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Our Contributions

e \We propose to allocate decaps and controlled-ESRs
simultaneously to suppress the resonance and
reduce SSN of power network.

e \We consider both voltage drop and overshoot for
voltage violation. Derive revised sensitivity.

e An optimization formulation with the objective
function of minimizing the voltage violation area and
a constraint of decap budget is presented, and
solved with an efficient SQP algorithm.



Power Network Model with
Controlled-ESR




Voltage Variation Analysis secs
with Circuit State Equation |:
From KCL and KVL, we have C 0l[v -G -Ellv
the circuit state equation: { H :} :{ . H } +BU (1)
0 LJ||i E" —R||i
: (2)
which is denoted to be: Cx = Ax+ Bu
contoled-£5R £ A, sotution xwil (C+ACHE+AD) = (A4+ A+ Av)+ Bu. (3

be updated by 4x, so (2) becomes:

By subtracting (2) from (3): (C+AC)Ax = (A+ AA)Ax + (AAx — ACx) 4)
The solution of (4) is: Ax =S AUTAx + j eC AU (r)dr (5)

~ ~ - - ~ A2
where:C=C+AC, A=A+A4, U=Adx—ACx e’ =1+ A+—+—+..




Effect of Controlled-ESR on
reducing the noise

Controlled-ESR=10 mOhm
Controlled-ESR=100 mOhm
Controlled-ESR=1 Ohm
Controlled-ESR=10 Ohm
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Power Network Noise
Considering Overshoot

Violation Area

Vdd|

Vmin
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g; = j.max(me —v, (1), 0)dt g = Imax[max(me —v,(t), 0), max(v,(t)—V,,, 0)]dt



Problem Formulation

o Objective function:
Min Zg

° Constralnts

(1) Voltage response satisfies the circuit equation with
given stimulus;

(2) Total decap budget: Z ¢, <Q
(3) Space constraint for each decap location: 0<¢; <c,,,;
(4) Space constraint for each controlled-ESR location:

0< CtrlESR. < CtrlESR,



Sensitivity Computation with
Merged Adjoint Network

The sensitivity s;is defined to be the contribution of . 8g j
decap added at node i/ to remove violation at node J. Sij _ Bc
i

The merged adjoint sensitivity is defined to be the contribution
of decap added at node j to remove the violation for all nodes.

The merged adjoint network has a current source  u(f—¢ )—u(t—1t,)
applied at every node j

Merged adjoint sensitivity is calculated with

N T
5,= 28y = [ @ (T =0)x¥,(O)dt, (1=1,2,....M)
J=1 0



Revised Sensitivity Computation
Considering Overshoot

T
W _’.‘ A .
e denote the port currents and voltages J-[ i, (T)Avp (t) +V, (Z‘)Alp (t)]T:T_tdt
by vectors /, and V,,. Denote the non-
source branch currents and voltages by .
vectors /, and V). From Tellegen’s j
0

[, (T)Av, (1) + D, (T)Aiy ()], _,._,dt

theorem, we have

We set all voltage sources in the adjoint
network to zero and apply a current source [ = ZD u(t—t,)—u(t—t,)]
for each violation node: k=1

-1, ifv(t,) > Vdd
L ifv(,) < Vdd

k

Left hand: Ag = j{_z D, fu(t—t,)—-u(t-t, )]Avp (t)} dt

0 k=1

T Ag r A :
Right hand: A—C = ! 5@ (O] dt SR == ![ZR (2t (D], it



SQP Based Optimization

Algorithm for the SQP based optimization:
1. Select the intrinsic capacitance and controlled-ESR to be the initial
solution X
2. Simulate the power network circuit, and compute the sensitivity as
gradient using the revised method.
3. Use the gradient to approximate the problem with a linearly
constrained QP subproblem at X,
4. Solve for the step size d® to move.
5. If meet with termination condition, stop;
Else, let XtV = X + 4.
6. Increase ¢ and return to step 2.
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A Simple Case

