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Abstract:  We demonstrate power penalty 
measurements through two output ports of a 4×4 non-
blocking switch designed for networks-on-chip. We use 
integrated metal heaters to tune individual rings, and 
observe how the device scales with data rate. 
 

Introduction 
Multicore processors, which bypass the power constraints 
of continued single-core frequency scaling, now dominate 
the commercial market for high-performance processing 
chips. Amidst the performance gains of these parallel 
processing systems, comes an associated increase in the 
strain placed on the interconnection network, which must 
efficiently provide large bandwidth and low latency for 
core-to-core and off-chip I/O communications. Photonic 
networks-on-chip (NoCs) provide a promising solution to 
these bandwidth and latency demands, in a manner that 
scales well in terms of power [1]. 

Enormous improvements in silicon photonic device 
technology [2–5] have opened the possibility of CMOS-
compatible optical interconnection networks. To date, all 
of the necessary devices (e.g. modulators, switches, links, 
and receivers) have been demonstrated. Before these NoCs 
are fabricated, however, functional blocks containing mid-
level device integration, must be demonstrated and 
characterized. The structure discussed here, first proposed 
in [1], combines a number of 1×2 and 2×2 switches, links, 
and waveguide crossings, to form a non-blocking 4×4 
photonic routing switch, which directs an input from any 
of the four ports to any of the other three available output 
ports without obstructing the paths of signals incident from 
other ports. Using this switch, rather than a simpler 
blocking switch, improves performance and simplifies the 
network-level routing algorithms necessary to minimize 
(or entirely eliminate) packet contentions. 
 

Device Fabrication and Experimental Setup 
The 4×4 switch (Fig. 1) was fabricated at the Cornell 
Nanofabrication Facility on a silicon-on-insulator wafer, 
using electron-beam lithography and reactive-ion etching. 
All waveguides, including the microring resonators, have 
dimensions of 250 nm (width) by 450 nm (height). The 
gaps between the ring and straight waveguides are 200 nm 
throughout, and the rings have 20-µm diameters, 
corresponding to an 8-nm free-spectral range (FSR). 

The switch utilizes metal heaters, fabricated directly 
above each ring on top of the oxide over-cladding layer. 
The metal traces have dimensions of 1 µm (width) by 300 
nm (height), and are used to tune the wavelength of the 
resonator modes in order to mitigate fabrication 
imperfections. Although we envision nanosecond-scale 

 
 

Fig. 1. (a) and (b) depict schematic of 4×4 switch with 
experimental paths highlighted; (c) microscope image 

of device. 
 

 
 

Fig. 2. Diagram of the experimental setup. 
 

electro-optic switches based on the free-carrier plasma 
dispersion effect in the final version of the switch, here we 
also employ the thermal tuners to demonstrate static 
switching between ports. 

The experimental setup for the bit-error-rate (BER) 
measurements (Fig. 2) consists of a single tunable laser 
source, externally modulated with a signal from a pulse 
pattern generator (PPG) using an NRZ–OOK data format 
and a 27–1 PRBS pattern. After modulation, the signal 
travels through a fiber polarizer, selecting the TE mode, 
and is coupled to and from the silicon chip using tapered 
fibers. An erbium-doped fiber amplifier (EDFA), tunable 
grating filter (λ), and variable optical attenuator (VOA) are 
employed prior to the high-speed receiver (Rx), which 
consists of a transimpedance amplifier/limiting amplifier 
pair. The received signal is evaluated using a 
communications signal analyzer (CSA) and BER tester 
(BERT). Polarization controllers (PCs) are used through-
out. The heaters are tuned by applying a DC voltage bias 
through vertically coupled probes to on-chip pads, which 
distribute current to the appropriate ring heater (Fig. 1c). 
 

 
 

Fig. 3. Transmission spectra from port S to W 
spanning two FSRs and showing the device with (thick 
line) and without (thin line) voltage applied; arrows 

indicate the tuned mode in each state. 
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Fig. 4. Traces of 10-Gb/s optical data shown at the 
input to the switch and upon exiting ports N and W for 
two switch states (A and B); time scales are 2 ns/div 

and a 32-point average is used. 
 

A signal incident from port S has three possible output 
ports (W, N, and E). However, the chip is fabricated with 
only two opposing edges reserved for waveguide coupling 
regions. Therefore, two ports (N and W in Fig. 1a and b) 
interface at one edge and two (S and E) at the other. 
Because our experimental setup is not yet able to measure 
multiple ports on a single edge, only two of the three 
functional outputs of the 4×4 switch are monitored. 

Traces of optical data from each port are recorded at 
each switch configuration (Fig. 4) verifying the correct 
operation of the switch. All the BER curves are measured 
at the wavelength of 1550 nm. Before each curve is 
recorded, the signal is first verified to operate error free for 
both paths S-W and S-N. For each port, a set of BER 
curves is taken with varying data rates: 5 Gb/s, 10 Gb/s, 
and 12.5 Gb/s. 

When no thermal tuning is performed on the 
microring resonators, the signal bypasses each of the four 
rings, egressing from port W (Fig. 1a). A set of BER 
curves is taken at each data rate (Fig. 5). By thermally 
tuning the necessary ring so that its resonant mode is 
aligned to the signal wavelength (Fig. 3), the signal is 
switched to port N. Again, data rate curves are taken, and 
the back-to-back case is then setup by bypassing the chip, 
while maintaining the same injection power into the EDFA 
using another VOA (Fig. 1a). 
 

Results 
As shown by the BER curves in Fig. 5, the power penalty 
associated with the S-W path is similar (about 0.65 dB) for 
5 Gb/s and 10 Gb/s data rates, but increases to about 1.5 
dB for the 12.5 Gb/s data rate. 
 

 
 
Fig. 5. BER versus received power for data rates of 5 
Gb/s (top), 10 Gb/s (center), and 12.5 Gb/s (bottom) 
taken on optical signals passing from port S to ports N 

and W and for signals bypassing the chip. 
 

The BER curves also confirm an additional power penalty 
associated with traveling through the microring resonator. 
Since the passbands of the resonators in this structure are 
designed for 10 Gb/s data signals, any data rate above 10 
Gb/s should quickly degrade due to spectral sideband 
attenuation of the high-data-rate signal. This is confirmed 
experimentally by the fact that at data rates of 5 and 10 
Gb/s an additional 0.3 dB of power penalty is associated 
with traveling through the ring (i.e. comparing port N to 
port W), while at a data rate of 12.5 Gb/s the additional 
power penalty of passing through the ring resonator 
increases to about 1.85 dB. 
 

Conclusion 
A 4×4 non-blocking switch utilizing thermally tunable 
microring resonators is fabricated and power penalty 
measurements are performed for two of its output ports, 
with varying data rates. The device is designed for data 
rates of 10 Gb/s, under which it exhibits low power 
penalty (under 1 dB) for both output ports. 
 

KB, AB, and BGL acknowledge support from the 
DARPA MTO office under contract ARL W911NF-08-1-
0127. The work of ML and NS-D 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 et al., Hot Interconnects 2007 (Aug 2007). 
[2] A. Biberman et al., ECOC 2008 P.2.23 (Sep 2008). 
[3] B. E. Little et al., IEEE Photon. Technol. Lett. 10 (4) 549–

551 (1998). 
[4] Q. Xu et al., Opt. Express 15 (2) 430–436 (2007). 
[5] P. Dong, S. Preble, M. Lipson, CLEO 2007, CTuDD2 

(2007). 

371



<<
  /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


