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ABSTRACT

Variationsof power and ground levels affect VLSI circuit
performanceTrendsin device technologyandin packaging
have necessitated revisionin corventionaldelaymodels.In
particular simple scalablemodels are neededto predict
delaysin the presenceof uncorrelatedpower and ground
noise.In this paper we analyzethe effect of suchnoiseon
signal propagtion through a buffer and presentsimple,
closed-formformulasto estimatethe correspondinghange
of delay The modelcaptureshoth positive (slowdown) and
negative (speedupylelaychangesilt is consistentvith short-
channelMOSFET behaior, including carriervelocity satu-
ration effects. An application shavs that repeaterchains
using buffers insteadof inherently fasterinverterstend to
have superiorsupply-lerel-inducediitter characteristicsThe
expressionganbe usedin ary existing circuit performance
optimizationdesignf3ow or canbe combinedinto ary delay
calculations as a correctioadtor

Categories & Subject Descriptors{Computer
Aided Engineering]: Computerided design (CAD).

General Terms: Algorithms.

Keywords: Pawver and ground noise, differential mode
noise, common mode noise, incremental delay change.

1. INTRODUCTION

This paperdescribesa new modelfor the changein buffer
delay causedby both power and ground supply level
variationsand level variationsbetweenstagesn sequences
of repeatersThesedelay changesare a large componenbf
thetotal timing jitter for a signalwherethejitter accountdor
all noisesourcessuchassubstratenoiseand couplingnoise
aswell aspower level noise.Thereis a substantiahmountof
previous work in this area,notably papers:[4][6][13][14]
[19]. However, for several reasonsdescribedbelon, we
believe thatthe problembearsre-examinationandarenaved
effort to create a fast, simple model suitable for mass
implementation in a modern designwo

Growth in designsizesandscalingof interconnectionhiave
led to therequiremenfor insertionof very large numbersof
buffer/repeatersin recent designs [1][7][9][15]. Among

them,[9] proposesan optimum multistagebuffer designto
drive long uniform lines.[7] and[15] considersimultaneous
buffer insertionandwire sizing for timing optimization.[1]
presentsomprehensi buffer insertiontechniquegor noise
and delay optimization. Becauseof the buffer/repeatersO
preponderance humberusein heaily loadednets,anduse
in clock andtiming circuits, buffer delaysaccountfor alarge
percentagef all critical timing netsin a design.In someof
theseapplications total timing uncertainty(not just worst-
casedelay)is important.Disturbanceof the buffer delaywill
affect thetype, numberandpositionof buffersthatoptimize
the interconnectdelay Therefore,it is essentiako take the
changeof delay into considerationin order to adjustthe
solutionfor timing optimization.At the sametime, scaling
of power supply levels and improving transconductancef
devices have increasedhe sensitvity of buffersto supply-
level-induceddelays.Finally, increasesn chip-level design
scales and modern packaging stratgies such as bump
bonding have localized supply variationsso that buffers in
onesetof supplylevels aredriving buffers in anotherzone
with different supply levels. Since power loading is logic
switching-dependentand supply sources are localized,
power andgroundlevels neednot be inverselycorrelatedas
is typical in a wire bonded die.

Under such conditions,powerlevel-induceddelay changes
may either increaseor decreasethe effective delay of a
buffer, and successie stagesmay or may not accumulate
incremental delays. One must consider both powver and
groundlevelsat the signalsourceandat the currentbuffer to
derive an equialent delay change. This value can be
substantially smaller than that predicted by superposing
ground-bounceand power level changed3][5][10][20][21].
The superpositionapproximationworks well only if the
variationsin the power distribution network are mirroredin
the groundnetwork. However, dueto changesn packaging
technology and the number of pins that can feasibly be
devotedto pawer andgroundconnectionsno singleparasitic
dominatesthe noise on the power and ground nets. Yet
anothertrendin technologyis the relative reductionof gate
parasitics compared to those from the interconnection
network. The neteffect of this is de-correlatiorof the power
and ground voltage variations which in turn make delay
variationsmuchmorecomple. In particular the worst-case



