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Fig. 3. (a) BER and (b) Eye diagrams at –32 dBm,
on the 80 Gbit/s to 10 Gbit/s demultiplexed signals as a function of received optical power under
optimal time synchronization between the control
and data pulses.

Fig. 4)

Fig. 4. The BER measured at a fixed received
optical power of -31 dBm as a function of relative
timing mismatch between control and data pulses.
In order to confirm the benefits of using rectangular control pulses in practical high-speed OTDM
demultiplexing systems, we performed bit-errorrate (BER) measurements on the 80 Gbit/s demultiplexer. At first we measured the BER under optimal time synchronization between control and
data pulses with the pulse shaping SSFBG (10 ps
rectangular control pulses) and without it (soliton
control pulses). The results are summarized in
Fig. 3(a). Error-free demultiplexing operation for
all 8-channels was achieved with 1 dB power penalty relative to 10 Gbit/s base rate back-to-back
using a 10 ps wide rectangular shape control
pulses. A 2 dB power-penalty improvement was
also achieved with respect to data demultiplexing
without the SSFBG. We attribute this penalty
improvement to the enhanced tolerance to the
~sub-picosecond timing drift inherent to our
experimental setup caused by environmental temperature/air flow variations during this particular
experiment. The corresponding eye diagrams are
shown in Fig. 3(b). Both intensity noise and timing jitter are clearly evident in the eyes of channel
no.1 operated using soliton control pulses compared to those of all 8-channels operated using
rectangular control pulses. Next, we measured
BER at a fixed received optical power of -31 dBm
as a function of relative timing mismatch between
control and data pulses and the results are shown
in Fig. 4. Error-free performance was readily
achieved over a +/-3 ps timing mismatch range
for the rectangular pulse driven demultiplexer
versus a +/-0.5 ps range for the demultiplexer
driven directly with the soliton pulses.
3. Conclusion
We have experimentally demonstrated that
SSFBG based rectangular pulse switching technology can be used to provide improved timing
jitter tolerance in a high-speed 80 Gbit/s OTDM
demultiplexing system. Error-free demultiplexing operation with ~5 ps timing jitter tolerance
was achieved using ~10 ps rectangular control
pulses generated using a pulse shaping SSFBG.
The 2 dB power-penalty improvement compared
to demultiplexing without the SSFBG highlights
that we can obtain significant OTDM system \performance enhancement simply adding by a
SSBFG to the system. This approach could be
applied to 160 Gbit/s OTDM systems since stateof-the art SSFBG technology can produce highquality gratings capable of generating rectangular
pulses with rise/fall time less than 1 ps.
*The authors would like to thank OFS for providing the HNLF.
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p-Cycles, Ring-Mesh Hybrids, and “Ring
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This paper gives an overview of three new concepts in which ring and mesh-like aspects are both
present in the network architecture or strategy. pCycles yield mesh-like efficiency while retaining
ring-like speed. Forcer clipping ring-mesh
hybrids enhance overall capacity efficiency. Ringmining gets valuable re-use of ring capacity while
evolving to a mesh. These ideas provide operators
with new options for planning or evolving optical
transport networks.
1. Introduction
For many years networks operators have faced a
black-or-white choice between ring or meshbased architectures. Rings offer speed and the
simplicity of a contained system with supporting
standards and many vendors. In contrast mesh
networks are a more general, flexible, and capacity-efficient, but are not standardized nor as supported by vendors. Interest in mesh is increasing,
however. One reasin is the planning complexity,
inefficiency and inflexibility experienced with
multi-ring networks. Dynamic lightpath demand
and multiple levels of protection are also more
easily implemented over a mesh. But even these
re-considerations of mesh versus ring are still in
an “either-or” framework. Are there ways to get
the best of both ring and mesh together? This
paper explains some approaches which do involve
both technologies in a single transport network
architecture or strategy. In different senses these
schemes capture the best of both ring and mesh
principles.
2. p-Cycles
p-Cycles are like BLSR rings with one technical
difference: the ring protection capacity can be
accessed by straddling span failures, as well as
the usual failures that occur and are protected on
the ring itself. In terms of real-time switching for
either type of failure, the action is completely
BLSR-like loop-back reaction except that signals
heading into a failed straddling span may
switched to protection as well as the usual ring
line signal. In Fig. 1(a), the ring-like reaction to
failure of a span on the cycle of the ring is shown.
But if the same protection capacity is operated as
a p-cycle, it can also protect against failure of a
“straddling” span such as in Fig. 1(b)
.

