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ABSTRACT
Cross-layer communications allows future optical access/aggregation networks to meet stringent bandwidth
and performance demands by facilitating the dynamic management and optimization of network routing based
on performance monitoring measurements and other higher-layer attributes. Our work endeavours to design
and demonstrate a test-bed of intelligent cross-layer optimized network interfaces that can seamlessly
and transparently interconnect heterogeneous edge users. The proposed design will dynamically support high-
bandwidth applications at low cost and with extremely high energy efficiency. The cross-layer nodes allow
for quality-of-service aware packet routing and protection, and leverage real-time optical performance
monitoring modules to enable physical-layer aware switching. In this paper, we will outline our vision
for the cross-layer network architecture, describing the enhanced networking functionalities that have been
developed in the optical packet switching test-bed, in addition to the experimental demonstrations of real-time
performance monitoring. This work also involves parallel project goals of fast failure recovery, simulations
of network routing algorithms, and a demonstration of physical-layer aware video transmission.
Keywords: Optical communication, cross-layer communications, optical performance monitoring, quality-of-
service, optical packet switching.

1. INTRODUCTION

The design of the next-generation Internet infrastructure is driven directly by the need to address the massive
growth in bandwidth demands and network traffic, in addition to the challenges arising from the unsustainable
acceleration in energy consumption growth. The bottleneck in delivering efficient, low-cost, high bandwidths to
a multitude of users and heterogeneous applications is the main driver for this work. In order to sufficiently
address these stringent and challenging performance requirements, it is necessary for the future network
infrastructure to incorporate emerging physical-layer technologies and to diverge from traditional network
design paradigms, specifically supporting a cross-layer communications platform [1]-[3].

Leveraging innovative photonic devices allows the optical layer to realize ultrahigh bandwidths and a high-
level of networking functionalities. Further, the deployment of optical-domain based switching results
in a reduction in the number of costly optical/electronic/optical (O/E/O) conversions. However, the resulting
system thus loses access to electronic regeneration and grooming techniques and functionalities, which are key
to maintaining adequate signal integrity. High-capacity connectivity without excessive overprovisioning is likely
to be achieved using a cross-layer design paradigm. The intelligent, cross-layer enabled optical networking
platform will also facilitate meeting the requirements for broadband quality-of-service (QoS) guaranteed user
connectivity. In this work, we first investigate the design of a cross-layer optimized network, to enable
the dynamic management of optical switching based on performance monitoring measurements and other higher-
layer attributes (i.e. QoS). Energy-aware routing schemes can also be supported, in addition to the increased
awareness of the physical layer [4], [5].

Using an implemented networking test-bed, we present the design of an optical packet switching fabric with
advanced switching functionalities. As an exemplary demonstration, an optical packet multicasting capability is
discussed. The cross-layer platform is then outlined, showcasing its ability to incorporate performance
monitoring modules and potential energy-saving techniques.

The overall goal is the design of an intelligent cross-layer optimized network interface/node (Fig. 1a) that can
interconnect the core with heterogeneous edge nodes. The design can then support high-bandwidth user
applications at low cost and with high energy efficiencies. The cross-layer nodes comprise a dynamic network
element with distributed control plane management, featuring fast packet-rate optical switching capabilities and
embedded physical-layer performance monitoring modules. The node realizes an intelligent traffic delivery
system that can dynamically manipulate optical switching on a packet-granular scale. In order to truly optimize
the performance of future networking infrastructures, a multi-layer control scheme must be conceived such that
all network layers can be optimized in unison. By creating an intelligent, adaptable optical layer that is flexible
and aware of both the optical signals and higher-layer requirements, more dynamic, energy-efficient links can be
achieved.
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Figure 1: (a) Cross-layer optimized network protocol stack, with physical-layer awareness of the higher network
layers, (b) Block diagram of the mesh-centred design to interconnect the cross-layer nodes.

2. NETWORK NODE ARCHITECTURE

We envision a cross-layer enabled network architecture composed of multiple network nodes arranged in a mesh
topology (Fig. 1b) to be realized in the access/aggregation.

The ultimate goal of this work is to enable a fully-optimized intelligent cross-layer optical network node
that incorporates packet-rate reconfiguration and optical switching capabilities, advanced physical-layer
functionalities, dynamic performance measurement subsystems, a distributed cross-layer control plane,
and cross-layer network routing protocols enabling dynamic resource allocation and multi-layer traffic
engineering. Figure2 depicts a detailed block schematic of the envisioned cross-layer enabled node.
The development of an integrated cross-layer node will result in the enhanced routing techniques being able
to actuate packet-level or flow-based rerouting, as well as the support for high-bandwidth applications
(e.g. video transmission).
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Figure 2. Detailed view of the cross-layer enabled node with various subcomponents.

