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RESILIENCE IN AN ACCESS SUBNETWORK RING

TECHNICAL FIELD
The present invention generally relates to an access subnetwork ring, and
particularly relates to a resilient add-drop module for use in one of multiple access
subnetwork nodes forming such a ring, and to a method performed by that resilient add-

drop module.

BACKGROUND

Increasing the flexibility with which an optical transport network can route
wavelength channels has traditionally increased the efficiency of the network.
Reconfigurable optical add/drop multiplexers (ROADMs) and mini-ROADMs have
greatly contributed to this increased routing flexibility by enabling wavelength channels
to be selectively added or dropped at any node in the network. However, ROADMs
employ fairly complex and expensive components to provide this flexible routing
capability along with resilience against fiber and node failures, meaning that ROAMDs
prove cost-prohibitive in some contexts.

One such context relates to a network that efficiently transports the traffic of
multiple services in a converged fashion. Rather than employing multiple different
networks in parallel for transporting these different services (e.g., mobile, business, and
residential services), a converged network transports those services together using the
same network. A transport network that optically converges different services by
transporting those services on different wavelength channels would be advantageous,
for a variety of reasons, but has heretofore been precluded by the high cost of the
necessary hardware components (e.g., ROADMs and mini-ROADMs).

Consequently, known transport networks converge different services using
packet aggregation instead. While packet aggregation currently requires less hardware
expense for converged transport, that expense will not scale equally with the significant
traffic increases expected in the near future. Moreover, while packet aggregation
suffices in many respects for realizing convergence, it proves inefficient in
implementation. Indeed, converging multiple services at the packet level involves
significant complexity in order to accommodate the different packet requirements

associated with the different services.
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SUMMARY

Embodiments herein advantageously reduce the complexity and
accompanying cost of nodes in an optical network, as compared to known networks,
while also providing resilience against fiber and node failures. With resilience and
reduced complexity, the embodiments prove particularly useful for optically
converging the traffic of multiple services.

More particularly, embodiments herein include a resilient add-drop module
for use in any given one of multiple access subnetwork nodes forming an access
subnetwork ring. The resilient add-drop module includes a dual-arm passive optical
filter and a cyclic arrayed waveguide grating (AWG). The dual-arm passive optical
filter is configured to resiliently drop any wavelength channels within a fixed band
uniquely allocated to the access subnetwork node from either arm of the access
subnetwork ring. The dual-arm filter is also configured to resiliently add any
wavelength channels within the fixed band to both arms of the access subnetwork ring.
With the dual-arm filter configured in this way, the cyclic AWG is configured to
demultiplex wavelength channels dropped by the dual-arm filter and to multiplex
wavelength channels to be added by the dual-arm filter.

The passive nature of the dual-arm filter with respect to the fixed band of
wavelength channels advantageously reduces the cost and complexity of the access
subnetwork node. And the cyclic nature of the AWG advantageously prevents the
AWG from adding to the required number of module variants. Meanwhile, the dual-
arm nature of the filter advantageously provides 1+1 resilience against the failure of
fiber and nodes in the ring,

The dual-arm filter in some embodiments comprises a 4-port bandpass filter.
In one embodiment, for example, the filter comprises a dual-fiber collimator on each
side of a thin film filter. In another embodiment, the filter comprises two 3-port
bandpass filters, where each 3-port filter comprises a dual-fiber collimator on one side
of a thin film filter, and a single-fiber collimator on the other side of the thin film filter.

In some embodiments, the cyclic AWG has two multiplexed ports, with
different multiplexed ports being associated with different arms of the access
subnetwork ring. In this case, the dual-arm filter is configured to drop wavelength

channels from different arms of the access subnetwork ring to different multiplexed
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ports of the cyclic AWG, and to add wavelength channels from different multiplexed
ports of the cyclic AGW to different arms of the access subnetwork ring.

Furthermore, in at least some embodiments, the cyclic AWG has a plurality
of demultiplexed ports, with the cyclic AWG mapping wavelength channels at a first
one of the multiplexed ports to the demultiplexed ports differently than it maps
wavelength channels at a second one of the multiplexed ports to the demultiplexed
ports. In some of these embodiments, different pairs of demultiplexed ports correspond
to different wavelength channels.

Accordingly, in some embodiment, the resilient add-drop module further
includes one or more passive directional couplers that are connected to one or more
respective pairs of demultiplexed ports, with the cyclic AWG mapping the same
wavelength channel at different multiplexed ports to different demultiplexed ports in
any given pair. In one embodiment, for example, each passive directional coupler has
two ports connected to a respective pair of demultiplexed ports and two ports connected
respectively to a transmitter and receiver of a client node.

Embodiments herein further include a method implemented by a resilient
add-drop module in one of multiple access subnetwork nodes forming an access
subnetwork ring. The method includes resiliently dropping, using a dual-arm passive
optical filter, any wavelength channels within a fixed band uniquely allocated to the
access subnetwork node from either arm of the access subnetwork ring. The method
also includes demultiplexing dropped wavelength channels using a cyclic AWG, and
multiplexing any wavelength channels within the fixed band to be added, using the
cyclic AWG. Finally, the method entails resiliently adding, using the dual-arm passive
optical filter, the multiplexed wavelength channels to both arms of the access
subnetwork ring.

Of course, the present invention is not limited to the above features and
advantages. Indeed, those skilled in the art will recognize additional features and
advantages upon reading the following detailed description, and upon viewing the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a generic tiered architecture for optical

transport networks including an access subnetwork according to one or more
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embodiments.

Figure 2 is a block diagram of a resilient add-drop module for use in one of
multiple access subnetwork nodes forming an access subnetwork ring, according to one
or more embodiments.