Figure 1(a): BLSR ring, (b) p-Cycles
This is not a major change to the equipment for a
BLSR or optical shared protection rings. In fact
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rated a 500 m long highly nonlinear fiber (HNLF)
with a nonlinearity coefficient Ȗ = 10.9 W-1.km-1
and a zero dispersion wavelength Ȝ0 = 1552 nm.
The output from a continuous wave (CW) external cavity feedback laser at an operating wavelength of 1558 nm was used as a probe signal for
the wavelength converter. By appropriately setting the polarization of the light within the NOLM
and filtering out the 1549 nm control pulses at the
output port, we were able to generate a high-quality 10 GHz train of 3.3 ps pulses at 1558 nm.
These wavelength converted pulses were modulated to provide a 231-1 pseudorandom data
sequence at 10 Gbit/s using a high-speed LiNbO3
modulator. The 10 Gbit/s pseudorandom data
stream was multiplexed upto an aggregate bit rate
of 80 Gbit/s using a two-stage passive multiplexer
(MUX) and subsequently sent into the data port of
the 80 Gbit/s demultiplexer.
The high-speed data demultiplexer we used in this
experiment was also based on a NOLM using a
1km length of nominally the same HNLF. The
1558 nm 80 Gbit/s data stream incident to the
demultiplexer was passed through a tunable optical delay line to allow us to adjust the arrival time
of the data pulses relative to the 1549 nm rectangular control pulses.
We performed switching window measurements
by launching a CW probe signal into the data port
of the demultiplexer and measuring the temporal
width of autocorrelation traces. A good switching
window characteristic with a ~10 ps FWHM triangular trace was obtained using the rectangular
control pulses in contrast to a value of ~4 ps when
driving the demultiplexer directly with 1.7 ps
pulses from the EFRL. These results show that we
can expect at most a 10 ps timing jitter tolerance
by using the rectangular control pulses.
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Figure 2(a) Optimized pure-mesh design, (b) ring with CRR = 0.97, (c) CRR=0.60
existing ADMs can be upgraded to operate as pcycle nodes through addition of a straddling-span
interface unit (described in the talk). But the difference it makes in efficiency is dramatic. Once
straddling spans are introduced, there is no need
for working paths to follow ring-constrained
routes. Working paths can go shortest-path on any
spans. This can save as much as 30% in working
capacity, not to mention the greater flexibility and
simplicity in routing. Secondly, protection redundancy becomes essentially that of a span restorable mesh; typically well under 100%, instead of
well over 100% with rings. The reason is that
straddling span relationships require no new spare
capacity and use the existing protection with
twice the leverage : when a straddling span fails,
the cycle itself remains intact and can offer two
protection paths for each of unit of protection ring
capacity. A p-cycle of N hops and M straddling
spans will have a logical spare to working ratio of
N/(N+2M). For example, above, the redundancy
would be 50%.
p-Cycles can either be cross-connect based or
based on an ADM-like “capacity slice” nodal
device structure [1]. On OXCs p-cycles can be
formed from individual spare wavelength channels offering the greatest flexibility to adapt and
evolve the p-cycle configuration to protect
dynamic demand. On the other hand, the ADMlike p-cycle nodal element offers the “pay as you
grow” advantage of conventional rings. In either
case, p-cycles avoid the structural association
between the routing of working demands and the
configuration of protection capacity.
Studies to date have considered self-organization
of the p-cycle sets [2, 3], application of p-cycles
to MPLS [4], and DWDM [5,6] and joint optimization of working paths and spare capacity [7]. In
[5] it was found that as little as 39% redundancy
was needed and [6] reports p-cycle designs using
fewer OEO conversions and wavelength kms than
other alternatives without significant availability
penalty. Thus, p-cycles offer the “best of both” in
the sense of attaining ring-like speed, with meshlike efficiency.
3. Forcer-clipping Ring-Mesh Hybrids
Ring-mesh hybrids offer another way to get the
best of both. The most common hybrid is in the
form of rings accessing a mesh core. This is a

