,
shared-path protection.

The future mode of operation is to carry native Ethernet
frames directly over wavelength-division multiplexing (WDM)
optical backbone networks (Ethernet-over-WDM). Thus,
several layers of other technologies can be eliminated, and sig-
ni cant savings in CapEx, and operational expenditure (OpEX)
can be achieved.

In a backbone network, Ethernet must provide carrier-grade
service, i.e., it must provide high level of resilience, exibility,
and manageability. At the same time, it must be a cost-ef cient
transport technology for the network operator to deploy. Tra-
ditionally, Ethernet forwarding is based on the spanning tree
protocol (STP). The STP constructs a spanning tree from the
root node to every other node in the network, which ensures
that any path from the root to any other node is the shortest. But



122 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 1, JANUARY 1, 2008

Fig. 1. Node architecture.

lightpaths) at high rates (up to 100 Ghit/s). Since the lightpathThe problem addressed in this paper is a special case of
rate can be high (100 Gbit/s) and it may travel long distances (faurvivable traf c grooming (STG) [7]. In addition, our problem
backbone links), the effect of the physical impairments alor@pnsiders the multiline-rate nature of the network. We also
a path may become prominent and the sigajuality may consider the sign& maximum transmission range constraint,
degrade. Hence, 3R (reamptation, reshaping, and retiming)which depends on the signal bit rate (as the signedte in-
signal regeneration may be needed [10], [11]. In our study, wesases, its maximum transmission range decreases). Note that,
use the term Etherpath (EP) to denote a lightpath carrying Ettven though the motivation behind this study is carrier-grade
ernet tunnels (ETs) which in turn carry Ethernet frames. TheB¢hernet, the general concepts and solution methods discussed
Etherpaths are initiated and terminated by Ethernet interfadesre also apply to connections carrying t@bther than Eth-
and are solely designed for carrying Ethernet tcaf ernet. In the literature as well as throughout the paper, the terms
If we consider the applications to be transported over futuveorking path and primary path may be used interchangeably
networks, we notice the variation in bandwidth (BW) requireto indicate the same thing, i.e., a path that carries the draf
ments among them. For instance, voice applications require lessing the networls normal operation. In addition, the terms
BW than video applications, which also require less BW thaprotection path and backup path may be used interchangeably,
bandwidth-hungry applications like heavy sciesticomputa- i.e., a path that is used to carry the trafwhen a single link
tions. As a result, the network must bexible enough to pro- fails. Likewise, the terms 3R regeneration and regeneration
vision these applications effectively. To achieve this, a hetenmay used interchangeably.
gonous link-capacity distribution is required (multiline-rate net- Section Il explains the node architecture and 3R regeneration.
work). The term heterogeneous in our current study impli€ection Il formally states the problem. Section IV presents the
that all wavelengths on a link operate at the same rate, but difsign algorithms. Section V discusses the experimental results.
ferent links may operate at different rates. This gives the n&ection VI concludes the study.
work operator moreexibility in choosing the connectivity (e.g.,
lightpath) rate according to the available lihkates in the net- I
work. In addition, the network operator may also want to operate
links with different rates based on their location in the network.
For instance, the network operator may use lower rate for Iin'l&s
closer to the network periphery, and higher rate for links closer
to the network core, since more trafis expected on the cen- Fig. 1 shows the Ethernet-over-WDM node architecture. It
tral links. The work in [16] emphasizes this fact by studying theas two components: 1) OXC, which performs switching at
backbone network design with optical crossconnects (OXO¥e Etherpath level and 2) Ethernet switch (ES). The ES initi-
with different grooming-granularity capabilities (heterogeneowes and terminates Etherpaths using Ethernet interfaces (El),
OXCs). The study showed that a network with heterogeneooamely Ethernet transmitter and Ethernet receiver. ES performs
OXCs is more cost-etient and exible than a network with electronic functions of grooming Ethernet connections onto the
homogenous OXCs. Etherpaths, and regeneration. OXC must have enough 1/0O ports

. ETHERNET-OVER-WDM NODE ARCHITECTURE AND
3R REGENERATION

Node Architecture
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(linecards) to support ber connections with neighboring nodes
as well as for local add/drop with the ES.

