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* Introduction of Space Division Multiplex (SDM) technologies
* ROADM Design for MCF-based Multi-Dimensional Optical Networks
* Deep Reinforcement Learning based Routing, Core and Spectrum allocation

e Conclusion



Introduction of SDM technologies

 SDM provides a potential solution to

increase optical bandwidths.

* Uncoupled/weak-coupled solution
* Multi-core fibres
* SMF fibre bundles

e Strong-coupled solution
* Multi-core fibre
* Multi-mode fibre

* Multi-core + Multi-mode

n=19, m=6 [19]
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Reviving multi-dimensional networks with uncoupled éﬁgRISTOL

e Mature fan-in fan-out device

* Avoiding of high complexed MIMO

MCF

. 3D glass-based photonic technology @- =
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 Demonstrated transmission experiments

* High data-rate and long-distance MCF

transmission with 19-Core C+L band Cladding
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e Switching capability matters for networking 5/22




MCF-based multi-dimensional networks %ﬁ%ﬁiﬁg{

« SDM/WDM ROADM solutions ---> Bypass fibre core + Classical ROADM

* Bypass core configuration solution ---> Topology Optimization

* Route, Core, and Spectrum Allocation (RCSA) ---> Deep Reinforcement
Learning based solution



Toward SDM/WDM ROADM Eﬁ’fsrs%gf

 Traditional ROADM in WDM networks
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Traditional Routing and Select ROADM port-count W>5s
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Not possible for scale up to SDM networks ! 7122



Key challenges to scale up Erﬁflesrgiggi

* Unnecessary: Core number exceeds node degree makes full-flexible
switching not a necessity

* Full flexible switching will cause fragmentations

* Not practical: Huge-port-count WSSs for ROADM

* > Degree x Core numbers not practical

* Traffic aggregation provides better solution:
* By core: Multi-core switching

e Super-channel in space or spectrum

e Hierarchy Network (SDM over WDM)



SDM/WDM ROADM with fibre-core bypass Eﬂ’féiifg{
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SDM/WDM ROADM with route-select architecture Erﬁ’leés%gﬂ
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 Reduce ROADM scale by introducing programmable bypass configuration



Further reduction on WSS port number %ﬁ%‘%’g{
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Fibre-core bypass and topology optimisation E%eé%gﬂ

Bypass Core
C Configuration
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Traditional
ROADM

. . . ) topology optimisation
* Available massive network capacity allows core bypassing
 Reduce ROADM degree significantly  Topology optimisation

* Need to be reconfigurable (No two independent networks)

* Enabling compatibility with current SMF-based networks

* Topology Optimisation for different traffic patterns 12/22



Topology optimization with bypass configuration Erﬁflesriifgf

* Depends on static traffic requests

* Extremely high complexity without flexibility

e Heuristic algorithm for bypass configuration Topology with fibre core bypass
* Main goals for bypass configuration per link Algorithm:
. . Algorithm 1 Heuristic Bypass Build Algorithm
* Reserve a few cores for WDM switching orsowree it Node do
. . . . . ; furhgm.f h in key shortest path do
¢ Ll m ItEd Maximum d |Sta nces Of th e bypaSS I 18] k 1 if m; direct link mem source 11.{1 destination then
it if Mazimum hop > H¥, then
. . . . fi: if Marimum distance > 1}’) then
¢ Ll m ItEd Maximum h OpS Of th e bypaSS I IN k T: if Number of available cores > Minimum cores then
8 Create bypass link.
4 Reduce one core in each path link.




Blocking probability vs. traffic Eﬁfé%’é’f

e Cores number in MCFs are: 4, 7 and 13 in six-node networks

* Optimized topologies:
* Integer Linear Programming (ILP) based optimization at traffic: 300, 500 and 850;

* Heuristic bypass configuration;

e Baseline: full flexibility
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With high-core-count MCFs, ILP provides topology performs better 14/22



Fragmentation and utilization with optimized topolog
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Hardware requirements Erﬁflegrs%gf

 Hardware reduction by comparing to full flexible switching in all cores (6
node network, 13-core)

Topology Bypass core/WDM core  |WSS number  [Total WSS ports number
Baseline/full flexible Topo  |0/208 416 6240
Heuristic Topo 54/154 360 5400
ILP Topo 102/106 312 4240




RMCSA Problem in SDM-EONSs A
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DRL-RMCSA Framework
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Simulation for DRL-based core assighment and routm% E%eé‘%g{

DRL-Based method for core assignment B e
Simulation Parameters

Cores Number: 3
Topology: Symmetrical Six Nodes
K_Path: 1
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To be continued: Verify the model in a large-scale network 19/22



Simulation on NSF network

Network topology of NSF network, consisting of 14
nodes and 21 bidirectional fibre links.
Bypass cores are shown in Node 1 as an example.

Traffic Blocking Probability

University of
AL BRISTOL

}  Hardware-efficient/bypass {
Hardware-efficient/no-bypass
T
1
A
%
200 210 220 230 240 250 260 270

Traffic Load (Erlang) Per Node



Future Work %ﬁffs”éifgf

* |nvestigating the Integration of Fan-in Fan-out with Core Reconfiguration in
PIC Technology.

* Enhancing the Management of Optical Powers for a Reconfigurable
SDM/WDM ROADM Node.

* Enhancing the ROADM Solution with Software Defined Networking
Features.



Conclusion E%GSIS%SIS

 MCF provides a potential solution to improve network capacity.

 An SDM/WDM ROADM system was designed and validated with dynamic
bypass core configuration:
* Reduced port-count of WSSs

» Allow topology optimization for different traffic patterns

« Similar/improved performance that the full flexible operation

* Deep reinforcement learning based Routing, Core and Spectrum allocation
provides improved performance.
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