Figure 3 is a block diagram of a dual-arm passive optical filter according to
one or more embodiments.

Figure 4 is a block diagram of a dual-arm passive optical filter according to
one or more other embodiments.

Figure 5 is a block diagram of a resilient add-drop module according to one
or more embodiments where the dual-arm passive optical filter is a 4-port bandpass
filter and the cyclic AWG has two multiplexed ports.

Figure 6 illustrates a simple example mapping between multiplexed ports
and demultiplexed ports of a cyclic AWG according to one or more embodiments.

Figure 7 is a block diagram of a resilient add-drop module that includes one
or more passive directional couplers according to one or more embodiments.

Figure 8 is a block diagram of a resilient add-drop module that includes one
or more passive directional couplers, and that employs wavelength reuse, according to
one or more embodiments.

Figure 9 is a block diagram of a resilient add-drop module that excludes one
or more passive directional couplers according to one or more embodiments.

Figure 10 is a block diagram of a resilient add-drop module configured for
resilience in conjunction with wavelength tunable transmitters and/or receivers of a
client node.

Figure 11 is a block diagram of a resilient add-drop module that includes a
cyclic AWG with one multiplexed port and a passive directional coupler connecting
that multiplexed port to a 4-port bandpass filter, according to one or more
embodiments.

Figure 12 illustrates an example of a wavelength plan for an access network,
according to one or more embodiments.

Figure 13 illustrates an example of an access network and a central office of
a metro network configured to steer particular wavelength channels to particular access

subnetwork nodes, according to one or more embodiments.
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Figure 14 illustrates an example of an access network that includes one or
more busses and rings that use wavelength channels which cannot be used in access
subnetwork rings of the access network.

Figure 15 illustrates an example of a wavelength plan for an access network,
according to one or more other embodiments.

Figure 16 is a logic flow diagram of processing performed by a resilient

add-drop module according to one or more embodiments.

DETAILED DESCRIPTION

Figure 1 illustrates a generic tiered architecture 10 for optical transport
networks configured to transport wavelength division multiplexed (WDM) traffic using
different wavelength channels. The lowest tier shown, tier 1, is an access network 12
comprising a plurality of access subnetworks 14-1, 14-2,...14-K. Each access
subnetwork 14-k is formed from multiple access subnetwork nodes 16 interconnected
via optical fiber 18. When the nodes 16 of an access subnetwork 14 are interconnected
in a ring structure, as shown for access subnetworks 14-1 and 14-2, the access
subnetwork 14 is referred to as an access subnetwork ring. An access subnetwork ring
in this regard provides resiliency against the failure of an access subnetwork node 16
and the failure of optical fiber 18. The nodes 16 of an access subnetwork 14 may of
course be interconnected in other structures as well, including a tree structure (as shown
for access subnetwork 14-K), a bus structure, a mesh structure, or any combination
thereof.

In general, each access subnetwork node 16 connects to one or more client
nodes 20, e.g., a remote radio unit, a base station, or other node that employs a
conventional 2-fiber optical module (SFP, XFP, etc.). Connected to one or more client
nodes 20, an access subnetwork node 16 aggregates the wavelength channels on which
those client nodes 20 transmit uplink traffic and places (i.e., adds) the aggregated
wavelength channels onto the access subnetwork 14 it forms. Similarly, the access
subnetwork node 16 drops from the access subnetwork 14 the wavelength channels on
which downlink traffic is transmitted to those client nodes 20.

The access network 12 in turn connects to a higher-tiered network; namely,
a metro network 22 at tier 2. The metro network 20 is formed from a plurality of

mterconnected central offices (COs) 24 and transports WDM traffic for the access
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network 12. In this regard, each CO 24 adds wavelength channels from one or more
access subnetworks 14 to the metro network 22 and drops wavelength channels from
the metro network 22 to one or more access subnetworks 14. In an analogous manner,
the metro network 22 connects to a higher-tiered network called the regional network
26, which in turn connects to a long haul network 28 for inter-regional transport.

Known implementation approaches to this tiered architecture 10 configure
each access subnetwork node 16 with a fair amount of routing flexibility. Each access
subnetwork node 16, for example, includes a mini reconfigurable optical add/drop
multiplexer (mini-ROADM) that enables flexibility with regard to which wavelength
channels are to be selectively added or dropped. However, because mini-ROADMs
likely require integrated photonics in order to be cost-effective, known implementations
prove cost-prohibitive and/or operationally limited in some contexts.

Embodiments herein advantageously rteduce the complexity and
accompanying cost of access subnetwork nodes 16, while also providing resilience
against fiber and node failures. With resiliency and reduced complexity, the
embodiments prove useful in a wider range of applications, such as optically
converging the traffic of multiple services.

More specifically, Figure 2 depicts one embodiment of a resilient add-drop
module for use in any given one of multiple access subnetwork nodes 16 forming an
access subnetwork ring 36. The resilient add-drop module 30 includes a dual-arm
passive optical filter 32 and a cyclic arrayed waveguide grating (AWG) 34. The dual-
arm passive optical filter 32 is configured to resiliently drop any wavelength channels
within a fixed band uniquely allocated to the access subnetwork node 16 from either
arm of the access subnetwork ring 36. The dual-arm filter 32 is also configured to
resiliently add any wavelength channels within the fixed band to both arms of the
access subnetwork ring 36. With the dual-arm filter 32 configured in this way, the
cyclic AWG 34 is configured to demultiplex wavelength channels dropped by the dual-
arm filter 32 and to multiplex wavelength channels to be added by the dual-arm filter
32.