B. 3R Regeneration

To perform in-node electronic 3R regeneration (used here), a
number of optical-electronic-optical (OEO) transponders (Eth-
ernet interfaces in our case) must be allocated. Now, if an Ether-
path requires regeneration, it must be directed from OXC to ES
(see Fig. 1), get regenerated, and then sent back to OXC and
output ber. A node with full OEO regeneration capability is
called opaque, a node with partial OEO regeneration capability
is called hybrid or translucent, while a node without any OEO
regeneration capability is called transparent. So, in this paper,
we have the hybrid case.

III. PROBLEM STATEMENT

The cost-ef cient and reliable carrier-grade Ethernet network
design problem is formulated as follows.
* Given:

— Network topology represented by graph G (V, )
with set of bidirectional edges  representing links and
set of vertices V' representing nodes.

— Traf ¢ demand matrix composed of Ethernet tunnels
with different bandwidth requirements. Ethernet tunnels
are unidirectional.

— All nodes have regeneration and traf ¢ grooming capa-
bilities.

— The network can have mixed line rates.

* Transmission Constraints:

— Number of wavelengths on a link and wavelength ca-
pacity.

— Number of Ethernet interfaces at a node.

— Maximum transmission range of signals (data rate
dependent), i.e., maximum distance an Etherpath can
travel before regeneration is required.

— Wavelength-continuity constraint is assumed for each
Etherpath.

* Need to:

— Route all Ethernet tunnels.

— Protect all Ethernet connections. Shared-path protec-
tion-at-connection (PAC) level [7] is used to protect the
Ethernet tunnels against single link failures.

e Objectives:

— Provision all Ethernet tunnels.

—Reduce the solution’s CapEx: determined by the
number and rates of Ethernet interfaces used.

IV. DESIGN ALGORITHMS

In order to design an ef cient algorithm, the following issues
must be addressed:

1) TItispossible that a shorter path, where edge weight is the
link’s length, requires more amount of 3R regeneration.
Before we discuss the example in Fig. 2, Table I illus-
trates the symbols used throughout the paper. In the ex-
ample in Fig. 2, maximum (un-regenerated) transmis-
sion range is 500 km. Note that the shorter path (900
km) required more regeneration than the longer one (950
km). (The number on a link is its length in km.)
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Fig. 2. 3R regeneration example.

TABLE I
SYMBOLS AND THEIR ILLUSTRATIONS

Fig. 3. EP segmentation due to regeneration.

2) Establishing an Etherpath over a set of links running at
rate  implies that the transmitter and receiver at the
ends of the Etherpath must operate at a minimum rate
of .

3) If an Etherpath (EP) originating from node X and des-
tined tonode Z (. x z) requires regeneration at a third
node Y, then since the EP must be terminated in the ES
atnode Y to perform regeneration, E x 7 is segmented
into two Etherpaths, namely, E x  and E 7. This
will create a grooming opportunity into E 7 at node
Y. Itis also possible that the two Etherpaths use different
wavelengths.

Fig. 3 shows an example where ET 4 is to be provi-
sioned. The original EP to carry ETy 4 (E 1 4) hadtobe
dropped at node 3 to perform 3R regeneration (because
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the distance to the destination is larger than the max-
imum transmission range). Hence, E ;1 4 is segmented
intoE ; andE 4. In this case, it is possible to also
groom other traf c onto E 4 at node 3 if enough ca-
pacity is available.

4) If an Etherpath originating from node X and destined to
node Z (E x 7) uses links X-Y and Y-Z, where link
X-Y is running at rate and link Y-Z is running at a
different rate 2, then E x 7z must be segmented into
two Etherpaths, namely, E x and E z. B x
runs atrate ,and E z runs atrate 2. Again, this
will create a grooming opportunity into £ z at node
Y. The two Etherpaths may use different wavelengths.

5) Once an Etherpath is terminated in an Ethernet switch
(ES), electronic functions are accessible. For example,
grooming can be performed, and wavelength conversion
is possible [9]. In addition, regeneration is always per-
formed.