delaycausedy power noisemay not occursimultaneously
with the worst-casedelay due to ground noise, and the
superposition may cause a substantial overestimation.
Second,the delay effects of commonmock voltage shifts
will be shavn to be larger in scale than equialent
differentialmodechanges(Differentialmodevoltageshifts
arethe mostcommonlystudiedmodel). Lastly, changesn
power distribution andclocking strategjies,andthe potential
for future changescreatethe needfor atiming modelwhich
is independenbf commonassumptionaboutpower level
noise sourcesWe do assumethat large scalepower level
changesesultfrom anensemblesffect of mary devicesata
variety of differing slew rates. However, in a practical
design there must always be some amount of local
decoupling capacitance(both parasitic and added). This
capacitancdimits the magnitudeof the highestspeedoise
excursions(This cannotbedonein laterstageof the powver
network designbecauseof inductancen both the physical
network andthe packageaapacitors)We thereforeassume
that the remaininglarge magnitudenoise excursionsoccur
at a somevhat slower time scalethanthe typical switching

transitions in bffers meeting common design requirements.

In the following, we analyzethe effect of P/G (power/
ground) noise on buffer delay and presentlinear, closed-
form formulasfor the correspondingncrementathangesn

delay based on a short-channeltransistor model. The
expressionssimultaneouslymodel both the power supply
and ground levels, resulting in positive (slowdown) or

negative (speedup)delay changes.Theseexpressionsare
intendedfor inclusionin timing analysistools andstatistical
delayestimatorsascorrectiongo nominaldelaymodelsthat
account for other effects. The expressionsmale few

assumptions about the specibc shape of the P/G
noisewaveform. Furthermorethey areshavn to be largely
independenbf the buffer load circuit structure,increasing
their applicability

The restof the paperis organizedasfollows: sections2-3
debneP/G noise,buffer delay nomenclatureandillustrate
the P/G-noise-inducedbuffer delay change. Section 4
presentsour nev model. Section 5 demonstratesthe
accurag and bdelity of the model. Applications of the
modeland concludingremarksare presentedn sections6-
7. Detailed dewiations are gien in Appendices A and B.

2. BUFFER DELAY CONVENTIONS

A buffer is a chain of taperedinverters.Here,we consider
buffers consisting of onewerter or tvo inverters.

2.1 \ariation of V 44 and Vg

We useVyq, Vss Vi (input), Vi, (adjustednput), V, (output),
Vout (adjustedoutput),etc. to represenvaluesrelatedto the
ideal power and groundlevels, and we use Vy4(Q VO V:Q
VinO Vo0V, etc. to representhe correspondingaluesin
the presenceof power and ground noise. DVygq and DVgg

denote the variation of power supply and ground,
respectiely.

¢ .
DVyq = VgqPVyqg (PONeEr noise) (1)

DV = V DV = VSS (Vg = 0) (ground noise) (2)

In small-scalewwe-bond packaging styles, a dominant
supply level noise sourceis bond wire inductancein the
package.Neglecting I/O current drives, the power and
ground noise of the chip due to simultaneousswitching
typically follows an inverse pattern, and DVyq4 is often
symmetricto DV However, in modernbump-bondecand
low-inductance package styles, the package distributes
power over the whole areaof the chip (Pgurel). Every
bump connectsto an underlying local power/ground
network. To save chip metallization area and improve

density global power distribution metal is reducedin

preferenceo thicker packagedistribution layers.Increasing
designscaleausesnincreasen long wire loading,andin

more wires connectingbetweendifferent powver domains.
Logic-level-dependenturrentsBow betweensuch blocks,
causingasymmetrigoover andgroundnoisewithin ablock.

This noise is increasedby the inclusion (within a bump
block) of long wire repeatetbuffers which are often added
in a post-placement timing optimization step.