The passive nature of filter 32 with respect to the fixed band of wavelength
channels advantageously reduces the cost and complexity of the access subnetwork

node 16. Indeed, because the filter 32 simply passes a fixed band of wavelength
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channels, rather than actively selecting amongst multiple possible bands of wavelength
channels to pass, the access subnetwork node 16 does not need to include power supply
infrastructure for active passband selection.

The filter’s passive nature nonetheless prevents the filter 32 from being used
in multiple nodes 16 forming the same access subnetwork ring 36. This is because
different nodes 16 forming the ring 36 are uniquely allocated different fixed bands of
wavelength channels. With different nodes 16 being allocated different fixed bands,
those different nodes 16 use different filters 32 to pass different fixed bands.

The uniqueness of filter 32 amongst the nodes 16 forming access
subnetwork ring 36 means that the ring 36 employs at least as many variants of the
resilient add-drop module 30 as there are nodes 16 forming the ring 36 (e.g., 8 or 10).
That said, the cyclic nature of the AWG 34 advantageously prevents the AWG 34 from
adding to this required number of module variants. In general, the AWG 34 is cyclic in
the sense that it functions the same in different bands of wavelength channels. More
technically, the free spectral range of an PxM AWG 34 corresponds to a width that
covers M consecutive channels. Because the cyclic AWG 34 functions the same in
different bands, different nodes 16 forming the ring 36 use a common cyclic AWG 34
despite using unique filters 32. Minimizing the number of module variants required in
the ring 36 in this way, the cyclic AGW 34 in turn minimizes the operational cost
associated with inventory management for the ring 36.

Meanwhile, the dual-arm nature of filter 32 advantageously provides 1+1
resilience against the failure of fiber 18 and nodes 16 in the ring 36. Indeed, because the
dual-arm filter 32 is configured to drop wavelength channels from either arm of the ring
36, the filter 32 may receive those channels over a different arm in the event of a fiber
18 or node 16 failure on the other arm. Similarly, because the dual-arm filter 32 is
configured to add wavelength channels to both arms of the ring 36, the filter 32
proactively guards against a fiber 18 or node 16 failure on one arm preventing the
transport of those channels.

In some embodiments, this dual-arm passive optical filter 32 comprises
multiple cascaded add-drop filters, each filtering out a specific wavelength channel. In
other embodiments, though, the dual-arm filter 32 comprises a bandpass filter. In some

contexts, such a bandpass filter proves advantageous over multiple cascaded add-drop
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filters because the bandpass filter minimizes insertion loss and thereby reduces the total
loss of wavelengths traversing the ring 36. Regardless, the bandpass filter in at least one
embodiment comprises a 4-port bandpass filter. The 4-port filter has 2 ports connected
to different arms of the ring 36 and two ports connected to the cyclic AWG 34 (via zero
or more passive directional couplers as explained in more detail below).

Figure 3 illustrates this 4-port bandpass filter according to one or more
embodiments. As shown in Figure 3, the filter 32 comprises a dual-fiber collimator 38
on each side of a thin film filter 40. The different input ports 42, 44 of the different
collimators 38 are connected to different arms of the ring 36, while the different
reflected ports 46, 68 of the different collimators 38 are connected to the cyclic AWG
34.

Figure 4 illustrates the 4-port bandpass filter according to one or more
alternative embodiments. As shown in Figure 4, the filter 32 comprises two 3-port
bandpass filters 50. Each 3-port filter 50 comprises a dual-fiber collimator 52 (which in
one example uses a GRIN lens) on one side of a thin film filter 54, and a single-fiber
collimator 56 on the other side of the thin film filter 54. The different input ports 58, 60
of the different dual-fiber collimators 52 are connected to different arms of the ring 36,
while the different reflected ports 62, 64 of the different dual-fiber collimators 52 are
connected to the cyclic AWG 34. The single-fiber collimators 56 are connected
together at the different pass ports 66, 68 of the 3-port filters 50.

Regardless of the particular implementation of the filter 32, the cyclic AWG
34 in at least some embodiments has one or more multiplexed ports and a plurality of
demultiplexed ports. The cyclic AWG 34 receives wavelength channels dropped by the
filter 32 at the one or more multiplexed ports, demultiplexes those channels, and then
outputs them at the plurality of demultiplexed ports. Conversely, the cyclic AWG 34
receives different wavelength channels from different client nodes 20 at the different
demultiplexed ports, multiplexes the those channels together, and then outputs them at
the one or more multiplexed ports.

Figure 5 illustrates an example of one or more embodiments where the filter
32 comprises a 4-port bandpass filter (BPF) and the cyclic AWG 34 has two
multiplexed ports, M1 and M2. In this case, the filter 32 is connected to the cyclic

AWG 34 directly, i.e., not via any directional couplers. Connected in this way, the filter
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32 drops wavelength channels from different arms 18-1, 18-2 of the ring 36 to different
multiplexed ports M1, M2 of the cyclic AWG 34. Similarly, the filter 32 adds
wavelength channels from different multiplexed ports M1, M2 to different arms 18-1,
18-2 of the ring 36. The different multiplexed ports M1, M2 therefore correspond to or
are otherwise associated with different arms 18-1, 18-2 of the access subnetwork ring
36.

With the multiplexed ports M1, M2 associated with ring arms in this way,
the cyclic AWG 34 multiplexes and demultiplexes the wavelength channels according
to a predefined mapping between the two multiplexed ports M1, M2 and the plurality
of demultiplexed ports (shown in Figure 5 as four demultiplexed ports D1-D4). This
predefined mapping more particularly specifies to which demultiplexed port D1-D4 a
given wavelength channel at a given multiplexed port M1, M2 is to be demultiplexed,
and vice versa. In at least some embodiments, the cyclic AWG 34 maps wavelength
channels at M1 to the demultiplexed ports D1-D4 differently than it maps wavelength
channels at M2 to the demultiplexed ports D1-D4. Figure 6 illustrates a simple example
of these embodiments.

