. Chung Yuan Christian University

Critical-PMOS-Aware Clock Tree
Design Methodology for
Anti-Aging Zero Skew Clock Gating

Shih-Hsu Huang, Chia-Ming Chang,
Wen-Pin Tu, Song-Bin Pan -

Y T7 T_q_
DD /"ﬁ'mmk_mcmﬁm Jae,



Outline

= Introduction

R E I EES

= The Drawback of Conventional Clock Tree

m Anti-Aging Clock Tree

= ILP Formulations for Enable Logic Modification
s Experimental Results

m Conclusions

@ B System VLSI / CAD Lab.



Introduction

s The most common clock distribution is to insert a
number of buffers along the paths from the clock
source to the flip-flops forming a clock tree structure.

m Clock skew minimization is always an important topic
in the design of synchronous sequential circuit.

m Since the clock signal is the most active signal in the
circuit, it is also important to distribute the clock
signal with low power.

m Clock gating has been recognized as one of the most
effective technigues to reduce the power
consumption.
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Introduction

In deep sub-micron era, the NBTI (negative bias
temperature instability) effect is a serious concern
for the long-term reliability of a circuit.

Under a target lifetime (e.g., ten years), the NBTI
delay degradation of a PMOS transistor increases
with its active probability.

The NBTI effect is one source of the clock skew.

In this paper, we present the first attempt for anti-
aging zero skew clock gating.
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Preliminaries — Buffered Clock Tree

m Buffered Clock Tree

Small skew but large power
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Preliminaries — Gated Clock Tree

m Clock Gating

L Lesser Power!
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Preliminaries —
Conventional Clock Tree

m Type-Matching Clock Tree can reduce the skew due
to clock gating.
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Preliminaries — NBTI Delay

s NBTI (Negative Bias Temperature Instability) effect
becomes serious due to thinner gate oxide.

s NBTI increases threshold voltage (i.e. increasing
delay).

Gate

Oxide
Drain Source
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Preliminaries —
NBTI while using AND gate

= Analyzing the AND gate in a general gated clock tree.
s P3is actived while En=1

= The aging delay of PMOS P3 is proportional to the active
probability of En signal
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Preliminaries —
Skew Due to Degradation Difference

Delay = 0.3

1=

Probability—
20%

Different Delay
Degradations!

g =

Probability—
60%
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Preliminaries —
Weakness of Conventional Clock Tree

m As time goes by, the NBTI effect causes the aging
skew if the probabilities of enable signals are

different. :
” Aging skew!
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Conventional Clock Tree
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Conventional Clock Tree in Circuit Level

m If registers are rising-edge-triggered

Aging effect needs to be considered in every level

en? affects U7/P3 en5 affects U5/P3 enl affects U1/P3
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Conventional Clock Tree in Circuit Level

m If registers are falling-edge-triggered

Only one “free” level in the clock tree

- Vss = - Vss = - Vss =

en? affects U5/P1 en5 affects U1/P1 Enl affects nothing
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Conventional Clock Tree in Circuit Level

Aging effect needg\to be consids every level
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How to solve this aging skew problem ?

5

2
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How to solve this aging skew problem

m Since the PMOS transistors at the same level
have different active probabilities, we can
increase the active probabilities of clock gates
to ensure that the clock gates at the same
level always have the same active probability.
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Conventional Clock Tree —
an Example

m The delay degradation of each clock gate is
linearly proportional to the active probabilities of

PMOS transistors. NSRRI Aging skew!

124 power units 40 power units

I 20 power units

CLK—[¢ _
20 power units

r\
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30 power units
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Conventional Clock Tree —
an Example

m The delay degradation of each clock gate is
linearly proportional to the active probabilities of
PMOS transistors.
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Conventional Clock Tree —
an Example

m If the active probabilities of clock gates at the
same level are the same, the NBTI delay
degradations will be the same.

