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Abstract: We demonstrate error-free propagation of
wavelength-parallel 160-Gb/s optical data in a
broadband silicon microring resonator-based comb
switch, and observe no power penalty increase
associated with inter-channel crosstalk when scaling
from one to 16 wavelength channels.

Introduction

As the performance of electronic on-chip and chip-to-chip
interconnects becomes increasingly constrained by power
and speed limitations, photonic integrated circuits (PICs)
emerge as an attractive solution to the problems of on-chip
connectivity and off-chip bandwidth [1]. The silicon-on-
insulator (SOI) platform has gained significant attention,
becoming the material system of choice for integrated
optical interconnects owing in part to its favorable optical
properties, enabled by high index contrast, and its
compatibility with electronic integration [2—4]. Microring
resonators present valuable building blocks for these
systems, and have already been shown to perform passive
operations such as filtering and multiplexing, as well as
active functions including electro-optic, all-optical, and
thermo-optic switching and modulation [2—4].

The device discussed here, previously reported in [4],
consists of a microring with resonator modes spaced by
approximately 100 GHz, intended for use in wavelength-
division-multiplexed (WDM) systems. This spacing allows
the ring to operate as a comb switch on a broadband,
wavelength-parallel data stream in much the same way a
smaller-diameter ring would act upon a single-channel
signal. In fact, all-optical switching of a two-wavelength-
channel signal has been recently demonstrated using the
device [4]. In this paper, we demonstrate the propagation
of very-large-bandwidth data streams (160 Gb/s) through
the ring resonator-based comb switch, and measure the
signal degradation due to wavelength crosstalk. Moreover,
an analysis of the maximum possible bandwidth of this
device is performed, based on single-channel power
penalty measurements conducted as a function of data rate.

Experimental Setup

The experimental setup (Fig. 1) consists of 16 separate
laser sources, one for each wavelength channel,
multiplexed together with a 100-GHz channel spacing and
externally modulated with a 10-Gb/s non-return-to-zero
(NRZ) on-off-keyed (OOK) signal, encoded using a
pseudo-random-bit-sequence (PRBS) of length 2'-1,
generated by a pulse pattern generator (PPG). Leaving the
modulator, the 160-Gb/s signal travels through a 25-km
decorrelator, and couples into the nanotapered SOI
waveguide on the silicon chip, through a tapered fiber.
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Fig. 2. WDM signal spectrum recorded after the drop
port labeled with ITU C-band channel numbers (black,
left axis), and relative transmission spectrum of the
drop port (gray, right axis).

After exiting the chip, the signal passes through a
polarizer, which is used to select the TM-like polarization,
and is collimated and collected into a fiber. The signal
then continues to propagate through an erbium-doped fiber
amplifier (EDFA), a tunable grating filter (A), and a
variable attenuator, and is then received by a high-speed
receiver (Rx) with a transimpedance amplifier/limiting
amplifier (TIA/LA) pair. The signal is analyzed with a
communications signal analyzer (CSA) and a bit-error-rate
(BER) tester (BERT), which is synchronized to the PPG
through a 10-GHz clock. A small part of the signal power
(5%) is tapped-off before the EDFA, and is connected to
the optical spectrum analyzer (OSA) for monitoring.

The device used in this experiment is a broadband all-
optical comb switch, comprising a ring resonator coupled
to two straight waveguides; one is the input port and
through port, and the other is the drop port. On resonance,
light is coupled into the ring resonator, and is sent to the
drop port. Off resonance, light propagates virtually
unaffected to the through port. The free spectral range
(FSR) of the ring resonator is about 0.83 nm,
corresponding to its relatively large diameter of 200 pum.
The resonator modes are quite uniform, producing over 32
consecutive channels with extinction ratios better than 15
dB (Fig. 2). Leveraging the relatively small FSR, multiple
channels are able to be switched simultaneously for
broadband WDM interconnection network routing
applications. Since the FSR of the ring is not precisely that
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Fig. 3. BER plots recorded at the drop port showing no
observable power penalty due to wavelength crosstalk;
16 (m, solid line), 12 (e, long-dashed line), and 1 (A,
short-dashed line) wavelength channel.

of the multiplexer channel spacing, the overlap between
the ring resonator modes and the multiplexer passbands
was limited in the setup, forming groups of utilizable
channels (Fig. 2), comprising channels C21-C27, C34-
C38, and C49-C52 of the ITU C-band. A proper overlap
would make it possible to utilize many more channels,
allowing for an even higher transmission bandwidth.