To address the above issues and capture the network state, we
introduce the following two tools: (a) mixed topology (MT) and
(b) link stretching (LS).

A, MT

The MT is an auxiliary graph. The term mixed is used since
the edges of MT might be physical links, virtual links (already
established Etherpaths), or both. The MT is constructed on a
per-Ethernet-tunnel basis, i.e., for each Ethernet tunnel, the MT
is constructed. The MT contains all possible virtual and phys-
ical links over which a speci ¢ Ethernet tunnel can be routed
(i.e., any path in the MT is a viable route). MT re ects a partial
picture of the network’s current state (since not all virtual and
physical edges may be established). Using the MT, it is possible
to do as follows.:

* Re ectthe network’s resource usage state by including/ex-
cluding the appropriate edges. For instance, if all the wave-
lengths on a certain link are used, then the link cannot be
included in the MT. At the same time, if any of its used
wavelengths has some residual capacity, then a virfual (uni-
directional) edge can be included to re ect this available
capacity.

* Implement any design policy by including/excluding the
appropriate physical/virtual edges, and assigning weights
to these edges. For instance, if we need to reduce the
number of high-rate EPs (since they require more re-
generation), then high-rate links may be assigned higher
weights.

* Re ect the traf ¢ grooming (TG) and wavelength conver-
sion opportunities through EP segmentation.

e Find the ET’s protection path. Establishing the MT for

nding a protection path must address the resource-sharing
constraints. Hence, risk information must be maintained
(as well as other resource constraints). For instance, MT
for E'T,, which shares the same risk with another tunnel
ET,, must not include the protection EPs of ET,.

For each ET, the MT is constructed to determine both the
primary and the protection paths. To determine the ET’s primary
path, the MT must include the links and EPs that can carry the
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ET. Using shared-path protection, each ET is protected against
any single link failure. In this case, the MT for determining the
ET’s protection path includes all the physical links and EPs can
then be used for protecting the ET (i.e., all EPs and links that do
not violate the resource-sharing constraints).
In our study, we use the following rules to construct the MT
for both primary and protection paths.
A) The MT for nding the primary path includes all the phys-
ical and virtual links except:

1. all links running at rates below the ET’s rate;

2. all EPs reserved for protection;

3. all saturated EPs or EPs with free capacity below the
ET’s rate;

4. all saturated links (saturated means all wavelengths
are used);

5. if the end nodes of a physical link or a physical seg-
ment (set of adjacent physical links) are connected by
a working EP, then this link (or segment) is replaced
by the EP (assuming the EP has enough capacity to
carry the ET).

B) The MT for nding the protection path includes all the
physical and virtual links except:

1. all links running at rates below the ET’s rate;

2. all physical links on the ET’s primary path;

3. all protection EPs for tunnels sharing the same risk
with the current tunnel if the aggregate capacity of the
tunnels exceeds each EP capacity;

4. all working EPs;

5. all protection EPs that have reached the maximum al-
lowed sharing, if any;

6. all links saturated with working traf c;

7. physical link or a physical segment (set of adjacent
physical links) with both end nodes connected by a
protection EP is replaced by the EP (assuming the rate
of the protection EP is higher than the ET’s rate and
it does not violate the resource-sharing constraints).

Notice that, depending on the network design objectives and
the protection scheme used, different rules may be used for con-
structing both primary and protection MTs.

B. LS

For an ET with a certain bandwidth requirement, it is possible
to carry the ET over EPs with different rates. For instance, we
can carry a 1-Gbit/s ET over a 10-Gbit/s EP or over a 100-Gbit/s
EP. If we establish a 100-Gbit/s EP, we need to use 100 Gbit/s
Ethernet interfaces or we may establish a 10-Gbit/s EP where
we need to use 10 Gbit/s Ethernet interfaces which are much
cheaper than 100 Gbit/s interface.

To address this issue, and to increase the possibility of picking
the minimum-cost path, we introduce the concept of LS. Using
LS, the link’s weight is multiplied (stretched) by factor  that
depends on both the link’s rate and the ET's rate. Factor is
de ned as

Ln te

ET te’ )
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Step 5) Pick path with minimum cost, route the tunnel, and
update usage information on the network resources.

