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length-channels and around 17% less W-Links
compared to Scheme II, and provides 99.9% ASR.
Table 1 also shows performance of heuristics
without sharing. All heuristics can provide
100% ASR because the route for request t is
selected from St, in which all routes can satisfy
availability requirement of t. Note that Itera-
tively-select uses least amount of resources in
both W and W-Links compared to other heuris-
tics and its performance is comparable to that
of Scheme III. This is because, in Iteratively-
select, either W or W-Links will be reduced
whenever replacing a request's current route by
a new one.
Figures 2 and 3 show results of heuristics without
sharing for four different traffic distributions - Class I:
Class II: Class III: Class IV: Class V = 2:2:2:2:2,
1:1:2:2:4, 4:2:2:1:1, and 1:2:4:2:1 (distributions 1
through 4, respectively). In both figures, observe that
Iteratively-select consistently demonstrates better
performance than other heuristics; and performance
of Most-reliable is worst over all distributions since
highly-reliable route is chosen while sacrificing
resources. Notice that, in the third distribution, there
are more requests with low availability requirement
than those in other distributions. In this case, more
requests can be provisioned by using a single route;

consequently, the third traffic distribution utilizes
less resource compared to other distributions (see
Figs. 2 and 3).
Figure 4 compares performance of heuristics with
and without sharing for traffic distribution 1.
Observe that resource-sharing further reduces
wavelength-links used in all heuristics (number of
wavelengths used is also reduced although not
shown here). We find that around 45% requests
are unprotected, 30% are dedicated protected, and
25% are shared protected in all heuristics. This
percentage varies when traffic distribution
changes. Note that resource sharing is achieved
without scarifying service reliability.
To conclude, our results indicate that our proposed
provisioning framework can help network operators
to differentiate network services, improve service
reliabilities, and optimize resource efficiency.
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We investigate the problem of provisioning
shared-mesh-protected sub-wavelength connec-
tions in wavelength-convertible optical WDM
networks. We propose protection-at-lightpath
(PAL) level and protection-at-connection (PAC)
level. We found PAL outperforms PAC in such
network settings.

1. Introduction
Consider a wavelength-convertible WDM net-
work consisting of optical crossconnects
(OXCs) interconnected by point-to-point
WDM transmission systems in an arbitrary
mesh topology. OXCs can switch traffic at (1)
wavelength granularity and (2) at sub-wave-
length granularity by dropping a set of wave-
lengths to the grooming fabric through
grooming ports [1]. The number of grooming
ports (add and drop) determines the grooming
capacity of an OXC.
While the transmission rate of a wavelength is
high (typically OC-192 today), the bandwidth
requirement of a connection can vary from the
full wavelength capacity down to OC-1 or lower.
To efficiently utilize network resources, low-
speed connections can be groomed onto direct
optical transmission channels, or lightpaths.
Meanwhile, the failure of a network element can
cause the failure of several lightpaths, thereby
leading to large data and revenue loss. Fault-man-
agement schemes such as protection are essential
to survive such failures.
Most previous research on connection provisioning
treated grooming [2] and protection [3] separately.
To efficiently provision a survivable sub-wavelength
connection, however, grooming and protection need
to be considered simultaneously. For dynamically
establishing shared-path-protected low-speed con-
nections, reference [4] presented two schemes:
mixed working-backup grooming policy and segre-
gated working-backup grooming policy. With both
schemes employing fixed-alternate routing, the
work focused on the effect of different wavelength-
assignment algorithms.
We propose protection-at-lightpath (PAL) level
and protection-at-connection (PAC) level for
dynamically provisioning shared-mesh-pro-
tected sub-wavelength connections against sin-
gle-fiber failures. Our study differs from
previous work [4] in that we focus on the
important problem of route computation and
the impact of backup sharing.

2. Protection-at-Lightpath (PAL) Level vs.
Protection-at-Connection (PAC) Level
Under PAL, the route of a connection is a sequence
of protected lightpaths. A protected lightpath has a
primary path, which carries traffic during normal
operation, and a fiber-disjoint backup path, which
carries traffic only when the primary path fails.
Thus, protection occurs at lightpath level in PAL.
Under PAC, a connection has fiber-disjoint primary
and backup paths, each of which is a sequence of
unprotected lightpaths. An unprotected lightpath
can use a portion of its bandwidth to carry sub-
wavelength connections and set aside part of its
bandwidth as backup resources for other connec-
tions. Thus, protection occurs at connection level in
PAL. In both cases, a connection only consumes the
amount of bandwidth it requires.
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We illustrate PAL and PAC via an example. For the
network in Fig. 1(a), each fiber has two wavelengths
of capacity OC-192 each; every node has three
grooming ports. Let <s, d, B> represent a connection
from node s to node d requiring bandwidth B.