Figure 1 shaws a simple circuit which usesbump-bond
packaging Eachblock is debPnedy the subcircuitsupplied
by a pair of bumps(V44Vs9- SupposehatthecellsA to E
have transitions.Switchingof the buffers A, B andD hasa
symmetrlceffectonthepoNerandgroundn0|se(va,(dl) and
Dvi(S ), becausethey drive loads (consisting largely of
parasiticinterconnectcapacitancevithin the sameblock.

On the other hand,switching of the C and E buffers hasa
non-symmetriceffect on Dvddl) and DVSS , becausethey
drive loadswhich are outsideof block 1, causingdifferent
switching currentsto Row throughthe power and ground
portsof block 1. Sincewiresleaving a block arelikely to be
physically long, thesecurrentsare proportionallylarge. In

generalthereis little reasorfor the currentsl3owing out of
the block via loads to cancel.

2.2 Incremental kuffer delay change

To allow referenceto previous work, it is necessaryto
formally debne the model for buffer delay as the
measurement els are subject to noise.

Without loss of generality we debnea buffer® ideal delay
as the time interval betweenits input and output voltage
reaching50% of the power supplylevel. Figure?2 illustrates
thedebpnitionfor aninverterdelaygivenideal powver supply
and groundlevels. t,, is the high-to-lov delay whenthe
input of the inverter hasa rising transition. The input and
output transition times are t, and t,y, respectiely. Other
time valuesare:tis, tos5, ty andt,g whicharetimeswhenthe
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Figure 1. Power distribution in bump-bond packaging

input or outputvoltagereache$0%,10%,and90%of V yq,
respectiely.

tpHL= o5 Blis (3)
t,, Dtyg
tor= % (4)

Figure3 (a) and(b) illustratethedelayandslopewhenthere
is a P/G noise. In bgure 3(a), we assumea bump-bond
packagingtechnique,in which every bump has a small
power/groundnetwork, relatively independenof the others.
Thereforethe low and high voltage levels of the input
transition (V,,® V44) are independentof the changeof
power supply and ground level for the buffer. The
correspondingouffer delaysare tgH)L and t‘[(H)L In bPgure
3(b), corventional wire-bond packaging technlque is
assumedFor sucha technique the dominantnoiseon the
power supply and groundlevel is often due to the wiring
inductancein the package so the whole chip® power and
groundnmsesaresynchromzedT hereforethevoltagelevel
of thelnputtransmon(v ® Vdd)wnl be the sameasthat
of the buffer. The correspondmdpuffer deIaysaret‘I(H)L and
g,‘_")L Becauseof pawer supply and groundlevel changes
we are interestedin delay measuredat different volta%;e
Ievels the 50% point betweentheideal V 4q andV¢g (t

and t% H )), andthe 50% point betweenthe dlsturbedvddo
andV SO(t HL and t% HL) Hencewe have four types of
disturbed buffer delays correspondingto four types of
buffer delay changes.

The special outputoltage points are debned as falto
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The disturbed high-to-l@ delay and slope arewvgin by:

qj) 4j) o+ %)
toHL= tos Plis

i _ tol th,‘;)

0.8
where j = 1,2, 3,4, indicating four differentdepnitionsof
the disturbedbuffer delay and output slope illustrated in
Pgure 3 (a) & (b).

In bgure3(a)we have ty) = t&) andty’ = t32. In bgure

3(b) we hae t&) = 15" andtly = t&) . Therefore,

LR

oT ' ~oT
With a rising transitionat the input, the changesof delay
and output transition time are debned as ¥ato

(O) I §))

Dighe = oL Plone
(1) — 40)

DtoT - toT DtoT

Theresultsshavn in bgure5 areaccordingto the brsttype
of delay debnition with= 1.