As shown in Figure 6, the cyclic AWG 34 demultiplexes and multiplexes
four wavelength channels A1-A4. In doing so, the cyclic AWG 34 maps wavelength
channels A1, A2, 23, and A4 at M1 to respective demultiplexed ports D1, D2, D3, and
D4. The cyclic AWG 34 however maps wavelength channels at M2 to the
demultiplexed ports D1-D4 differently. As shown, for instance, the cyclic AWG 34
maps wavelength channels A1, A2, A3, and 24 at M2 to respective demultiplexed ports
D2, D3, D4, and D1. Accordingly, wavelength channels at D1 include A1 (associated
with M1) and A4 (associated with M2), wavelength channels at D2 include A2
(associated with M 1) and A2 (associated with M2), wavelength channels at D3 include
23 (associated with M1) and A2 (associated with M2), and wavelength channels at D4
include A 4 (associated with M1) and & 3 (associated with M2).

Consequently, when the cyclic AWG 34 receives Al at a pair Py; of
demultiplexed ports including both D1 and D2, it outputs Al at both M1 and M2;
conversely, when the cyclic AWG 34 receives A1 at either M1 or M2, it outputs Al at
either D1 or D2, respectively. When the cyclic AWG 34 receives A2 at a pair Py of
demultiplexed ports including both D2 and D3, it outputs A2 at both M1 and M2;
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conversely, when the cyclic AWG 34 receives A2 at either M1 or M2, it outputs A2 at
either D2 or D3, respectively. When the cyclic AWG 34 receives A3 at a pair Py3 of
demultiplexed ports including both D3 and D4, it outputs A3 at both M1 and M2;
conversely, when the cyclic AWG 34 receives A3 at either M1 or M2, it outputs A3 at
either D3 or D4, respectively. And when the cyclic AWG 34 receives A4 at a pair P4 of
demultiplexed ports including both D1 and D4, it outputs A4 at both M1 and M2;
conversely, when the cyclic AWG 34 receives A4 at either M1 or M2, it outputs A4 at
either D1 or D4, respectively. In other words, the cyclic AWG 30 maps the same
wavelength channel (e.g., A4) at different multiplexed ports M1, M2 to different
demultiplexed ports (e.g., D1 and D4) in any given pair (e.g., P4).

In at least some embodiments, the resilient add-drop node 30 includes one
or more passive directional couplers that are connected to one or more respective pairs
Pii- Pus of demultiplexed ports. With each pair Pyi- Pis associated with a respective
wavelength channel Al1-A4, each passive directional coupler likewise becomes
associated with a respective wavelength channel A1-A4 for use by client nodes 20.

Figure 7 illustrates a simple example of these embodiments where the
resilient add-drop node 30 includes one or more passive directional couplers. As shown
in Figure 7, each coupler (i.e., splitter/combiner) has two ports connected to a
respective pair of demultiplexed ports and one port connected to a client node 20. In
this example, the resilient add-drop node 30 includes one coupler 70 with two ports
connected to the pair Py of demultiplexed ports including D1 and D2, and one port
connected to the transmitter (TX) 74 of a client node 20. Accordingly, when the client
node’s transmitter 74 transmits traffic to the access subnetwork ring 36 on wavelength
channel A1, the coupler 70 couples that wavelength channel A1 to both demultiplexed
ports D1 and D2 in the pair Py, the cyclic AWG 34 outputs the channel A1 at both
multiplexed ports M1 and M2, and the 4-port BPF 32 resiliently adds the channel X1 to
both arms 18-1 and 18-2 of the ring 36.

Similarly, the resilient add-drop node 30 in the example of Figure 7 includes
another coupler 72 with two ports connected to the pair P;3 of demultiplexed ports
including D3 and D4, and one port connected to the receiver (RX) 76 of the client node
20. Accordingly, when the 4-port BPF 32 receives wavelength channel A3 over arm 18-
1 of the ring 36, the BPF 32 resiliently drops that channel to multiplexed port M1 of the
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cyclic AWG 34. The cyclic AWG 34 in turn demultiplexes the channel A3 to
demultiplexed port D3, whereupon the coupler 72 couples the channel A3 to the client
node’s receiver 76. Conversely, when the 4-port BPF 32 receives wavelength channel
23 over arm 18-2 of the ring 36 (e.g., if there is a fiber or node failure along arm 18-1),
the BPF 32 resiliently drops that channel A3 to multiplexed port M2 of the cyclic AWG
34. The cyclic AWG 34 in turn demultiplexes the channel A3 to demultiplexed port D4,
whereupon the coupler 72 couples the channel A3 to the client node’s receiver 76.

In the example of Figure 7, the client node’s transmitter 74 and receiver 76
use different wavelength channels. In at least some embodiments, though, a client
node’s transmitter and receiver use the same wavelength channel, e.g., according to
mverse return to zero / return to zero (IRZ/RZ) wavelength re-use. Reusing wavelength
channels in this way advantageously conserves channel resources and increases the
number of client nodes 20 that can be connected to any given access subnetwork node
16. Figure 8 illustrates a simply example in this regard, which advantageously employs
wavelength reuse using one or more couplers in the resilient add-drop module 30
(rather than in a client node 20) without increasing wavelength loss.