loose hybrid, however, as ring and mesh domains
are essentially separate subnetworks. We recently
investigated the prospects for a more integrated
hybrid involving strategic ring placements
embedded within a span-restorable mesh network.
Figure 2 gives an illustration of the basic concept
and shows that certain ring placements can have a
more than proportional benefit on the surrounding
mesh in which they are embedded.
Figure 2(a) shows a 7 node, 10 span, span-restorable mesh of unit capacity modularity. (w,s) gives
the working capacity on the span and the spare
capacity assigned for 100% restorability (hop
limit of five) from an optimal solution for the pure
mesh design. The pure mesh has a total capacity
of 283 channels. In (b) a 4-span 12 channel ring is
overlaid. This represents an investment of 4
(2*12) = 96 (working plus spare) capacity units.
The ring takes up all the working capacity it can
from the mesh and the re-optimized residual mesh
has 190 channels. Thus, the particular ring
reduces the mesh by 93 in return for an equivalent
capacity of 96 invested in the ring. The ratio,
called the capacity return ratio (CRR) is = 93/96 =
0.969. The high CRR is an indication that this
ring placement is very likely to be economic
because, most rings cost less that 97% of the cost
for the equivalent channel capacity and termination in a mesh environment. Thus, CRR numerically represents the discount factor for ring
capacity (relative to mesh) below which a given
ring placement would yield a net savings. Figure
2(c) is a counterexample where the CRR is 0.60,
which is far less likely to be an economic ring
placement.
So why is the ring in (b) cost-effective in the
hybrid, but (c) is not? A general theory that
explains this is called Forcer Analysis [8]. Forcer
analysis reveals how the working span quantities
drive the dimensioning of spare quantities needed
for restoration. The best ring placements turns out
to be good “Forcer clipping” rings [9]. The central
idea of optimized ring-mesh hybrids based on this
is that selectively placed rings can “clip off” the
worst of these forcers, yielding network-wide
relief in sparing of the residual mesh component,
that more than pays for the ring placement. Especially where one ring can group together several
strong forcers, there can be a more than propor-

tional cost reduction in the remaining mesh network.
Results in [9] show that rings chosen by a forcerclipping algorithm can yield up to 25% savings
relative to pure-mesh design (depending on the
network, demand, and relative ring-mesh costs),
but that an all-ring network is also not optimal.
The feasibility of such forcer-hybrids is increased
by the advent of cross-connect systems with integrated ADM functionality, eliminating costs associated with a signal-transition from ring to mesh
environments en-route through the hybrid transport network.
4. Ring Mining
Ring mining is a strategy for reaping maximum
benefit from already-deployed rings while also
obtaining the benefits of evolution to a mesh target architecture. Ring mining is based on logical
“disassembly” and reuse of ring transmission
spans to form a new mesh (or hybrid) target architecture [11]. A baseline strategy for ring-to-mesh
evolution is to “cap the rings” and serve growth
with a new mesh overlay. But in ring mining we
view the installed capacity of rings as a sunk
investment to be “mined.” Ring mining was
recently studied [11] on 17 fully-loaded ring network designs as test cases. One of the simplest
experiments was to test the extent to which one
could support additional demand with no added
capacity, simply by breaking its spans up for
reconfiguration as a mesh. In three of the test networks the result was up to 290%. In over 35% of
test cases a complete doubling or more in demand
could be supported with no additional capacity
investment. In other test cases where the growth
potential with zero capacity additions was not so
high, the allowance of a small budget for new
capacity additions serves as a catalyst to growth
reusing the ring capacity. In the 17 test cases we
saw complete deferral of new expense for factors
of 1.5 to 3 times in service growth. Figure 3
shows selected results illustrating how capacity to
serve growth is obtained from existing rings first
significantly deferring additions of new capacity
while making the evolutionary transition to a
mesh.