3. P/G NOISE DELAY EFFECTS

The change®f power supplyandgroundlevel affect signal
propagtion through an inverterin several different ways,
which will be discussed in this section.
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Figure 3. Notation for disturbed delay and slope

3.1 Differential mode noise
We debne thdifferential mode nois€DMN) DV;; as:

_ ¢ _
DVgit = Vit PVgis = DVgg DDV g
where

¢ _ ¢ ¢ _
Vit = VagPVes andVye = Vg DV

We have obsered through HSpice simulations that the
voltage difference (Vyi) betweenthe power supply and
groundlevel affectsthe inverterdelay (ton/ty 1), whichis
the inverter® ability to propagite S|gnals S|m|larly, the
changeof the above difference(DVyf) affectsthe changeof

delay Otppy/Dip)-

The differential mode noise DV may becomepositive or
negative, depending on the directions and relatve
amplitudesof DV 4q andDV g4 The voltagedifference(V;)
betweermpower supplyandgroundlevel determinesiow fast
thebuffer chages/dischayesits capacitve load,soit affects
the delay andthe transmonnme of the buffer output. The
Iargerthed|fference(vdlf >Vgis P DVgis > 0), thefasterthe
outputchaging/dischaging andthe smallerthe buffer delay
(tf)H,_ <ty P Dty <0), which is stated in obseation 1.

Obsenationl Thebuffer delaychanges linearly dependent
on the differentialmodenoise(DMN), aswill be shavn in
section 4:

Xt gy = BKa XDV it = By X(DV4q DDV (5)
whereky is a positive constandependenbn the device and
technologyparametersthe input transitiontimes, and the
gateload. The expressionof ky canbe found from equation
(A5) in AppendixB. Similar effectshold for both high-to-
low delayDtp and lav-to-high delayDt, 1.
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Figure 4. Threshold shift of an inverter

3.2 Common mode noise
We debne theommon mode noig€MN) DV, as:

DVcom = Dvdd + DVss

CMN modibeghe effective switchingthresholdof the gate.
The thresholdshift changeghe gate delay asillustratedin
Pgured. Figure4(a) shavs arising transitionarriving at the
buffer. Figure4(b) illustratesthe gatethresholdshift andthe
correspondingdelay change causedby the power and
ground \ariations.

In bgure4(b), N and P are the original points when the
NFET switchesfrom cutoff to saturationregion and PFET
switches from saturation to cutoff, respectiely. The



correspondingwitching times are indicatedt,, andt,. For
noiseof limited amplitude thetransistotthresholdgV;,, and
Vip) do not change signiPcantlyamely

) ¢ _

Vs |oyp = ViPVes = Vin>0
WP ¢ _

V&S |oyp = ViPVaa = Vip<O

This causesa shift of the NFET andPFET switchingpoints
from N and P to NOand PO The correspondingwitching
time shifts tot,%andt, respectiely.

ThepointsNGandP&canbe mappedo shiftedthresholdsn
Pgure 4(a) with ideal peer supply and groundvel;

(shift)
tn

(N) - -
Ves| oy = ViPVss =V
(P) _ _ ,(shift)
Vs cuT ViBVyg = Vip
We obsere in bgure 4(b) that:
(shift) ¢ . .
DV, >0b V;, >V, b t >t b increasing dels

DVg4q>0P Vgghm) >V, P t; >t, P increasing dele

Olviously, it takesmoretime for the NFET transistorto be
turned on and PFET to be turned off when both power
supply and ground \el increase.

On the other hand, when power supply and ground level
decrease, we hia
DV <0p V"M <y b ti<t b decreasing del:

(shift)
DVgg<OP Vi

Hence,it takes lesstime for the NFET transistorto be
turnedon and PFET to be turnedoff for decreasegower
and ground heel.