As shown in Figure 8, the resilient add-drop node 30 includes one or more
passive directional couplers just as in Figure 7, but a coupler in Figure 8 has two ports
connected to a client node 20 rather than just one port. More specifically, the resilient
add-drop node 30 includes one coupler 78 with two ports connected to the pair Py, of
demultiplexed ports including D1 and D2, and two ports connected respectively to the
transmitter 80 and receiver 82 of a first client node 20-1. Accordingly, when the client
node’s transmitter 80 transmits traffic to the access subnetwork ring 36 on wavelength
channel A1, the coupler 78 couples that wavelength channel A1 to both demultiplexed
ports D1 and D2 in the pair Py, the cyclic AWG 34 outputs the channel A1 at both
multiplexed ports M1 and M2, and the 4-port BPF 32 resiliently adds the channel X1 to
both arms 18-1 and 18-2 of the ring 36.

Conversely, when the 4-port BPF 32 receives wavelength channel A1 over
arm 18-1 of the ring 36, the BPF 32 resiliently drops that channel to multiplexed port
M1 of the cyclic AWG 34. The cyclic AWG 34 in turn demultiplexes the channel A1 to
demultiplexed port D1, whereupon the coupler 78 couples the channel A1 to the client

node’s receiver 82. Conversely, when the 4-port BPF 32 receives wavelength channel
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A1 over arm 18-2 of the ring 36 (e.g., if there is a fiber or node failure along arm 18-1),
the BPF 32 resiliently drops that channel A1 to multiplexed port M2 of the cyclic AWG
34. The cyclic AWG 34 in turn demultiplexes the channel A1 to demultiplexed port D2,
whereupon the coupler 78 couples the channel A1 to the client node’s receiver 82.

Similarly, the resilient add-drop node 30 includes another coupler 84 with
two ports connected to the pair Py3 of demultiplexed ports including D3 and D4, and
two ports connected respectively to the transmitter 86 and receiver 88 of a second client
node 20-2. This coupler 84 functions in an analogous manner with respect to
wavelength channel A3, which is reused by the transmitter 86 and receiver 88 of the
second client node 20-2.

As illustrated in Figures 7 and 8 above, the resilient add-drop module 30
includes one or more passive directional couplers that effectively dictate particular
wavelength channels that the module 30 supports. In some embodiments, any given
module 30 is configured to support only a subset of the wavelength channels (e.g., odd
channels) within the fixed band allocated to that module 30. This reduces the cost
associated with any given module 30 (i.e., by limiting the number of couplers within
the module). This however also introduces additional module variants in order to
support the other wavelength channels (e.g., even channels) within the fixed band.
Other embodiments herein therefore exclude the one or more passive directional
couplers from a module 30 itself in order to provide increased flexibility. Figure 9
illustrates a simple example of this.

The resilient add-drop module 30 in Figure 8 is the same as the module 30
in Figure 8, except that the built-in passive directional couplers 78 and 84 are excluded
from the module 30 itself as couplers 90 and 92. Excluding the couplers 90 and 92 from
the module 30 does not affect functionality, but increases flexibility while also limiting
the number of module variants. The excluded couplers 90 and 92 are connected in this
manner using any known mechanism, e.g., patch cords.

Those skilled in the art will of course appreciate that, while Figure 7-9
implement resilience with the assistance of one or more passive directional couplers
connected to one or more respective pairs of demultiplexed ports, the present invention
is not limited in this respect. As shown in the embodiment of Figure 10, for instance,

demultiplexed ports of the cyclic AWG 34 connect directly to respective client nodes
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20, i.e., not indirectly via one or more passive directional couplers. Of course, where
the client node’s employ wavelength re-use (as shown), the client nodes 20 themselves
include passive directional couplers 94, 96 (or a circulator, or the like) to couple the
demultiplexed ports to their transmitters and receivers. Regardless, the client nodes 20
include wavelength tunable transmitters and/or receivers in order to realize resilience
using the multiple wavelength channels at any given demultiplexed port.

In the example of Figure 10, for instance, demultiplexed port D1 connects to
client node 20-1. The client node 20-1 includes a wavelength tunable transmitter 80 and
a wavelength tunable receiver 82, which re-use both wavelengths A1 and A4 for
transmission and reception (i.e., the transmitter 80 reuses both A1 and A4 for
transmission, and the receiver 82 reuses both A1 and A4 for reception). When the client
node’s transmitter 80 transmits traffic to the access subnetwork ring 36, the transmitter
80 tunes to wavelength channel A1 and transmits that traffic. The coupler 94 couples
that wavelength channel A1 to demultiplexed port D1, the cyclic AWG 34 outputs the
channel A1 at multiplexed port M1, and the 4-port BPF 32 adds the channel A1 to arm
18-1 of the ring 36. Previously or subsequently to transmitting on channel A1, the
transmitter 80 tunes to wavelength channel A4 and transmits the traffic. The coupler 94
couples that wavelength channel A4 to demultiplexed port D1, the cyclic AWG 34
outputs the channel A4 at multiplexed port M2, and the 4-port BPF 32 resiliently adds
the channel A4 to arm 18-2 of the ring 36. In this way, the resilient add-drop module 30
provides resilience even though the uplink traffic is transmitted on different wavelength
channels A1 and A4.

The resilient add-drop node 30 functions in an analogous manner for
resilience with respect to downlink traffic, and in an analogous manner for client node
20-2.