2.1 PAL
Upon the arrival of connection c1, <4, 1, OC-48>,
one way of provisioning c1 under PAL is shown in
Fig. 1(b). A protected lightpath l1, with primary
resources set up along path <4, 1> and backup
resources reserved along path <4, 0, 1>, consumes

an add port at node 4 and a drop port at node 1. The
free capacity of l1 is OC-144. Note that wavelengths
for l1’s backup path have been reserved, but they are
not set up as a lightpath. Thus, the backup path does
not consume grooming ports when it does not carry
traffic. When the primary path fails and the backup
path needs to carry traffic, it can reuse the grooming
ports previously used by the primary path.
Suppose c1 remains in the network when connection
c2, <4, 2, OC-48>, arrives. One way of provisioning
c2 under PAL is shown in Fig. 1(c). A protected light-
paths l2 is set up from node 4 to node 2 with free
capacity OC-144. Because l2’s primary path <4, 3, 2>
is fiber-disjoint to l1’s primary path <4, 1>, l2’s
backup path <4, 0, 1, 2> can share the wavelengths on
links <4, 0> and <0, 1> with l1’s backup path. l2 con-
sumes an add port at node 4 and a drop port at node 2.

2.2 PAC
Upon the arrival of c1, one way of provisioning c1
under PAC is shown in Fig. 1(d). Two unprotected
lightpaths l1 and l2 are set up. c1’s primary path
traverses l1 and backup path traverses l2. Both
lightpaths l1 and l2 consume an add/drop port.
The free capacity of both lightpaths is OC-144.
The backup capacity reserved on l1 is zero. The
backup capacity reserved on l2 is OC-48, and it is
used to protect c1’s primary path.
Suppose c1 remains in the network when c2 arrives.
One way of provisioning c2 under PAC is shown in
Fig. 1(e). Two more unprotected lightpaths l3 and l4
are set up. The primary path of c2 traverses l3. The
backup path of c2 traverses l2 and l4. Both lightpaths l3
and l4 consume an add/drop port. The remaining
capacity on all the four lightpaths is OC-144. The
backup capacity on l1 and l3 is zero. The backup
capacity reserved on l2 is OC-48 (c1 and c2 share the
backup capacity) and it is used to protect the primary
paths of c1 and c2. The backup capacity reserved on l4
is OC-48 and it is used to protect c2’s primary path.
Alternatively, c2’s backup path could have traversed l1
and l4 instead of l2 and l4. In that case, OC-48 capacity
of l1 is used by c1’s primary path and another OC-48
capacity of l1 is reserved by c2’s backup path.

2.3 PAL vs. PAC
The fundamental difference between PAL and
PAC is that PAL provides end-to-end protection
with respect to lightpath while PAC provides end-
to-end protection with respect to connection.
When a failure occurs, under PAL, the end nodes of
the affected protected lightpaths switch to their
backup paths; the affected connections are oblivious
to the protection-switching process. Under PAC, the
end nodes of the affected connections (which might
outnumber the affected lightpaths significantly)
switch to their backup paths. Generally, PAL per-
forms at an aggregate level (lightpath) and PAC
works on a per-flow basis (connection).

3. Connection-Provisioning Heuristics
To provision a connection request, our heuristics
first represent as an auxiliary graph the current net-
work state (including existing lightpaths, available
wavelengths, and free grooming ports); then they
compute routes based on the graph and appropriate
backup-sharing measurements. To conserve space,
route-computation details are not presented here.
To represent the network state, we adopt the work in
[5], which models a network as an auxiliary graph
and represents various resources as edges in the
graph by expanding a network node into different
vertices. Figure 1(f) shows the expanded node 4 in
Fig. 1(d): grooming ports are represented as edges
<FI, AI> and <AO, FO>; existing lightpaths starting at
node 4 are mapped to edges sourced at vertex LO;
and incoming (outgoing) fibers are denoted as edges
ending at FI (starting at FO).
To measure backup-sharing potential in PAL, we
associate to a fiber a conflict set, which defines
the number of wavelengths to be used to protect
against each possible single-fiber failure. The
number of wavelengths to be reserved on a fiber
is the maximum of its conflict set. In PAC, we
associate to a lightpath a conflict set, which

Figure 1. Provision connections c1, (<4, 1, OC-48>) and c2, (<4, 2, OC-48>) under PAL and PAC (T and R
represent the number of add and drop ports, respectively.)

Figure 3. Illustrative numerical results. (Load is defined as connection-arrival rate times average holding
time times connections’ average bandwidth in the unit of OC-192.)
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defines the amount of bandwidth to be used to
protect against each possible single-fiber failure.
The amount of bandwidth to be reserved on a
lightpath is the maximum of its conflict set.