8 power units

40 power units

176 power units s
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Conventional Clock Tree —
an Example

s Although we can eliminate the aging skew by
increasing the active probabilities of clock gates , it
requires extra 52 power units.
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Drawback of Conventional Tree

m In worst case, every level is the "must” level
m It requires large power to eliminate aging skew

Aging effect needs to be,considerg every level

Too many

“"must” levels

@ EF System VLSI / CAD Lab.




Outline

= Introduction

R E I EES

= The Drawback of Conventional Clock Tree

m Anti-Aging Clock Tree

= ILP Formulations for Enable Logic Modification
s Experimental Results

m Conclusions

@ System VLSI / CAD Lab.
—_—



Anti-Aging Clock Tree (1/2)

= Since the NBTI only affects PMOS transistors, by
carefully planning the clock signal propagation paths,
we can let the active probabilities do not affect the
degradation difference.
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Anti-Aging Clock Tree (2/2)

= In our design methodology, we use NAND-type-

matching clock tree.

l eni
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end
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Anti-Aging Clock Tree in Circuit Level
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Anti-Aging Clock Tree in Circuit Level

m If registers are rising-edge-triggered

Aging effect needs to be considered in even levels

= Vss = Vss - Vss

en? affects nothing en5 affects U1/P1 enl affects nothing
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Anti-Aging Clock Tree in Circuit Level

m If registers are falling-edge-triggered

Aging effect needs to be considered in odd levels

U7 U5s Ul except for level 1
VDD
P1 P2 lb—‘
en7
oo | _Ei_; N1 L
.—l N2
en7
= Vss
en? affects U5/P1 en5 affects nothing enl affects nothing
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Anti-Aging Clock Tree in Circuit Level

At most (n/2 ] levels
are the "must” level

in our anti-aging clock ee

5/P1  en5 affects nothing enl affects nothing
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Anti-Aging Clock Tree —

an Example
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Anti-Aging Clock Tree —

an Example

126 power units

U7
CLK_B'_.

Us

U6

8 power units
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Anti-Aging Clock Tree —
an Example

m After ten-year operation, the clock skew of clock tree
is still 0 ps. Compared with AND-type anti-aging
clock tree, it saves a lot of power consumption.

124 power units 126 power units
- us
K | el
1 u7 E:“"

CLK CLK— -

Br System VLSI / CAD Lab.
—_—




Advantages of Anti-Aging Clock Tree

= In worst case, only 2| levels need to be considered

m It requires less power consumption to eliminate
aging skew

m It is still a type-matching clock tree. Therefore, our
anti-aging clock tree has all the benefits of type-
matching clock tree.

Aging effect needs to be considered in only 2i level
u7 u l\,/Tl

At most (n/2 ) levels
are the "must” level CLK

in anti-aging clock treg
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ILP Formulations — Formula 1

m Formulal X,  2aqa,,

— If clock gate u is active at control step s in the original
clock tree, then clock gate u must be also active at
control step s in the anti-aging clock tree.
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ILP Formulations — Formula 2

m Formula2 X =2 X, |

— Consider the anti-aging clock tree. If clock gate u is
active at control step s, then its predecessor gate v

must be also active at control step s.
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ILP Formulations — Formula 3

s Formula3 D> X,.=D.X,,
seB seB
— Consider the anti-aging clock tree. If clock gate u and
clock gate v are at the same "must” level, they must
have the same active probability. 4
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ILP Formulations for Enable Logics —
o Objective Function

= Minimization ZZXM,SXB,,S—ZZ%,SX&S

ucA seB ucA seB

— Our objective function is to minimize the power
consumption overhead.
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Experimental Results - Design Flow

s We use six benchmark circuits, which are targeted to
TSMC 0.13 ¢ m process technology, to test the
effectiveness of our design methodology.