Those skilled in the art will also appreciate that, while Figure 5-10 show the
cyclic AWG 34 as having two multiplexed ports M1 and M2, the present invention is
not limited in this respect either. Figure 11, for example, shows an embodiment where
the cyclic AWG 34 has only a single multiplexed port M1. In this case, the resilient
add-drop node 30 further includes a passive directional coupler 98 that couples the
filter 32 to the multiplexed port M1 of the cyclic AWG 34. The coupler 98 thus
effectively couples the single multiplexed port M1 to both arms 18-1 and 18-2 of the
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ring 36 and relaxes the requirements of a client node’s transmitter and receiver (as
compared to Figure 10) for providing resilience (i.e., the transmitter and receiver do not
need to be wavelength tunable). For example, when the transmitter 80 of client node
20-1 transmits traffic to the access subnetwork ring 36 on wavelength channel A1, the
coupler 94 couples that wavelength channel A1 to demultiplexed port D1, the cyclic
AWG 34 outputs the channel A1 at multiplexed port M1, the coupler 98 couples the
channel A1 to two ports of the 4-port BF 32, and the 4-port BPF 32 resiliently adds the
channel A1 to both arms 18-1 and 18-2 of the ring 36. The resilient add-drop node 30
functions in an analogous manner for resilience with respect to downlink traffic.

Regardless of the variations and modifications discussed above, Figure 12
illustrates one example of a wavelength plan for an access network 12 herein. As
shown in Figure 12, the wavelength plan envisions N different fixed bands of
wavelength channels within an access network 12. With N different fixed bands
possible, the access network 12 employs at least N different variants of resilient add-
drop modules 30, since at least N different dual-arm passive optical filters 32 for
passing those N different fixed bands. These N different filters 32 are labeled in Figure
12 from BF # 1 to BF # N. Also shown in Figure 12, the wavelength plan envisions M
different wavelength channels (labeled as wavelength #1 to wavelength #M) and
L-K+1 different AWG cycles (labeled as cycle K to cycle L). In at least some
embodiments, such as the one shown, the AWG 34 has contiguous cycles, since this
allows access to all wavelengths within the usable band by using a single (i.e.,
common) AWG 34 throughout the access network 12. Figure 12 illustrates an example
where the AWG cycle spacing is the same as the wavelength channel spacing (e.g., 25
GHz), meaning that the AWG 34 has 8 demultiplexed ports as shown.

Although the passband of the filters 32 are shown in Figure 12 as being
aligned to the AWG cycles, the present invention is not limited in this respect. In at
least some embodiments, for example, central offices (COs) 24 in the metro network 22
are advantageously configured to route or otherwise steer particular wavelength
channels to particular access subnetwork nodes 16. For example, the central offices 24
in one embodiment each employ a single wavelength selective switch (WSS) according
to U.S. Pat. App. Serial No. 13/420416, the entire contents of which is incorporated

herein by reference. Regardless of the particular CO implementation, though, if the
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passband of filters 32 is not aligned to the AWG cycles, the COs 24 are configured to
selectively steer to the access subnetwork nodes 16 only those wavelength channels
within the filters’ passbands. For example, if the passband width is smaller than an
AWG cycle, all AWG ports cannot be used. Conversely, if the passband width is wider
than an AWG cycle, the CO 24 is configured to ensure that wavelength channels
belonging to the same physical AWG port (from different AWG cycles) are not set to
the ring 34.

Figure 13 illustrates a simple example of an embodiment that employs a CO
24 with a WSS configured to steer particular wavelength channels to particular access
subnetwork nodes 16. As shown in this example, the access network 12 includes two
access subnetwork rings 14-1 and 14-2 connected to the WSS of the CO 24. Each
access subnetwork ring 14-1, 14-2 is formed from access subnetwork nodes 16 that use
different variants of resilient add-drop module 30. The module variants used by the
nodes 16 forming any given ring 14 comprise unique dual-arm passive optical filters
(i.e., BF #1...BF#N), but the module variants used by pairs of nodes 16 forming
different rings 14 may comprise the same dual-arm passive optical filter, as seen for the
pair of nodes 16-1 and 16-2 shown in Figure 13. Moreover, a pair of such nodes 16-1
and 16-2 even include passive directional couplers that are connected to the same pairs
of AWG demultiplexed ports. However, the CO 24 is configured to provide the
associated client nodes 20-3 and 20-4 with different wavelength channels A8 and A1,
respectively, on which to transmit and receive.

As shown, for example, client node 20-3 transmits on A8, which is
resiliently added by node 16-1 to both arms of ring 14-1. The CO 24 selectively
chooses to receive the wavelength channel A8 from one arm. Conversely, client node
20-4 transmits on A1, which is resiliently added by node 16-2 to both arms of ring 14-2.
The CO 24 likewise selectively chooses to receive the wavelength channel A1 from one
arm.

Because in practice filters 32 are imperfect in passing fixed bands of
wavelength channels, the filters 32 may leave holes in the usable band. Thus, the access
subnetwork rings 14-1 and 14-2 themselves may not be able to use all of the
wavelength channels in the usable band. However, according to one or more

embodiments herein, other access subnetworks 14 (e.g., trees and/or busses) are
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configured to use such channels. Figure 14 illustrates a simple example of this.

The access network 12 in Figure 14 employs a band of 24 wavelengths
channels. The WSS in the CO 24 that interconnects the access subnetworks 14 shown
steers these wavelength channels to particular access subnetworks 14. Specifically, the
WSS steers channels 2, 4, 10, 14, 22, and 24 to ring 14-1, and steers channels 1, 3, 11,
13, 21, and 23 to ring 14-2. Access subnetwork nodes 16-1 and 16-2 in different rings
14-1 and 14-2 both include the same variant of filter 32, and both have the same 2:4
cyclic AWG, but have passive directional couplers connected to different pairs of
demultiplexed ports corresponding to channels 1 and 3 and channels 2 and 4
respectively. Accordingly, when the WSS steers channels 2 and 4 to node 16-1, that
node 16-1 passes and demultiplexes those channels to the client nodes connected
thereto. Likewise, when the WSS steers channels 1 and 3 to node 16-2, that node 16-2
passes and demultiplexes those channels to the client nodes connected thereto.

