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Abstract— We have fabricated an LUT-based FPGA device
with functionalities measuring within-die variations in a 90nm
process. Measured variations are used to configure each device to
maximize the operating frequency by allocating critical paths in
faster portions. Variations are measured using ring oscillators im-
plemented as a configuration of the FPGA. Placement optimiza-
tion using a simple model circuit reveals that performance of the
circuit is enhanced by 4% in average, which is the same amount
as the measured within-die variations. The yield is enhanced by
32% to the worst case.

1. INTRODUCTION

Variations of device performance are getting more serious as
process scaling. Die-to-Die (D2D) variations degrades some
amount of fabricated LSIs. On the other hand, within-die
(WID) variations degrades almost all and causes the drastic
yield losses. WID variations will be dominant in the near
future. We propose variation-aware reconfiguretion to utilize
WID variations as they are [2]. In the proposed method we
measure WID variations after manufacturing, and allocate the
functional blocks suitably considering the measurement re-
sults. Section II explains our proposed method. Section III
explains the FPGA with functionalities measuring WID vari-
ations. Section IV shows experimental results. Finally, We
conclude in section V.

I1. THE PRINCIPLE OF VARIATION-AWARE
RECONFIGURATION

In the sub-100nm regime, WID variations are dominant in-
stead of D2D variations [1]. In such situations, fabricated LSIs
cannot meet the specifications at the design time. We utilize
reconfigurable devices to optimize an implemented circuit ac-
cording to the measured WID variations. Fig. 1 shows the con-
ventional fixed-structured ASICs and the proposed variation-
aware reconfiguration. In the conventional approach, some
amount of fabricated devices do not meet the specification due
to the process variations. On the other hand, fabricated devices
are reconfigured one by one according to measured variations,
which enhances speed and yield.
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Fig. 1. Comparison between the conventional fi xed-structured ASICs and the
proposed variation-aware reconfi guration.
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Fig. 2. Structure of the FPGA with WID-measurement capability. The
counter modules counts the number of pulses from ring oscillators within a
certain time.
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Fig. 3. Structure of a CLB. Shaded elements are used to confi gure a

frequency divider.

AR Process | 90nm 6Layer-Metal
H— CMOS
o6 CLB Arayfg #of Trs. | .5M
Area 2.5mm x2.5mm(Die),
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# of IOs | 16 (for FPGA)

Fig. 4. Chip micrographs and specifi cations of the variation-aware FPGA.

III. AN FPGA DEVICE FOR VARIATION-AWARE
PERFORMANCE OPTIMIZATION

We fabricate a fully-functional FPGA with capabilities to
measure WID variations in a 90nm process. Fig. 2 shows the
structure of the FPGA. The embedded counter sums up the
number of oscillations to measure WID variations.

Device variations are measured to implement a ring oscilla-
tor using its reconfigurable capability. Fig.3 shows the struc-
ture of the CLB. No additional circuit is required for the ring
oscillator itself. But small additional circuit elements shaded
in Fig. 3 are added to implement the frequency divider in the
CLB. These area penalty is about 1.0%. We can configure any
size of ring oscillators. The minimum oscillator is configured
using one CLB and the maximum one is configured using all
CLBs in a chip. Fig.4 shows a chip micrograph.

We show the speed and yield enhancement utilizing mea-
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Fig. 5. A test circuit including 8 different-length individual signal paths with
two Flip Flops at the shaded head and tail CLBs. Thick lines are signal
propagation paths through CLBs and SWMs.

sured WID variations in the next section.

IV. VARIATION-AWARE RECONFIGURATION USING
MEASURED WID VARIATIONS

We implemented a test circuit on the FPGAs to evaluate the
speed and yield enhancement by the proposed method. Fig. 5
shows the test circuit that consists of 8 individual signal paths
with two flip flops at the head and tail. Between these two FFs,
CLBs are configured as buffers. Two clock pulses are given
to the FFs. The number of CLBs between the FFs are ranged
from 11 to 13. These paths are rearranged using the measured
WID variations. The first pulse starts the signal propagation
from the head FF and the second one captures it at the tail FF.
If the CLBs on the critical path are slower, the tail FF cannot
capture the propagated signal.

