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Abstract—This paper presents a mixed-grained reconfigurable
VLSI array architecture that can cover mission-critical appli-
cations to consumer products through C-to-array application
mapping. A proof-of-concept VLSI chip was fabricated in a 65Snm
process. Measurement results show that applications on the chip
can be working in a harsh radiation environment.

I. INTRODUCTION

With the exponential rate of enhancement both in transis-
tor performance and integration scale, VLSI systems have
been driving advancement of information systems. People
and society, in the meantime, have been more and more
dependent on the services provided by the systems, and now it
becomes a social requirement to guarantee the reliability of the
information systems and that of the VLSI systems accordingly.

On the other hand, as VLSI technology advances, non-
recurring engineering (NRE) costs are significantly elevat-
ing, and nowadays only the highest-volume applications can
accommodate the high NRE cost of custom SoC design.
Therefore, reconfigurable VLSIs are drawing much attention
as an alternative of SoCs development not only for small-
volume consumer products but also mission-critical, such as
space and medical, applications.

Coarse-grained reconfigurable architecture (CGRA) is in-
herently superior in soft error immunity to FPGA, since
the amount of configuration bits is by orders of magnitude
smaller than that of FPGA. Although there are several CGRA
proposals for reliability (e.g. [1], [2]), none of them have been
validated on silicon except [3]. Reference [3] successfully
demonstrated a trade-off between soft error immunity and
area; however, its compatibility with design tools is not well
established since a state machine cannot be implemented.

We have developed a reliability-configurable array in which
the reliability level for each processing element can be chosen
flexibly depending on applications and environments [4]. This
enables system designers to systematically trade off area for
improving the soft error immunity without having a deep
knowledge of reliability enhancement techniques. In addition,
high-level design automation tools can be utilized to map an
application from standard C programs taking into account a
given reliability requirement. To support such a design tool
[5], [6], the proposed architecture introduces 1-bit processing
elements into CGRA of [3] for implementing state machines.

II. PROPOSED ARCHITECTURE AND ITS IMPLEMENTATION

The proposed architecture consists of coarse-grained ALU
clusters, fine-grained LUT clusters and memory clusters,
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Fig. 1. Cluster and cluster interconnection.

where the basic element is noted as a cluster. The reliabil-
ity level of each cluster can be configured individually for
improving reliability-area trade-off with selective redundancy
[7]. The basic architecture for ALU and LUT clusters is shown
in Fig. 1. 20 LUT clusters are organized in a two dimen-
sional array forming a LUT block. LUT blocks, ALU clusters
and memory clusters are placed in a two-dimensional array
(Fig. 2). As for dynamic reconfiguration, two classifications
exist; state is for cycle-wise instruction selection of ALU with
the interconnections unchanged, and context is for modifying
interconnections. Designated LUT clusters are responsible for
generating the state and context signals and these signals are
distributed throughout the array.

ALU cluster includes three instruction register files (InstRF)
for state-wise EM configuration, three interconnect registers
(InterRF) for context-wise interconnection, and a context-
wise constant register (ConstRF). The execution module (EM)
performs logic operations, shifting and clamp functions in
addition to arithmetic operations such as 16-bit multiplication,
16/17-bit signed and unsigned addition and subtraction. The
reliability levels, which are enabled by RDU and CVU,
are summarized in Table I. TMR, SMS and SMM offer
different immunities to soft errors (SEU/SET: single event
upset/transient) and capabilities of dynamic reconfigurability
(#contexts). InterRF and ConstRF are protected by ECC (error
correction code). All the register files are overwritten through
ECC decoders or voters with refreshing clock for preventing
error accumulation. The refreshing clock frequency trades
reliability for power consumption. The EM in the LUT cluster
is a 4-input LUT suitable for 1-bit processing, such as flag
operations. LUT clusters can be cascaded to form a larger
LUT, and provides TMR and SMM.
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As for memory cluster, while it contains only a dual-port LUT block LUT blocks

SRAM macro protected by ECC, it is designed to be compati-
ble with interconnect structure. There are two reliability levels;
one provides dual-port access while the other gives single-port
access. In the latter case, the other port is used for periodical
refreshing to avoid error accumulation.