P3
<'> % CtrlESR 1 CtrlESR 2 % CtrlESR 3
,I\ Decap 1 ,I\ Decap 2 ,I\ Decap 3

Initial values:
R =1 ohm and L=1 nH. Decap=0.01 nF, controlled-ESR = 1.0e-4 ohm.
Vdd is 1V, and the allowable voltage drop is 0.05V.
Constraints:
Maximum allowable decap at each node to be 0.1 nF,
Total decap should not exceed 0.2 nF,
Maximum allowable controlled-ESR at each node is 0.2 Ohm
Without optimization: The overall noise is 193.7 V*ps.
Optimize with decap only:
Decap at each node are: 0.1 nF, 0.09 nF, and 0.01 nF.
The noise after optimization is 6.3 V*ps.
Optimize with both decap and controlled-ESR:
Controlled-ESR values at each node are: 0.2 Ohm, 2.77e-2 Ohm, and 1.0e-4 Ohm.
The noise is further reduced to be 5.3 V*ps.
The controlled-ESR improves the noise by 15.9%.
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Experimental Results

Table |. Effect of considering voltage overshoot

Circuit | #Node .Cr:rnsider voltage Flmp. only C:::n.sidf:r both n'oltage_drr:r_p aqd overshoot | Noise lulcle;estﬁnarion due
Nowse (VF#ps) | # Violation node | Noise (V¥*ps) # Violation node to neglecting overshoot
CKTI 838 306.7 46 3248 46 3.6%
CKT2 1794 74063 325 81278 347 8.9%
CKT3 2006 S111.3 309 53249 309 4.0%
CKT4 3634 9770.1 268 100496 268 2.8%
CKT3 8330 36081 2470 58291 2470 4.0%
CKT6 14852 31420 8 2243 324773 2243 3.4%

® The noise is the voltage violation area and the number of violation nodes.

® Total noise is on average underestimated by 4.8% due to neglecting the
voltage overshoot.

® The number of violation nodes is almost the same for both cases.
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Experimental Results

Table Il. Comparison among three methods for the minimization of power
network noise

Circunt

Evenly allocate the decaps

Allocate decaps only with
the SQP-based method

Allocate both decaps and controlled-ESRs with
the SQP-based method

Noise # Violation Noise # Violation Noise # Violation | CPU time | Noise reduction compared
(V¥ps) node (V*ps) node (V*ps) node (s) to allocating decaps only

CKT1 2295 20 1134 23 821 16 26.2 27.6%

CKT2 6137.1 136 2538.0 104 2023 4 47 1728 20.3%

CKT3 45979 141 2308.3 88 20772 78 116.7 10.0%

CKT4 8939.0 235 2212.5 06 15270 47 141.6 30.8%

CKT3 33523 1245 1694 3 617 10730 333 11952 36.7%

CKT6 269169 1191 6338 1 390 4853 6 204 25641 25.8%

® The noise (column 2, 4, 6) and the number of violation nodes (column 3, 5, 7)
are reduced.

® The improvement brought by considering the controlled-ESRs is 25% on
average.

®\\/ith the third method, the average allocated controlled-ESR ranges from
0.038 Ohm to 0.083 Ohm for different cases.




Voltage Waveforms with
Different Optimizations
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Relationship between Decap
Budget and Noise
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®Larger decap budget leads to smaller noise

® Tradeoff between the noise reduction and the decap investment "



Conclusions

e Optimize power network with both decap
and controlled-ESR.

e Revised sensitivity computation considering
voltage overshoot.

e SQP based optimization

17



Thank Youl!

Q&A



	On-Chip Power Network Optimization with Decoupling Capacitors and Controlled-ESRs 
	Outline of Optimization with Decap and Controlled-ESR
	Our Contributions
	Power Network Model with Controlled-ESR
	Voltage Variation Analysis�with Circuit State Equation
	Effect of Controlled-ESR on reducing the noise
	Power Network Noise Considering Overshoot
	Problem Formulation
	Sensitivity Computation with Merged Adjoint Network
	Revised Sensitivity Computation Considering Overshoot
	SQP Based Optimization
	A Simple Case 
	Experimental Results
	Experimental Results
	Voltage Waveforms with Different Optimizations
	Relationship between Decap Budget and Noise
	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