<V P t(; <t, P decreasing del:

Therefore, we makthe follaving obseration:

Obsenation 2: For an input with a rising transition, the
dependeng betweenthe commonmodenoise (CMN) and
the tuffer delay change can brpressed by:

DtpHL|CMN = kcr ><th:om = I(cr ><(DVdd + DVss) (6)

wherek,, is a positive constantdeterminedby the device
and technologyparametersijnput transitiontime, and the
gateload. The expressiorof k., canbefoundfrom equation
(A5) in Appendix B o

Similarly, for an input with a falling transition, the
dependeng betweenthe commonmodenoise (CMN) and
the tuffer delay change can brpressed by:

DtpLH |CMN = B<cf xDVcom = D(cf >((D\/dd + Dvss) (7)

wherekg ia a positve constantdeterminedby the device
and technologyparametersinput transitiontime, and the
gate load.

For a rising transition, the effective switchingthresholdof
an inverteris setby the currentbalanceof the two active
transistorsFor positive commonmodenoise,this switching
thresholdis higher andthereforeit is reachedater by the
risingtransition.Thusthedelayis increaseaventhoughthe
voltage acrossthe inverter and hencethe current drive,
remains constant.

For afalling transition,the effective switchingthresholdof

the gaterises,so that the thresholdvoltagelevel is reached
earlier and the effective gate delay decreasesThis effect

occursevenif thedifferentialmodenoiseis zero,asit is the

switchinglevel - notthe currentdrive - thatis alteredby the

common mode noise.

We note an analogy here: a rising input transition with
positive commonmodenoisecanbe thoughtof asclimbing
a rising mountain,which takes more time than climbing a
mountainof initially thesameyet stationarydimensionsA
falling input transition with the same positve common
modenoiseis analogougo goingdownhill whenthebottom
of themountainrises,which takeslesstime thandescending
a corresponding ed dimensions mountain.

Therefore,commonmode noise has a different effect on
rising and &lling transitions.

3.3 Loading effects

Both differential mode noise (DMN) and commonmode
noise(CMN) changebuffer delays.Sincethe delaychange
canbe of eithersign,the noisesourcemeedto be modeled
togetherFigure5 shaws alternatve load conbgurationand
the correspondingimulateddelay change(both rising and
falling transition)in 0.18rm technology Note: Ddelay= 0

whenDVyq = DVg= 0.

In bgure5 (a), the wire load of theinverteris a distributed
RC tree network, including vias, extractedfrom the layout
of arealcircuit. In bgure5 (b), thewire loadis simplipedto

an RC p-model. In bgure5 (c), the wire load is further
simplibedto a single resistor plus a single capacitor In

bgure5 (d), aneffective loadingcapacitotis usedto replace
the inverter® output load. These simplibed wire-load
models in Pgures 5(b)-(d) can be obtained using the
methodsdescribedn [16]. The delayis measuredvhenits

input (V) and output (V, / V,0/ V,0/ V,00yoltage reach
50% of the ideal power supply voltage, respectiely. The
rangefor the power and groundnoiseis from -20% (-0.36
volt) to 20% (0.36volt) of the power supplyvoltage,which
is setto 1.8 volt for the selectedechnology The rangefor

the change of delay is from -30ps to 30ps.

It is interestingto note that each of the four wire load
modelsdisplaysa linearrelationshipbetweernthe changeof
power/ground level and the change of inverter delay
Furthermore,the linearity improves when the changeof
power and ground level is smallerthan 20%. In practical
designsthetolerablerangefor the power andgroundlevels
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Figure 5. Buffer delay change induced by P/G noise

is usually less than +10%.Thus, the CMN and DMN-
induced delays can be superposed as notedbelo

Obsenation 3: For a rising input transitionand ary of the
wire load models describedin bgure 5, the incremental
change of bffer delay due to P/G noise igpressed as:

DtpHL = kq; X(DV 44 + DVg) DKy, X(DV 4y DDV ) (8)
A similar result applies to alfling input transition:

Dtyn = Bk, ¢ X(DV gy + DVo) Pkyy X(DV 4y DDV (9)

whereky,, ki1, ko; andky; are positive constantsependent
only on input transitiontime, gateload, andthe device and
technologyparametersThe actualexpressionganbefound

from equations(11) and (14) in section4.2, basedon the

theoretical model

Obsenation 3 brings in tw related obseations.

