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One of the key benefits of the scaling of CMOS is that the
switching speed of the transistor improves over each technology
generation. According to ITRS, fr and f,,,, will be 600GHz and
1 THz, respectively, in 16nm CMOS technology. With the
advance in CMOS mm-wave circuits, hundreds of GHz
bandwidth will be available in the near future. In addition,
compared with CMOS repeaters charging and discharging the
wire, EM waves travel in a guided medium at the speed of light
which is about 10ps/mm on silicon substrate. The question here
is: How can we utilize over hundreds of GHz of bandwidth in a
future mobile system through RF-I while concurrently achieving
ultra-low power operation and dynamic allocation in bandwidth
to meet future Network-on-Chip needs?

One of the possibilities is to use multi-band RF-I [1][2][3][4],
based on frequency-division-multiple-access  algorithms
(FDMA) to facilitate inter-core communications on-chip. The
main advantages of RF-I include:

e  Superior Signal to Noise ratio: Since all data streams
modulate RF-carriers, which are at least 10GHz above the
baseband, the high speed RF-interconnect does not generate
and/or suffer from any baseband switching noise. This
reduces possible interference to the sensitive near/sub-Vy,
operated circuit.

e High bandwidth: A multi-band RF-interconnect link has a
much higher aggregate data rate than a single repeater
buffer link. For example, the router of the RF-I node can
first collect all the data from the nearby ULP core. Utilizing
the superior bandwidth of RF-I, one RF-I node is able to
handle a large amount of data generated from multiple ULP
cores.

e Low Power: Compared to a repeater buffer, a multi-band
RF-interconnect is able to operate at much better energy
per bit in the NoC. This is especially true in ULP cores,
where only several RF-nodes are enough to satisfy the
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bandwidth demand between the ULP cores and the rest of
the NoC. Compared to normal repeated wire networks,
which consume considerable amounts of power, a few RF-I
nodes only consume a very small amount of power. (see
Section IV, benchmarked using pJ/bit as a metric)

e Low Overhead — High data rate/wire and low area/Gigabit
and low latency due to speed-of-light data transmission (see
Section IV, benchmarked using Area/(Gbit/sec) as a metric)

e  Re-configurability - Efficient simultaneous
communications with adaptive bandwidths via shared on-
chip transmission lines

e  Multicast support — Scalable means to communicate from
one transmitter to a number of receivers on chip

Total compatibility and scalability with mainstream digital
CMOS technology

The concept of RF-I is based on transmission of waves, rather
than voltage signaling. When using voltage signaling in
conventional RC time constant dominated interconnects, the
entire length of the wire has to be charged and discharged to
signify either ‘1’ or ‘0’. In the RF approach, an electro-magnetic
(EM) wave is continuously sent along the wire (treated as a
transmission line). Data is modulated onto that carrier wave
using amplitude and/or phase changes.

A simultaneous tri-band on-chip RF-interconnect for future
network-on-chip [5] is demonstrated. Two RF bands in mm-
wave frequencies, 30GHz and 50GHz, are modulated using
amplitude-shift keying, while the base-band utilizes a low swing
capacitive coupling technique. Each RF-band and base-band
carries 4Gbps and 2Gbps respectively. Three different bands, up
to 10Gbps, are transmitted simultaneously across a shared Smm
on-chip differential transmission line. The energy per bit is
0.125pJ/b/mm in base-band, while RF-band is 0.09pJ/b/mm.
Base on this demonstration, it is possible to improve bandwidth
efficiency using N-channel multi-carrier RF-1. Those N distinct
channels transmit N different data streams onto the same
transmission line. The total aggregate data rate (Ry.) equals to
Rrotal = Rpaseband X N, where the data rate of each base-band is
Rpaseband and the number of channels is N.

As an example of use of RF- reconfigurability, we recently
proposed MORFIC (Mesh Overlaid with RF Inter-
Connect)[2][4], a hybrid NoC design. It is composed of a
traditional mesh of routers augmented with a shared pool of RF-
I that can be configured as short-cuts within the mesh. In this
design, we have 64 computing cores, 32 cache memory modules
and 4 memory output ports — and RF-I is a bundle of
transmission lines spanning the mesh, and features 16 carrier
frequencies. ~ We examined four architectures: (1) Mesh
Baseline — a baseline mesh architecture without any RF-I, (2)



Mesh Wire Baseline — the baseline mesh architecture with
express shortcuts between routers (conventional wire, not RF-I)
that are chosen at chip design time (i.e. no adaptability to
application variation), (3) Mesh Static Shortcuts — the same
express shortcuts as the Mesh Wire Baseline but using RF-I
instead of conventional repeated wire, and (4) Mesh Adaptive
Shortcuts — the overlaid RF-I with shortcuts tailored to the
particular application in execution. From the simulation results
of our in-house cycle-accurate simulator [6], we demonstrated a
significant performance improvement of the Mesh Adaptive
Shortcuts over the Mesh Baseline, an average packet latency
reduction of 20-25% [2], through the reconfigurable RF-I1. We
further demonstrated a 65% power reduction [4] by reducing the
bandwidth of the baseline mesh by 75% - reducing the 16 Byte
wide to 4 Byte wide baseline mesh. Our continued exploration
of the MORFIC architecture will be instrumental in gauging
future CMP interconnect design tradeoffs, and in better
quantifying what benefits CMPs can expect from MORFIC in
future generations of CMOS technologies down the road.

References

[1] Jenwei Ko, Jongsun Kim, Zhiwei Xu, Qun Gu, C. Chien,
M.F. Chang, "An RF/baseband FDMA-interconnect
transceiver for reconfigurable multiple access chip-to-chip
communication," Solid-State Circuits Conference, 2005.
Digest of Technical Papers. ISSCC. 2005 IEEE
International , vol., no., pp.338-602 Vol. 1, 10-10 Feb.
2005

[2] M. Frank Chang, Jason Cong, Adam Kaplan, Mishali Naik,
Glenn Reinman, Eran Socher, Sai-Wang Tam, "CMP
Network-on-Chip Overlaid With Multi-Band RF-

108

Interconnect," IEEE International Conference on High
Performance Computer Architecture Sym, pp.191-202, Feb.
2008.

[3] M.F. Chang, et al., "RF/Wireless Interconnect for Inter- and
Intra-chip Communications," Proceedings of the IEEE,
Volume 89, Issue 4:456 — 466, April 2001

[4] M. Frank Chang, et al. ,“Power Reduction of CMP
Communication Networks via RF-Interconnects”,
Proceedings of the 41* Annual International Symposium on
Microarchitecture (MICRO), Lake Como, Italy, pp.376-
387, November 2008.

[5] Sai-Wang Tam, et al., “A Simultaneous Tri-band On-Chip
RF-Interconnect for Future Network-on-Chip,” Accepted to
be published in VLSI Symposium, 2009.

[6] J.Cong, et al., “MC-Sim: An Efficient Simulation Tool for
MPSoC Designs,” IEEE/ACM International Conference on
Computer-Aided Design, pp.364-371, 2008.

Speaker Bio

JASON CONG received his B.S. degree in computer science
from Peking University in 1985, his M.S. and Ph. D. degrees in
computer science from the University of Illinois at Urbana-
Champaign in 1987 and 1990, respectively. Currently, he is a
Chancellor’s Professor at the Computer Science Department of
University of California, Los Angeles, and a co-director of the
VLSI CAD Laboratory. He also served as the department chair
from 2005 to 2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /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 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