Fig. 6 (a) and (b) shows relationships of measured clock fre-
quencies of the worst and best placement. The worst placement
is the placement that minimize the operation frequency. If a
cross hair is placed above the line with the slope 1, the perfor-
mance of the chip is enhanced. In Fig. 6 (a), configurations are
optimized using the measured frequencies of minimum ring
oscillators. On the other hand, in (b) they are optimized using
the measured frequencies of ring oscillators implemented in 16
CLBs in the two columns which uses the same CLBs as the sig-
nal path in Fig. 5. In (a), device speed is enhanced by 3.0% in
average on the other hand 4.1% in (b) . Fig. 7 shows the yield
and speed enhancement. The X axis shows the chip speed (per-
formance ratio) and the Y axis shows the cumulative ratio of
working chips from right to left. The best and worst show the
yield curve from the best and worst cases from each optimiza-
tion method (a) and (b). The curve named “initial” shows that
a fixed (initial) placement is applied to all fabricated chips. It
is correspond to the conventional uniform configuration for all
fabricated chips. The yields at the performance ratio = 1 be-
come 71%, 76% and 88% respectively from the worst, initial
and best placement in (a). While they are 62%, 76% and 94%
in (b). The best placement has the 32% better yield than the
worst one. It can be said that the yield is better from the op-
timization using the WID variations on the actual signal paths
(method(b)). But the optimization using the WID variations
of every ring oscillator (method(a)) increase yield by a certain
amount.
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Fig. 6. (a)Variation-aware reconfi guration using WID variations on every
CLB. (b) Variation-aware reconfi guration using total WID variations on
CLBs in two columns.
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Fig. 7. Yield curves for the method (a), (b) and the initial.

V. CONCLUSIONS

In this paper we prppose a placement optimization scheme,
which utilize WID variations to enhance speed and yield of
reconfigurable devices. We have fabricated a variation-aware
FPGA with a functionality to measure WID variations. We
have measured the fabricated 31 chips of the FPGA. Oscil-
lation frequencies are changing so much within a chip. The
variation-aware placement optimizations increase the speed by
3.0% and 4.1% in average. The 3.0% increase is obtained from
the WID variations measured by the minimum ring oscillators.
The 4.1% increase is obtained from speed variations of actual
signal paths by multiple LUTs.

ACKNOWLEDGEMENTS

The VLSI chip in this study has been fabricated through the
chip fabrication program of VLSI Design and Education Cen-
ter(VDEC), the University of Tokyo, with the collaboration by
STARC, Fujitsu Limited, Matsushita Electric Industrial Com-
pany Limited., NEC Electronics Corporation, Renesas Tech-
nology Corporation, and Toshiba Corporatiion.

REFERENCES

[1] H.Masuda, S. Ohkawa, A. Kurokawa and M. Aoki, “Challenge: Variabil-
ity Characterization and Modeling for 65-to 90-nm Processes”, Proceed-
ings of the IEEE 2005 Custom Integrated Circuits Conference, pp.593—
599, 2005

[2] K. Katsuki, M. Kotani, K. Kobayashi, and H. Onodera, “A Yield and
Speed Enhancement Scheme under Within-die Variations on 90nm LUT
Array”, Proceedings of IEEE 2005 Custom Integrated Circuits Confer-
ence, pp. 601-604, 2005

[3] M. Kotani, K. Katsuki, K. Kobayashi and H. Onodera, “A 90nm 8x 16
LUT-based FPGA Enhancing Speed and Yield Utilizing Within-Die Vari-
ations”, ESSCIRC, 2006(to be appeared).

123




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /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 false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /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 1.00333
  /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 1.00167
  /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 <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