4. Illustrative Results and Analysis
We simulated a dynamic network environment
with the following assumptions: connection-
arrival process is Poisson; connection-holding
time follows a negative exponential distribution;
the number of connections follows the distribu-
tion OC-1: OC-3: OC-12: OC-48: OC-192 = 300:
20: 6: 4: 1 (these ratios, provided by our col-
leagues in the carrier world, are close to reality);
connections are uniformly distributed among all
node pairs; the topology with 16 wavelengths per
fiber is shown in Fig. 2; wavelength capacity is
OC-192; the number of grooming ports at a node
is set as the number of wavelengths times its
nodal degree times a scalar ∆ (0≤∆≤1). We report
results with ∆=0.7 here (different values of ∆ led
to the same conclusion).
Figure 3(a) compares the bandwidth-blocking
ratio (BBR) of PAL and PAC. BBR is defined as
the amount of bandwidth blocked over the
amount of bandwidth offered. We observe that
PAL has much lower BBR.
The main reason for this is that, in PAL, the
backup path of a protected lightpath is reserved,
but not set up. This also results in lower groom-
ing-port utilization in PAL (Fig. 3(b)) because the
backup paths of protected lightpaths do not con-
sume grooming ports.
The second reason lies in the backup-sharing
measurement. In PAC, the backup path of a con-
nection has fixed route and fixed wavelength. In
PAL, however, the backup path of a protected
lightpath only has fixed route: the reserved wave-
lengths on a fiber act like a “pool” for all the fail-
ure scenarios. Further results that PAL has lower
wavelength utilization (Fig. 3(c)) and higher
lightpath utilization (Fig. 3(d)) verify the advan-
tage of pool reservation [6].

Third, in PAL, two protected lightpaths traversed
by a connection can still share backup resources
as long as their primary paths are fiber-disjoint.
PAC, however, does not have this freedom.

5. Conclusion
Under today’s connection distribution where
lower-bandwidth connections outnumber higher-
bandwidth connections, PAL outperforms PAC
in wavelength-convertible networks with shared-
mesh protection. For wavelength-continuous
networks, this conclusion is found to hold for
typical network settings, although the difference
in performance between PAL and PAC is reduced.
An interesting variation of PAC is to reserve wave-
lengths (not to set up as lightpaths) for backup
paths. The results of this variation (not included
here due to space limitation) largely depend on ∆.
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We demonstrate that simultaneously pumping a
thulium-doped tellurite fiber amplifier with
800nm and 1064nm significantly increases the
achievable gain. A gain of 26dB and noise figure
less than 4dB were obtained with a 1.5m doped
fiber length.

Introduction
The growing demand for higher transmission capac-
ity requires optical fiber amplifiers that can fully
exploit the low loss region of optical fibers (1450-
1650 nm). Erbium-doped fiber amplifiers have been
successfully employed in the C- and L-bands in sili-
cate as well as tellurite-based fibers [1].
Thulium-doped amplifiers are very promising
candidate to achieve amplification in the shorter
wavelength band (1480-1530nm). Thulium-doped
fluoride fiber amplifiers have been demonstrated
to operate both in the S+-band (1450-1480 nm)
[2] as well as in the S-band by developing gain-
shifted thulium-doped fiber amplifiers [3], [4]. In
particular many efforts have been spent in order to
study the pumping scheme impact on the
amplifier performances [3], [5],[6].
New challenges are opened by the possibility of

using Tm3+-doped tellurite fibers instead of
fluoride ones [7]. Infact one possible solution to
fabricate broadband amplifiers is the selection of
glass hosts with high refractive-index, because the
stimulated emission cross section σe increases
with the refractive-index value according to
σe ≈ (n2+2)2 / n. Therefore, it becomes possible to
obtain optical gain over a broader wavelength
range than with hosts having lower refractive-
index. From this point of view, tellurite glasses,
the main component of which is TeO2, have the
advantage of enhancing the cross-sections
because their refractive index is larger than 2. The
optical properties of Tm3+-doped tellurite glasses
have been studied in [8] and [9] where the good
properties of tellurite glasses are highlighted.
In this paper the gain characteristics of Thulium-
Doped Tellurite Fiber Amplifiers (TDTFAs) are
investigated by a dual-pumping scheme
(800nm + 1064 nm). Results demonstrate that
this scheme significantly increases the achiev-
able gain. 100mW pump power at 800nm yielded
a gain enhancement of 11 dB. A gain of 26dB and
noise figure less that 4dB were obtained with only
1.5 m doped fiber length. The use of tellurite
fibers instead of fluoride ones [10] allows for a 10
times shorter fiber length. Moreover the gain in
tellurite extends by at least 20nm to longer wave-
lengths than that reported in fluoride.

The dual pumping scheme and doped fiber
parameters 
The energy level diagram of Tm3+ in tellurite is
reported in Fig.1. The dual pumping scheme at 800
nm and 1064 nm has been considered. As depicted
in Fig.1, the 800 nm pump populates directly the
3H4 level. However the transition 3H4 → 3F4 is self-
terminating, therefore the up-conversion pumping at
1064 nm is added. This implies ground state absorp-
tion (GSA) from level 3H6 to 3H5, very fast decay
from 3H5 to 3F4 and excited state absorption (ESA)
from 3F4 to 3F2-3. The 3F2 and 3F3 levels are very
close and they can be regarded as one level, for sim-
plicity. Stimulated emission around 1470 nm is due
to transition 3H4 → 3F4. Spontaneous emission from
3H4 concerns the transitions 3H4 → 3H6 (800 nm),

Figure 2. Fiber gain versus pump power at 1064nm for different values of pump power at 800nm.

Figure 1. Tm3+ energy levels and dual pumping scheme.