B) Determine the ET’s protection path

Step 1) Establish MT for E'B protection path (Protection MT)
and perform link stretching.

Step 2) Generate set of KMWP. If set contains zero paths,
block ET.

Step 3) For each path in KMWPhd cost of routing the ET.

(Cost is determined as in Step A-4.)
Fig. 7. MT for ET3 (2, 5, 100).

Step 4) Pick path with minimum cost, reserve resources over
that path, and update the netw@lstate.

A set of paths is generated for two reasons: 1)nd a path
that requires less regeneration (since shorter path may some-
times require more regeneration); and 2) if a single wavelength
is not found along the shortest path, the next shortest path is ex-
amined and so on. Hence, this will increase the possibility of
provisioning the ET. The minimum-weight paths used in the
algorithm are not necessarily link-disjoint.

In this algorithm, routing and wavelength assignment (RWA
[1], [4], [6], [15] ) are combined, i.e., as soon as a path is
found, the number (and rate) of EPs to be established are
determined; and for each EP a single (wavelength-continuous)
path is searched along its route. If such a path is not found, the

Fig. 8. MTforET (3;6;1). Ethernet tunnel is blocked.

The route of this tunnels is {3 1 — 2 — 6} with a cost of two V. EXPERIMENTAL RESULTS

10 Ghit/s Els. In addition, only a single wavelength channel is The proposed solution methods were experimented with on
required to provision . the 17-node German network topology shown in Fig. 9. The
If we need to construct the MT for a protection path, thaumber of wavelengths on each 100 Gbit/s link is 16, and the
same treatment as in the previews examples applies, with thénber of wavelengths on each 10 Gbit/s link is 128. The link
exception that resource-sharing constraints will also determirstes are shown in thegure. The number of Ethernet inter-
how the physical/virtual edges are included (see rules for cdface slots at each node is 128. Each interface slot is assumed to

structing the protection MT). operate in a range of rates MO Gbit/s), which enables the
) ) slot to support either 10 Gbit/s EIl or 100 Gbit/s El. Links are
C. Solution Algorithms bidirectional. Etherpaths are unidirectional. A link has a single

Now, based on the MT construction rules and the conceptratte, same in both directions. Ethernet tunnels are at 1 Gbit/s,
link stretching, we propose the following algorithm: MT-based0 Gbit/s, or 100 Gbit/s.
algorithm for reliable and cost-efient carrier-grade Ethernet The network design parameters (cost, tcablocking ratio,
design using PAC [7] and link stretching, or simply MT/s. Thand average Etherpath utilization) are plotted against thedraf

algorithm is explained as follows. The methodology for generating the trafis as follows. The

For each Ethernet tunnel, do the following: traf ¢ matrix in Fig. 10 is used as the base matrix. The taf
matrix is scaled (multiplied) by a factor from the set {0.25, 0.5,

A) Determine the ET’s working path 0.75, 1.0, 2.0, and 3.0}. Thategeroutcome of this multiplica-

tion is then taken. Hence, itis possible that some entries become
zero. These scalars correspond to the following aggregatetraf
Step 2) Stretch the links to rect the links cost (rate ( ):
dependence) and 3R regeneration requirement. {460, 1040, 1458, 2212, 4424, and 6636} Gbit/s. Etherpaths
running at 10 and 100 Gbit/s have maximum transmission
distances of 3000 and 500 km, respectively, after which regen-
eration is required.

Based on current industry trends, Ethernet interface rates of
Step 4) For each path in KMWP, calculate cost of using that 10 Gbit/s and 100 Gbit/s have relative costs of 1 and 5, respec-
path. Path cost is equal to the number of Ethernet interfacestofely. Network cost is equal to the number of Ethernet inter-
certain rate times the Ethernet interfegprice for that rate. faces of each rate times the Ethernetinterfacest for that rate.

Step 1) Establish MT for E'E working path (Working MT).

Step 3) Generate a set of minimum-weight paths (KMWP)
[14] over the established MT. If the set contains zero paths,
block ET.