Obsenation 4: Buffer delay changeis more sensitve to
common mode noise than to differential mode noise for
deepsubmicrondesignsandmaybe dominatedoy common
modenoisein someinstancesThis is indicatedby the fact
that the slope along the DVq,, direction is much steeper



thanthe slopealongthe DV directionin bgure5. It also
indicatesk;, > ky, andkjs > Ky in equations(8) and (9).
This will be further discussed in section 4.4.

Obsenation5: Commonmodenoisehasdifferenteffectson

rising and falling transitions.As shavn in bgure5, for a
rising transition,with theincreaseof DVq,,from -0.4t0 0.4
volt, delay change increases.However, for a falling

transition,it is with the deceaseof DV, from 0.4to -0.4
volt that the delay changeincreasesThis is indicated by

different signsassociatedvith (DVyq + DVsJ in equations
(8) and (9): positive for a rising and negative for a falling

transition.

Obsenation 3 indicatesthat an appropriatesimplibedwire
load model can be usedfor delay modeling of the buffer
itself. With appropriate techniques [2][8][11][16], the
distributed RC load of a gate can be simplibedinto the
nearly equialent p-model shavn in bgure 5(b). This p-
model is further simplibedinto an effective capacitance
load, shawvn in bgure5(d), by equatingthe averagecurrents
for the two load models. Such a capacitancemodel is
inaccuratewhen the gate is behaing like a resistor[16].
This inaccurag occursprimarily in the tail portion of the
output waveform. However, for our purposes.the buffer
delay is measuredat the midpoint of the logic swing.
Therefore,the inaccurag in the gate delay (not the wire
delay) caused by the effective capacitancemodel is
relatively small, usually lessthan 5% for the technologies
reported in the results.

The output voltage at node o in Pgure 5 (a) can be
approximatedy the voltageat nodeoQn Pgure5 (b), 00in
Pgure 5 (c) andOan bgure 5 (d):

Vo » Vg » V: » Vf
However, thevoltageat nodeq is differentfrom thatof node
o

V'V,
The simplipedwire load modelis only usedto characterize
the interconnec®ddriving point (node o) delay not the
receving node(nodeq) delay A variety of techniquesxist
[5][11] in order to model the interconnectdelay In this
paper we focus only on the buffer delay characterization

whichiis typically half of the total wire delayfor optimized
long wires.

Pawver andgroundnoisecaneitherbe correlatedor largely

independentdependingon the relatve magnitudeof the

power distribution parasiticsand the relatve numberand

actiity of signals crossing between power distribution

blocks. This noise contribtutes to the local buffer/inverter
delay in a complex way which can either increaseor

decreasdhe signal delay For applicationin performance
estimation,optimization,or analysisit is usefulto develop

simple modelswhich can be quickly evaluatedand which

can be linked to theoretical déce models.

4. THEORETICAL MODEL

4.1 Inverter model

In deep submicron circuits, carrier velocity saturation
effectspredominateTo capturetheseeffectswhenderiving
the signaltransitiondelay and slopevaluesin the presence
of power and groundvariations,we usethe shortchannel
alpha-paver lav MOSFET model [17].

From Figure 6, we he the follaving nodal equation:

I+, =1

n p c
where
d(V, BV
lC - L dt

In deepsubmicroncircuits the signaltransitionsarefast,so
we can ignore the short circuit current[17][18]. (For the
technologiesreportedin the results, short circuit errors
amountedo lessthan5% for incrementatielayand20%for
incrementakransitiontime, over all simulatedcases.yor a
rising transition at the inverter input, short circuit current
from the NFET is ngligible.