Thus far, the current implementation is composed of the following components: a dynamic programmable
optical switching fabric to enable fast all-optical switching of wavelength-striped optical messages, packet-level
performance monitors to evaluate the optical data, and a field-programmable gate array (FPGA) based control
plane to support packet-rate reconfiguration and feedback from the optical layer. The optical switching fabric
below is realized, allowing the node to achieve advanced switching functionalities, including the support
of packet- and circuit-switched data streams, quality-of-service based routing, etc. The fast packet-scale
reconfiguration of the switching fabric has also been demonstrated using the FPGA-based control plane, as well
as the transmission of circuit-switched video data through the switching fabric without distortion or frame loss
using a 10-Gigabit Ethernet-based optical network interface card.

3. ADVANCED OPTICAL SWITCHING FUNCTIONALITIES

Optical packet switching is a potential technology for realizing the required high-performing switching fabric
within routers and the cross-layer node, achieving high bandwidths through wavelength-division multiplexing.
The implemented test-bed is based on a 4x4 optical fabric, composed of 2x2 wideband non-blocking photonic
switching elements. The test-bed supports multiwavelength optical packets using a wavelength-striped format
[6]. Each 2x2 element transparently switches the supported optical messages using four fast semiconductor
optical amplifier (SOA) gates, arranged in a gate-matrix structure. The SOA-based switching decision uses
distributed reprogrammable control logic based on the extracted control header bits. The experimental switching
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fabric acts as a fundamental vehicle on which to test our networking hypotheses; several high-level switching
capabilities have been demonstrated using the test-bed.

3.1 Packet Multicasting Overview

Optical packet multicasting is a high-bandwidth application that enables greater functionality and programmable
flexibility for future switching fabrics. Currently, multicasting is an inherent function of the IP layer that allows a
single source to simultaneously transmit packets to multiple destinations. By migrating this functionality lower
in the network stack to the optical layer, broadband packet-based applications can be envisioned to be supported
directly on the underlying optical network, with lower effective cost.

We focus on realizing packet multicasting, wherein wavelength-striped optical messages can be transmitted
from a single source to a subset of the destination ports. We take advantage of the optical switching fabric
architecture’s distributed electronic routing logic control to seamlessly support the multiwavelength packet
multicast operation in an optical test-bed. The design discussed here is a packet-splitter-and-delivery (PSaD)
architecture. The input wavelength-striped packet can be split multiple ways to enable multicasting. The
proposed design leverages an optical switching fabric that is internally composed of M parallel optical packet
switches interconnecting N network terminals. Figures 3(a) and 3(b) show the wavelength-striped optical packet
structure, in addition to photographs of the multicast-capable switching fabric test-bed implemented here. Two
parallel optical packet switches are realized to connect four distinct fabric ports. The PSaD architecture creates
M distinct and independent paths between each source and destination, in a non-blocking fashion. Each path (i.e.
optical switch) supports the multiwavelength optical packet format. One clear advantage of this design is that the
optical switching fabric can either handle a unicast using a single switch, or multicast using combinations of
several of the switches.

(@)
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Time
Figure 3: (a) Wavelength-striped packet format; (b) Photograph of multicast-capable switching fabric test-bed;
(c) Experimental waveform traces of the input and output optical traffic, with labels referring to the address
information encoded in the optical packets.

3.2 Experimental Demonstration and Results

In order to verify the architecture’s ability to support the packet multicasting, a pattern of 8x10-Gb/s
wavelength-striped optical messages are generated and injected in the fabric. The packets are correctly routed
through both parallel switches and are multicasted to two different destinations (if desired) by unicasting on each
switch. Figure 3(c) provides the waveform traces associated with the optical packet traffic sequence in this
experiment, as well as the resulting packets egressing from the switching fabric.

The 8%10-Gb/s multiwavelength optical messages are correctly routed through the complete switching fabric,
and accurately emerge at the destinations that are encoded in the control address headers. The multicasting
operation is clearly validated, with all the packets successfully routed from one input port to multiple output
ports. The switching fabric seamlessly supports both unicasting using a single switch entity and multicasting
with both switches. Bit-error-rate (BER) measurements confirm that all packets are received error-free,
achieving BERs less than 10" on all eight payload wavelengths. The experimental demonstration is more fully
described in [6]. A second multicast-capable architecture has also been explored [7].

4. PERFORMANCE MONITORING

Within the scope of our proposed cross-layer platform, the network routing algorithms possess an enhanced
awareness of the optical signals’ properties as the packets propagate on the physical layer. This awareness is
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realized by embedding fast packet-scale performance monitoring within the optical network layer. Optical
performance monitoring allows future networks and systems to monitor and isolate physical-layer impairments,
and to perform a fast evaluation of the quality of the transmitted data signals. These metrics can then provide
a means of feedback to higher network layers or a control plane to optimize routing. We envision performance
monitoring within OPS fabrics to help enable an agile network that can independently and holistically isolate
degradations and reroute optical messages accounting for impairments.