Figure 3: Typical Results of Ring Mining
Ring mining supports such potentially high
growth multiples without new capacity additions
by (1) freeing working paths from ring-constrained routes, (2) reclaiming the 100% ring protection capacity for more general use as mesh
capacity, and (3) unlocking ring stranded capacity.
In the most general case, a full transitional planning model based on the ring mining concept can
minimize the total cost of serving growth through
a ring to mesh or ring to hybrid target evolution,
including costs of ring “disassembly”.
In summary, ring mining, forcer-clipping ringmesh hybrids, and p-cycles are all new networking ideas that in various ways obtain the best of
both ring and mesh technologies which were previously almost always two exclusively separate
options.
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Signaling aggregation provides a practical approach
to fast failure recovery in path-based restoration
schemes. This paper proposes several signaling
aggregation schemes and demonstrates their potential for improving restoration performance compared with schemes without aggregation.

1. Introduction
Path based restoration schemes [1] have emerged as
a cost effective approach to achieve fast recovery
from failures in optical networks. These schemes
use signaling along restoration (backup) paths to reestablish connectivity after a failure disrupts the primary paths of the connections. Current restoration
signaling proposals [1,2] can be characterized as
“per-connection” in nature since each failed connection is restored using a separate set of signaling messages. As the number of connections affected by a
failure increases, there is a corresponding linear
increase in the number of signaling messages generated to restore these connections and hence in the
queuing delays suffered by these messages at the
optical cross-connects (OXCs) [2]. These queuing
delays impact failure recovery times which become
unacceptably high for moderately large number of
connections in the network. Clearly, if a single signaling message could restore multiple connections,
the number of signaling messages can be reduced,
presumably with a corresponding reduction in the
queuing delays and recovery times. In this paper, we
propose several restoration signaling aggregation
schemes that combine individual signaling messages
into an aggregate message. We demonstrate significant improvements in recovery times achieved with
these schemes in comparison to per-connection
signaling.
2. Signaling Aggregation Schemes
While we experimented with several proposals
for the path-based restoration signaling [1,2], in
this paper we focus on the procedure described in
[1]. In this scheme, the OXC detecting a failure
sends a failure indication (or alarm) message to
the source OXC of each of the failed connections.
Upon receiving the alarm, the source OXC initiates failure recovery by sending a switchover
request message (or simply a request) towards the
destination OXC along the restoration path. As
the request travels through the intermediate
OXCs, they select channels for the failed connection. Upon receiving the request, the destination
OXC generates a switchover response message

3. Benefits of Restoration Signaling
Aggregation
To evaluate the performance of restoration signaling aggregation, we implemented the signaling
schemes described above in the NS2 simulator
[3]. The signaling message processing times were
obtained from measurements in the AT&T prototype testbed [4] and are listed in Table 1. We simulated several topologies that demonstrated
similar conclusions; we present results here for
the 21-node, 26-link ARPA2 network [5] with
connections established between randomly
selected source and destination nodes. Each simulation involved sequentially failing every link in
the network and observing the recovery times for
the affected connections; the reported results are
the 90th percentile of the observed recovery times.
It is assumed that the OXCs are capable of executing cross-connections in parallel - this was
shown in [2] to be a prime requirement for fast
restoration.