The current3owing throughNFET (I, is computedfrom
the folloving equation [17]:

0 (VgsE Vi) (CUT)
(Vps® Vp1)(SAT) (20)

(Vps<Vp1)(LIN)

i
:
!
In =1 Ip1
i
i (Ipg&Vpq) XV g
]

where
| = gé/GSDth('ja_ g,evinDth('ja
p1 = lbogy pv g — !pog
eV q PVin2 &V g BVin@
csPVing? 2_ o/ inPVing? 2

VDl ) VDOéVdd thng B Doévdd thnﬂ

CUT, SAI, andLIN representutof, satumation, andlinear
modes of operation, respaaly. And:

Vin = Vi DVSS: VGS

Vout = VoPVes™ Vps
The abore alpha-paver law model is based on four
parametersa (velocity saturationindex), Vi, (threshold

VSS VSS

Figure 6. Propagation of a transition



voltage),lpg (draincurrentatVgg= Vpg= Vyg), Vpo (drain

saturationvoltageat Vgg = Vyq). For MOSFET in current

technology typical values for these parametersare:

a=1~12,V,,8&Vy»0.2, and Vy,£ 0.6V, . We assume
thatfor a giventransistorwith a givenloadingcapacitance,
the above four values remain unchangedwith a small

disturbance of pmer supply and groundvels.

Figure 2 shawvs a typical traversal path for an inverter®
operationmodewhenthe inputis arising transition[17]. It
is divided into four rgions.

In the following two subsectionsteferringto bPgures2~3,
we will derive the outputwaveformandsimpleformulasto
estimatethe changeof delay and slope induced by the
change o4 andVeg

4.2 Change of bffer delay

The deriation of output waveform can be found in
appendixA. According to the resultsin appendixA, we
obtaint;sQt,s0t,;Qandt,gO By settingDVyg andDVgsto 0,
we canobtainthecorrespondings, tys, t1, @andtyg. In order
to differentiatebetweerNFET andPFET, we usesubscripts
n andp to represenparameterselatedto NFET andPFET,
respectiely. According to equations(A5) and (A6) in
appendix B, we hee:

) — () (J)
I:)tpHL - I(1n xDVcomDKZn ><DVdif

_ _ (11)
= K x(DV 44 + DV ) DK x(DV4 DDV )
The change of delay can also b@messed as:
1 — () ()
DthHL - k3Jn ><Dvdd + I(4]n XDVSS (12)
where
0 = o) ) = ) @3

For thefour typesof delaysdebnedn bgure3, we obtained
the folloving coebcients:

1 _ 1 CL L _ t, C_

Kin = sv 77y "o Kon = 5v 173 Por
NVgg(1+a) 25, Ngg(l+a) 2ip,

@_q% a @_ t _C

kin = I':2vdd *T+a’ < 2vdd(1+a)92|DO

@o S Y G

In 7 2100" 2" T (1+a)Vyy 2ipg

CL vy xtr
25y (1+a)Vyq
Similar equationshave beenderived for Dt“L)H . The main
differenceis thatthe four parameterga, Vy,, Ipo, Vpo) are

obtainedfrom the correspondind®MOS,andthe polarity of
kipis reversed compared to thatlof;:

(4) _ (4) _
I(1n =0, k2n -

) - 50 ()
DtpLH - a(1p xDVcoka2p xDVdif

. . (14)
= kgg xDVdd + kajyg xDVss
where
() — 5, 5 D) 0 oy G) o ()
k3p = a<1pDk2p, Kin = Bk1p+k2p (15)

Equationg11) and(14) matchtheresultsin obsenations3,
4 and 5.

Theorem 1: Equations(11) to (15) demonstratethat the
incrementalchangeof buffer delayis linear with respecto
the paver and groundariations.

Thecoebcientk; quantibpeshe effect of thecommonmode
noise while k, characterizeghe effect of the differential
mode noise on buffer delay This theoremshavs why the
obsenationsin sections3.1 through3.3 hold. kyp,, kop, Kqp
and ky, are equialent to kyy, kyy, kyf and k¢ dePnedin
obsenation 3.