Results

All 16 channels are first verified to operate error free
(defined as having a BER of less than 107%) at 10 Gb/s,
through the drop port of the device (Fig. 1). To measure
the increase in power penalty due to wavelength crosstalk
within the microring, a BER curve is taken for channel
C36 at the drop port of the device when all 16 channels are
enabled. The same measurement is then repeated after
turning off all channels in the second group (C38-C34)
except C36, leaving 12 channels, and taken again after
turning off all channels except C36. No significant penalty
due to wavelength crosstalk was observed (Fig. 3).

The high performance of the microring, in terms of
resonator mode uniformity and wavelength crosstalk,
indicates that significantly more wavelength channels
could be switched by the device. Thus, the aggregate
signal bandwidth that can be routed through the device
depends on the allowable data rate per channel. In light of
this, the power penalty of the device as a function of the
incident optical signal data rate is measured using a similar
experimental setup to the aforementioned experiment,
except only a single wavelength channel is used. In this
case, the overall power penalty is necessary, rather than
the change in power penalty as before. Therefore, BER
curves are taken on the optical signal passing through the
drop port with the wavelength on resonance, and on the
signal egressing from the through port with the wavelength
off resonance. The power penalty is obtained by taking the
difference between the two curves, at a BER of 107,

The power penalty is measured for data rates of 5.0,
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Fig. 4. Measured (m) and simulated (line) single-
channel power penalty of the microring resonator as a
function of incident optical signal data rate.

7.5, 10.0, and 12.5 Gb/s (Fig. 4), and (due to the ring’s
low-pass characteristics) increases sharply as the data rate
exceeds the resonator bandwidth of about 10 GHz. These
measurements are also verified using the model described
in [5]. For the current device structure, assuming 40
wavelength channels each modulated at 20 Gb/s, an
overall bandwidth of 0.8 Tb/s can be envisioned with a
power penalty of less than 2.5 dB. Furthermore, future
devices designed with wider bandwidths would enable
data rates of 40 Gb/s per channel or more, scaling the
bandwidth well past a terabit per second.

Conclusion

We have successfully demonstrated the error-free
propagation of data streams totaling 160 Gb/s through a
broadband all-optical microring comb switch. Moreover,
no increase in power penalty was observed from
wavelength crosstalk, a property that will clearly enable
more wavelength channels to be transmitted through the
device. Based on both measurement and simulation of the
single-channel power penalty as a function of data rate, the
achievable bandwidth of this device is estimated to be near
one terabit per second, but even higher aggregate
bandwidths can be envisioned in future devices.

KB, AB, BGL, and JDF acknowledge support from
the NSF under contract CCF-0523771. The work of ML
and PD was part of the Interconnect Focus Center
Research Program at Cornell University, supported in part
by MARCO, Structured Materials Inc. under Grant 41594,
and NSF CAREER Grant 0446571.

References

[1] A. Shacham, K. Bergman, L. P. Carloni, NOCS 2007, 2.1
(2007).

[2] B. E. Little et al., IEEE Photon. Technol. Lett. 10 (4) 549—
551 (1998).

[3] Q.Xuetal., Opt. Express 15 (2) 430-436 (2007).

[4] P. Dong, S. Preble, M. Lipson, CLEO 2007, CTuDD2
(2007).

[5]1 B.G.Leeetal, Opt. Lett. 31 (18) 2701-2703 (2006).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00540068006500730065002000730065007400740069006e00670073002000610072006500200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e003000200061006e00640020006d00610074006300680020007400680065002000220053007500670067006500730074006500640022002000730065007400740069006e0067002000660069006c0065007300200066006f00720020005000440046002000730070006500630069006600690063006100740069006f006e002000760065007200730069006f006e00200034002e0030002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