Figure 2 illustrates the mixed-grained array consisting 26
ALU and 6 memory clusters and 4 LUT blocks with the
chip layout. Cyber Workbench [5], [6] customized for the
proposed array constructs CDFG (control data flow graph) and
synthesizes an RTL implementation taking into account given
reliability specification [7]. Finally, the RTL implementation is
mapped on the array through technology mapping and P&R.

The array was fabricated in a 65nm 12ML CMOS process.
The die size is 4.2x4.2mm?. The number of states and
contexts are set to 16 and 3, respectively. Configuration is
performed through a scan-chain consisting of 165,312 FFs.
ALU, LUT and memory clusters include 120k, 4k and 99k
gates, respectively. Thanks to dynamic configuration using
states in FSM, area-efficient mapping becomes possible. For
example, an edge detection filter can be implemented with
25 ALU clusters while 62 ALU clusters are needed without
dynamic reconfiguration (i.e. in a single state). The reduction
ratio of used clusters is 60%. The proposed architecture can
exploit such latency-area exploration in high-level synthesis.

II1. MEASUREMENT RESULTS

The maximum frequency can be limited by the distribution
of state and context signals, and was measured using a PLL on
the chip. Results show that the maximum frequency possible
to propagate state signals is 240MHz, while it is 165MHz for
context signal.

To validate the functionality and reliability of the architec-
ture, a demonstration using two mappings of SMM and SMS
was performed (Fig. 3). The chip receives a live data stream
from a video camera, processes it and sends it to a monitor
demonstrating the processed stream. The mapping of negative
filter was generated from a C source code.

A snapshot of the results is shown in Fig. 4. After position-
ing Am-241 foil whose flux is 9x10°cm=2h~! over the chip,
it was observed that SMS mapping continued to output the
processed video as expected in 200s. On the other hand, SMM
mapping got destroyed in 2 s due to SEUs in the configuration
registers and the video processing stopped within 10 s in all
four trials. Thus, the proposed architecture enables reliable
operation under radiation through application mapping.
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Fig. 2. Designed reconfigurable array and design flow.

“ “\Alpha foil

65nm CMOS
4.2 X 4.2 mm?

Input image
g[:! from video camera

DVI \., A&
— ” [ =
to monitor on test chip

Fig. 3. Demonstration setup.

Preparation:
configuring
test chip
w/ scan-chain

After 10 secs.

Il
Corrupted

Start irradiation

Trial #1 | Trial #2

Normal mapping
- config. mem. singular
- datapaths singular

Trial #3 | Trial #4

- config. mem. triplicated I
- datapaths singular

Working

Working

Fig. 4. Results of image processing under irradiation

ACKNOWLEDGEMENTS

The VLSI chip in this study has been fabricated in the chip fab-
rication program of VDEC, the University of Tokyo in collaboration
with eShuttle Inc. and Fujitsu Semiconductor Ltd.

REFERENCES

[1] S. M. A. H. Jafri, et al., “Design of a fault-tolerant coarse-grained
reconfigurable architecture: a case study” Proc. ISQED, 2010.

M. M. Azeem, et al.,, “Error recovery technique for coarse-grained
reconfigurable architectures,” Proc. DDECS, 2011.

D. Alnajjar et al., “Implementing Flexible Reliability in a Coarse Grained
Reconfigurable Architecture,” IEEE Trans. VLSI Systems, Dec. 2013.

H. Konoura, et al., “Reliability-Configurable Mixed-Grained Reconfig-
urable Array Supporting C-Based Design and Its Irradiation Testing,”
IEICE Trans. Fundamentals, Dec. 2014.

K. Wakabayashi and T. Okamoto, “C-based SoC design flow and EDA
tools: an ASIC and system vendor perspective,” IEEE Trans. CAD, Dec.
2000.

CyberWorkbench, http://www.nec.com/en/global/prod/cwb/index.html.

T. Imagawa et al. “A cost-effective selective TMR for heterogeneous
coarse-grained reconfigurable architectures based on DFG-level vulner-
ability analysis,” Proc. DATE, 2013.

(2]
(3]
[4]

(5]

—
—




<<
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /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 -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