Simulation Parameters
Processing delay for Request and
0.418ms
ALARM messages.
Processing delay for Response mes0.326ms
sages.
Forwarding delay for a message in
0.1ms
transit.
Channel cross-connection delay
2-3ms
Table 1 Simulation Parameters
We begin the performance evaluation by
comparing the recovery times obtained with
perconnection signaling with those obtained using
the signaling aggregation schemes for different
numbers of connections, as reported in Figure 1.
As discussed earlier, the recovery times with perconnection signaling increase linearly with the
number of connections. The aggregation over
common path scheme dramatically improves
recovery times by using common signaling messages to restore all connections sharing a common
restoration path. As the number of connections
increase from 2000 to 8000 in the ARPA2 topology, the average number of connections sharing a
common restoration path increases from 4.8 to 19.
Assuming that message processing times are
unaffected by the increase in message processing
load, the increase in number of connections has
virtually no impact on the recovery times. The
more sophisticated aggregation over next hop
scheme provides further improvements in recovery times, as illustrated in Figure 2 which also
shows marginally improved recovery times
achieved with the aggregation over next hop
when response messages are delayed by 1ms at
each OXC to allow for greater aggregation. In
general, the benefits of delayed signaling are marginal and it is difficult to determine the correct
delay duration. Hence aggregation over next hop
signaling appears to be the most appropriate
practical choice.

Figure 1 Comparing 90% Recovery Times
obtained with Per-Connection Signaling and
different Signaling Aggregation schemes.

Figure 2 Performance of different Signaling
Aggregation schemes.
The performance of the signaling aggregation
schemes reported in Figures 1 and 2 is based on
the assumptions that 1) the processing times for
aggregated messages is the same as for nonaggregated messages; 2) there is no limit on the
number of connections that can be signaled within
a single message; and 3) the restoration path is
calculated using shortest path routing. The first
assumption is based on the observation made in
other control plane protocols that the per-packet
processing overhead dominates the total message
processing [6]. The validity of the second
assumption depends on how much connectionrelated information is carried in the signaling
message. If it is only the connection ID, which
would be adequate for shared mesh restoration
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(or a response), which travels back towards the
source OXC along the restoration path. As the
intermediate OXCs receive the response, they initiate channel cross-connection for the failed connection and forward the response further upstream
without waiting for the cross-connection to complete. The connection recovery is completed when
all OXCs along the restoration path have finished
channel cross-connections for the connection.
The first step in signaling aggregation is aggregating the alarms generated by the OXC detecting a
failure. Rather than sending individual alarms for
each failed connection, the alarms going to the
same OXC can be combined into a single aggregated alarm. We refer to this as alarm aggregation, which, besides reducing the number of
alarms, allows a source OXC to simultaneously
learn about multiple failed connections.
Among the failed connections identified by an
aggregated alarm, the connections with the same
restoration path can be restored using common
aggregated request and response messages. We
refer to this scheme as aggregation over common
path signaling. Further reduction in the number of
signaling messages can be obtained if, rather than
aggregating signaling messages going over same
end-to-end path, the OXCs aggregate signaling
messages going to the same neighboring (nexthop) OXC. We refer to such a scheme as aggregation over next hop signaling. In this scheme, the
source OXC groups the failed connections
according to the next OXC along their restoration
paths and sends a single aggregated request for
each group. If the OXC receiving an aggregated
request is the destination for a sub-set of the connections identified therein, it generates an aggregated response for these connections and sends it
back towards the source OXC along their common restoration path. The remaining connections
are re-grouped according to the next OXC on
their restoration paths and the OXC transmits a
single aggregated request message for each
group. This procedure is repeated at all OXCs
receiving the aggregated request message. Thus,
an aggregated request splits as the restoration
paths of the failed connections diverge. Note that
aggregation over common path is actually a special case of aggregation over next hop.
Using the above procedures, an OXC may receive
multiple aggregated request and response messages during a short period of time. If we allow a
signaling message to wait for a short while at an
OXC after it is processed, then it is feasible for
the OXC to re-aggregate multiple aggregated
messages based on common next hops. We refer
to this approach as aggregation over next hop
with delay. Note that aggregation over next hop is
a special case of aggregation over next hop with
delay, when the delay is set to 0.