Configured to account for the imperfect nature of the nodes 16 in the rings
14 to pass and demultiplex all channels in the usable band, the WSS steers other
wavelength channels to other access subnetworks 14. Specifically, the WSS steers
wavelength channels 5, 8, 15, and 20 to Bus #1. Access subnetwork nodes 16 forming
this bus simply employ different variants of filter 32 (or no filter at all for channel 8) to
receive the wavelength channels 5, 15, and 20. No demultiplexing is necessary in this
case because the nodes 16 are steered only a single channel. Conversely, the WSS
steers wavelength channels 6, 7, 9, and 12 to Tree # 1, and steers channels 17-19 to
Tree # 2. The single nodes 16 shown as forming these respective trees simply employ a
2:4 cyclic AWG to demultiplex the channels to which it is steered.

Those skilled in the art will appreciate of course that, while the above
embodiments illustrated the AWG spacing as being the same as the wavelength
spacing, the present invention is not limited in this respect. Figure 15, for example,
illustrates one embodiment where the AWG spacing is a multiple of the wavelength
spacing. As shown in Figure 5, the AWG spacing is twice that of the wavelength
spacing, i.e., 50 GHz instead of 25 GHz, meaning that the AWG 34 has 4 ports instead
of 8 as shown in Figure 12. Configured in this way, the AWG 34, for each of the
multiplexed ports, maps different subsets of multiple wavelength channels at that

multiplexed port to different demultiplexed ports. The AWG 34 for instance
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demultiplexes four wavelength channels to demultiplexed port D1 instead of just two
channels. As compared to Figures 12 and 14, for example, the AWG 34 with 50 GHz
AWG channel spacing is detuned to 12.5 GHz and thus demultiplexes not only A1 and
A8 to D1, but also demultiplexes A2 and A7 to D1. Because of this, the CO 24 in these
embodiments is configured to selectively steer only either A1 or 22, and only either A7
or A8, to any given access subnetwork node 16.

These embodiments require slightly better wavelength stability than other
embodiments, but nonetheless prove advantageous in at least some cases because they
relax the requirements on and expense associated with the AWG 34. Moreover, the
embodiments allow for client node transmitters (e.g., tunable lasers) that are not
capable of narrow channel spacing. Finally, the embodiments reduce the filter
narrowing effect of cascading filter 32, AWG 34, and one or more WSSs at the CO 24.

Those skilled in the art will appreciate that no particular type of technology
is required to implement these one or more WSSs employed by the above
embodiments. Indeed, WSSs herein may be realized using array waveguide gratings
(AWGs), microelectromechnical systems (MEMs), liquid crystal on silicon (LCoS), or
any other technology that may permit selective switching of optical signals on a per-
wavelength basis.

Still further, those skilled in the art will understand that no particular type of
WDM is required to practice the above embodiments. Thus, the embodiments may
employ coarse WDM or dense WDM. The embodiments may even be used in the
context of a WDM passive optical network (WDM-PON), with or without inverse
return to zero / return to zero (IRZ/RZ) wavelength re-use. In one embodiment, for
mstance, the embodiments utilize 25 GHz channel spacing in both C and L bands,
allowing for up to 360 wavelength channels per fiber, assuming the 9 THz spectrum
resulting from the 1530-1600 nm band indicated in Figures 12 and 15. Another
embodiment utilizes up to 100 GHz channel spacing.

In view of the above modifications and variations, those skilled in the art
will appreciate that a resilient add-drop module 30 in an access subnetwork node 16
herein generally performs the processing shown in Figure 16. As shown in Figure 16,
processing includes resiliently dropping, using a dual-arm passive optical filter 32, any

wavelength channels within a fixed band uniquely allocated to the access subnetwork
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node 16 from cither arm of the access subnetwork ring 36 (Block 200). Processing
further includes demultiplexing dropped wavelength channels using a cyclic AWG 34
(Block 210), as well as multiplexing any wavelength channels within the fixed band to
be added, using the cyclic AWG 34 (Block 220). Finally, processing also entails
resiliently adding, using the dual-arm passive optical filter 32, the multiplexed
wavelength channels to both arms of the access subnetwork ring 36 (Block 230).

Thus, those skilled in the art will recognize that the present invention may
be carried out in other ways than those specifically set forth herein without departing
from essential characteristics of the invention. The present embodiments are thus to be
considered in all respects as illustrative and not restrictive, and all changes coming
within the meaning and equivalency range of the appended claims are intended to be

embraced therein.
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CLAIMS
What is claimed is:
1. A resilient add-drop module (30) for use in one of multiple access subnetwork

nodes (16) forming an access subnetwork ring (36), comprising:

a dual-arm passive optical filter (32) configured to resiliently drop any
wavelength channels within a fixed band uniquely allocated to the
access subnetwork node (16) from either arm of the access subnetwork
ring (36) and to resiliently add any wavelength channels within the fixed
band to both arms of the access subnetwork ring (36); and

a cyclic arrayed waveguide grating, AWG, (34) configured to demultiplex
wavelength channels dropped by the dual-arm filter (32) and to
multiplex wavelength channels to be added by the dual-arm filter (32).

2. The module of claim 1, wherein the dual-arm filter (32) comprises a 4-port
bandpass filter having two ports connected to different arms of the access subnetwork
ring (36) and two ports connected to the cyclic AWG (34) via zero or more passive

directional couplers (98).