Our Design Flow

SOC Encounter to obtain the
placements of gate-level netlists

Extended LINGO Release
10.0 as the ILP solver for

Type-matching clock tree synthesis
the modification of

logics of enable signals
SOC Encounter to perform ECO

placement

<
——

)
pe

Synopsys Hspice perform
reliability simulation

Synopsys PrimePower for gate-level
power analysis
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Experimental Results - Comparisons

= We derive the following four clock trees for
comparisons.
— Tree-A
= The AND-type-matching clock tree.
— Tree-B

= The anti-aging AND-type-matching clock tree. Note that
this clock tree is the anti-aging version of Tree-A.

— Tree-C
= The NAND-type-matching clock tree.

— Tree-D (our clock tree)
m This clock tree is the anti-aging version of Tree-C.
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Experimental Results —
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Experimental Results —
Five-Year Clock Skew
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Experimental Results —
Ten-Year Clock Skew
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Experimental Results —
Power Consumptions

s Power Consumptions of four type trees ( uw).
O Tree-A O Tree-B O Tree-C O Tree-D (Ours)
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Experimental Results —

Analysis to Circuit $S35932

m The slopes of Tree-B and Tree-D are small, while the
slopes of Tree-A and Tree-C are large.
Skew(ps) Tree-A—%— Tree-B Tree-C Tree-D
200 173
150 |
100 | 23
49
50 o A A ~~————N ——o o
=" 46
0
0 3 4 5 6 7 8 9 10 Years
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Conclusions

s We present the first attempt for ensuring that the
clock skew is always zero during the circuit life.

m Our critical-PMOS-aware clock tree design
methodology includes two main aspects.

— We prove that the number of "must-levels™ of NAND-
type-matching clock tree is the lower bound that any
clock tree can achieve.

— We propose a 0-1 ILP approach to minimize the power
consumption.

s Benchmark data consistently show that our
methodology can eliminate the degradation
difference with almost negligible power consumption

overhead.
@ E-l System VLSI / CAD Lab.




Thank you!




	Critical-PMOS-Aware Clock Tree Design Methodology for �Anti-Aging Zero Skew Clock Gating
	Outline
	Introduction
	Introduction
	Outline
	Preliminaries – Buffered Clock Tree
	Preliminaries – Gated Clock Tree
	Preliminaries – �	Conventional Clock Tree
	Preliminaries – NBTI Delay
	Preliminaries – �	NBTI while using AND gate
	Preliminaries – �Skew Due to Degradation Difference
	Preliminaries – �	Weakness of Conventional Clock Tree
	Outline
	Conventional Clock Tree
	Conventional Clock Tree in Circuit Level
	Conventional Clock Tree in Circuit Level
	Conventional Clock Tree in Circuit Level
	Conventional Clock Tree in Circuit Level
	How to solve this aging skew problem ?
	How to solve this aging skew problem
	Conventional Clock Tree –�					an Example
	Conventional Clock Tree –�					an Example
	Conventional Clock Tree –�					an Example
	Conventional Clock Tree –�					an Example
	Drawback of Conventional Tree
	Outline
	Anti-Aging Clock Tree (1/2)
	Anti-Aging Clock Tree (2/2)
	Anti-Aging Clock Tree in Circuit Level
	Anti-Aging Clock Tree in Circuit Level
	Anti-Aging Clock Tree in Circuit Level
	Anti-Aging Clock Tree in Circuit Level
	Anti-Aging Clock Tree –�					an Example
	Anti-Aging Clock Tree –�					an Example
	Anti-Aging Clock Tree –�					an Example
	Advantages of Anti-Aging Clock Tree
	Outline
	ILP Formulations – Formula 1
	ILP Formulations – Formula 2
	ILP Formulations – Formula 3
	ILP Formulations for Enable Logics –�                                   Objective Function
	Outline
	Experimental Results - Design Flow
	Experimental Results - Comparisons
	Experimental Results –�                                  Original Clock Skew
	Experimental Results –�                               Five-Year Clock Skew
	Experimental Results –�                               Ten-Year Clock Skew
	Experimental Results –�                               Power Consumptions
	Experimental Results –�                       Analysis to Circuit S35932
	Outline
	Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /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
  /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 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.0)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