In the cross-layer optimized network, we have shown the packet-level monitoring of the optical packet’s
optical-signal-to-noise ratio (OSNR). The OSNR monitor is based on a Y-bit Mach-Zehnder delay-line
interferometer, which may support multiple modulation formats and is insensitive to the effects of other
impairments (such as chromatic dispersion and polarization mode dispersion). Using power monitors and a high-
speed FPGA, the OSNR has been shown to be evaluated on a message timescale. The packet-level OSNR
monitor can then trigger the rerouting of degraded high-priority packets. This is discussed in [8].

Real-time burst sampling within the 4x4 cross-layer enabled switching fabric has also been shown using
the TiSER oscilloscope [9]. TiSER captures a burst of samples in real-time and reconstructs the corresponding
eye diagrams in equivalent-time mode. It enables the capture of fast non-repetitive dynamics at the modulation
rate, comprising a real-time monitoring solution for high-data-rate optical links. The system shows the potential
of rapidly and dynamically extrapolating the messages' BER, which can then be used an indication
of the physical-layer performance in the cross-layer optimized infrastructure. The BER estimation will be
performed using advanced signal processing, to rapidly determine the quality factor from the captured eye
diagrams. [10] addresses this work more thoroughly.

5. CONCLUSIONS

This work has been motivated by the requirement to support extremely agile, highly-functional, and reliable
optical connectivity without excessive overprovisioning in future networks. In order to enable these intelligent
optical networking functionalities at low cost and with extreme energy efficiency, we envision an advanced
cross-layer infrastructure that allows optical switching to be executed at a packet-timescale incorporating inputs
and performance metrics from all layers of the network stack. The goal is to create seamless, more transparent
paths across an intelligent network that incorporate emerging physical-layer technologies. We propose a cross-
layer enabled network architecture and present experimental demonstrations of an optical switching fabric with
advanced networking functionalities. The cross-layer platform is outlined, incorporating enhanced awareness
of the physical optical channels, as well as the ability to react to the physical-layer awareness on a packet-
timescale and the support of cross-layer reaction. To achieve advanced multi-layer control algorithms,
the network node requires an intelligent co-optimization across all the layers. Complementary work involves
the demonstration of fast failure recovery [11], and the demonstration of physical-layer aware video
transmission.

REFERENCES

[11 I Tomkos, et al.: Dynamic impairment aware networking for transparent mesh optical networks: Activities
of EU project DICONET, in Proc. ICTON 2008, Athens, Greece, Jun. 2008, paper Mo.B1.1.

[2] I Baldine: Unique optical networking facilities and cross-layer networking, in Proc. IEEE/LEOS Summer
Topical Meeting 2009, Newport Beach, CA, Jul. 2009, paper TuD4.2.

[3] C.P. Lai, K. Bergman: Cross-Layer Communications for High-Bandwidth Optical Networks, in Proc.
ICTON 2010, Munich, Germany, Jun. 2010, paper Tu.C3.2.

[4] D.C. Kilper, et al.: Power trends in communication networks, to appear in /EEE Journal of Selected Topics

in Quantum Electronics, 2011.

[5] NSF Center for Integrated Access Networks (CIAN) (2011, Apr.) [Online]. Available: http://cian-erc.org/

[6] C.P.Lai, K. Bergman: Demonstration of programmable broadband packet multicasting in an optical
switching fabric test-bed, in Proc. OFC 2009, San Diego, CA, Mar. 2009, paper OTuAS.

[7] C.P. Lai, K. Bergman: Network architecture and test-bed demonstration of wavelength-striped packet
multicasting, in Proc. OFC 2010, San Diego, CA, Mar. 2010, paper OWI4.

[8] C.P. Lai, et al.: Demonstration of QoS-aware packet protection via cross-layer OSNR signaling, in Proc.
OFC 2010, San Diego, CA, Mar. 2010, paper OTuM2.

[9] S. Gupta, B. Jalali: Time stretch enhanced recording oscilloscope, Applied Physics Letters, vol. 94, no. 4,
pp- 041 105-041 105-3, Jan. 2009.

[10] C.P. Lai, et al.: Cross-layer signal monitoring in an optical packet-switching test-bed via real-time burst
sampling, in Proc. PHO Annual 2010, Nov. 2010, paper ME3.

[11] C.P. Lai, et al.: Demonstration of cross-layer failure recovery for reconfigurable optical switching fabrics,
submitted to /[EEE Photonics Technology Letters, 2011.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