3. The module of claim 2, wherein the 4-port bandpass filter comprises a dual-

fiber collimator (38) on each side of a thin film filter (40).

4. The module of claim 2, wherein the 4-port bandpass filter comprises two 3-port
bandpass filters (50), wherein each 3-port bandpass filter (50) comprises a dual-fiber
collimator (52) on one side of a thin film filter (54) and a single-fiber collimator (56) on
the other side of the thin film filter (54), and wherein the single-fiber collimators (56)

of the two 3-port bandpass filters (50) are connected together.

5. The module of any of claims 1-4, wherein the cyclic AWG (34) is common
amongst the multiple access subnetwork nodes (16) forming the access subnetwork ring

(36).
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6. The module of any of claims 1-5, wherein the cyclic AWG (34) has two
multiplexed ports, and wherein the dual-arm filter (32) is configured to:
drop wavelength channels from different arms of the access subnetwork ring
(36) to different multiplexed ports of the cyclic AWG (34); and
add wavelength channels from different multiplexed ports of the cyclic AGW
(34) to different arms of the access subnetwork ring (36).

7. The module of claim 6, wherein the cyclic AWG (34) has a plurality of
demultiplexed ports, and wherein the cyclic AWG (34) maps wavelength channels at a
first one of the multiplexed ports to the demultiplexed ports differently than it maps
wavelength channels at a second one of the multiplexed ports to the demultiplexed

ports.

8. The module of claim 7, further comprising one or more passive directional
couplers (70, 72, 78, 84) that are connected to one or more respective pairs of
demultiplexed ports, wherein the cyclic AWG (34) maps the same wavelength channel

at different multiplexed ports to different demultiplexed ports in any given pair.

9. The module of claim 8, wherein each passive directional coupler (70, 72, 78,
84) has two ports connected to said pair of demultiplexed ports and two ports connected

respectively to a transmitter and receiver of a client node (20).

10.  The module of claim 7, wherein, for each of the multiplexed ports, the cyclic
AWG (34) maps different subsets of multiple wavelength channels at that multiplexed
port to different demultiplexed ports.

11.  The module of any of claims 1-10, wherein at least one of the wavelength

channels within the fixed band is reused for both transmission and reception.

12. A method implemented by a resilient add-drop module (30) in one of multiple
access subnetwork nodes (16) forming an access subnetwork ring (36), comprising:

resiliently dropping, using a dual-arm passive optical filter (32), any wavelength
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channels within a fixed band uniquely allocated to the access
subnetwork node (16) from either arm of the access subnetwork ring
(36);

demultiplexing dropped wavelength channels using a cyclic arrayed waveguide
grating, AWG, (34);

multiplexing any wavelength channels within the fixed band to be added, using
the cyclic AWG (34); and

resiliently adding, using the dual-arm passive optical filter (32), the multiplexed

wavelength channels to both arms of the access subnetwork ring (36).

13.  The method of claim 12, wherein the dual-arm filter (32) comprises a 4-port
bandpass filter and wherein said dropping comprises receiving wavelength channels
from different arms of the access subnetwork ring (36) at two different ports of the 4-
port bandpass filter and outputting those received wavelength channels at two different
ports connected to the cyclic AWG (34) via zero or more passive directional couplers

(98).

14.  The method of claim 13, wherein the 4-port bandpass filter comprises a dual-
fiber collimator (38) on each side of a thin film filter (40).

15.  The method of claim 13, wherein the 4-port bandpass filter comprises two 3-
port bandpass filters (50), wherein each 3-port bandpass filter (50) comprises a dual-
fiber collimator (52) on one side of a thin film filter (54) and a single-fiber collimator
(56) on the other side of the thin film filter (54), and wherein the single-fiber
collimators (56) of the two 3-port bandpass filters (50) are connected together.

16. The method of any of claims 11-14, wherein the cyclic AWG (34) is common
amongst the multiple access subnetwork nodes (16) forming the access subnetwork ring

(36).

17.  The method of any of claims 11-16, wherein the cyclic AWG (34) has two

multiplexed ports, and wherein the method comprises:
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dropping wavelength channels from different arms of the access subnetwork
ring (36) to different multiplexed ports of the cyclic AWG (34); and
adding wavelength channels from different multiplexed ports of the cyclic

AGW (34) to different arms of the access subnetwork ring (36).

18.  The method of claim 17, wherein the cyclic AWG (34) has a plurality of
demultiplexed ports, and wherein said demultiplexing and multiplexing comprises
mapping wavelength channels at a first one of the multiplexed ports to the
demultiplexed ports differently than mapping wavelength channels at a second one of

the multiplexed ports to the demultiplexed ports.

19.  The method of claim 18, further comprising connecting one or more respective
pairs of demultiplexed ports using one or more passive directional couplers (70, 72, 78,
84), and wherein said demultiplexing and multiplexing comprises mapping the same
wavelength channel at different multiplexed ports to different demultiplexed ports in

any given pair.

20. The method of claim 19, wherein said connecting comprises connecting two
ports of any given passive directional coupler (70, 72, 78, 84) to the associated pair of
demultiplexed ports and two other ports of that passive directional coupler (70, 72, 78,

84) respectively to a transmitter and receiver of a client node (20).

21.  The method of claim 18, wherein said demultiplexing and multiplexing
comprises, for each of the multiplexed ports, mapping different subsets of multiple

wavelength channels at that multiplexed port to different demultiplexed ports.

22.  The method of any of claims 11-21, further comprising reusing at least one of

the wavelength channels within the fixed band for both transmission and reception.
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