Under certain circumstancesthe input transitiontime can
be changedby the P/G noise.In otherwords, Dt, * 0, and
tf = t, +Dt, . The delay change will be slightly tifent:

Dt(PJILL = I((1Jn) ><(DVdd + Dvss) Dk(zjrz X(Dvdd DDVSS) + Dtr xft(jjs)

where ffjjs) is a function of P/G noise.For example,for the
brst type of delay change, wevka
1

1 _ 1 1 DVss
fos = 30755 Py,

5
Bvrg

which can be further simplibed to:

1 1 1 1
DtgH)L: kgl[.(n) >(Dvdd + Dvss) a(gn) X(Dvdd DDVSS) +kgn) (16)
where
I(Cr(l) _ 1:r + Dtr + CL
In T 5 (1+a) o1 !
2Vdd(l+ a) 2l DO
t, + Dt C
K- _p L
2Vdd(1 +a) 2l DO
1Dv, .
q1) _ g T0
ken' = DXy xaé%Dl+aﬂ

Equation(16) canbetransformednto a form similar to that
of equation (12):
q1 _ 41 «1) Q1)

DtpHL - k3n xDVdd+k4n ><DV:ss+k5n (17)
where

Qo - Sy o G B

3n T ' ™Mn T

Ibo Vye(1+a)

Similarly, for the otherthreetypesof buffer delaychanges,
we have:



@ _ CL LDy
T 2V
DO dd
C, t+Dt
kZ(nZ):D_L+ r r, lba
2l 2Vy4y l+a
@@ 2 G W g VT
3 T lpo Vg €2 1+a®
kf‘(r?) = ﬂ xié+i_6
Vgg €2 1+a®
I((t(4) - CL 1:r +Dtr % v
8T 2lpg  Vgg 1+a
k:(:):DCL +tr+DtrxVT
2l Vy4q 1l+a

Q) _ oy ddpiPVs
Ksn' = Dt x5 D3 (1523.4)
Lemmal: Using equation(16), we can easily seethat the
buffer delay changeis linearly relatedto the power and
ground noise regardlessof the changeof input transition
time.

4.3 The change of slope

According to equation(A9) in appendixB, we have the
change of slope:

Dty = hg XDV g4+ h, xDV (18)

where hy and h, are determined by the device and
technologyparametersinput transitiontime, and the gate
load.

4.4 Discussion

In this section,basedon the derived equationswe discuss
related issues and special cases.

4.4.1 The &nd with tebnolagical scaling

With shrinkingfeaturesizes future deepsubmicroncircuits
have decreasedpower supply value Vy4 and decreased
velocity saturationindex a, leadingto increasedvaluesfor
the coebcientsin equation(11). As a consequencethe
buffer delaywill becomemore sensitive to the samepower
and ground ariations despite better packaging.

In classicwire-bondpackagingthe power andgroundnoise
were closely correlatedfor the whole chip. Henceit was
appropriateto measurethe delay at the 50% point of the
changedpower supply and ground level. We considered
Dtifgu asthedefault valuefor the high-to-lowv delaychange.
It is dominatedby the differential mode noise induced
effect, becausk(l‘;) =0.

However, in modernpackaging bump-bondtechniquesare
used.The power andgroundnoiseof eachblock/cellcanbe
relatively independentof all others. Bump bonding has
signibcantlylower parasiticsoverall - this meansthat the

on-chip distribution network is more important, but only
becausehe sensitvity hasincreasedindthe slew rateshave
increasedlt is thenappropriatedo measurghe delayat the
50% point of the ideal power supply and groundlevel. We
considerDt“,lL asthe default value for high-to-lav delay
change.lIt I1s more sensitie to the common-mode-noise
induced delays, because k(lﬁ)>k(2ﬁ). This matches the
simulation results shen in bPgure 5 and obsextion 4.

4.4.2 Pwer vs. gound variation

As we mentioned in section 2.1, powver and ground
variations are related, but not necessarily correlated.
Differentcombinationsof variationsexist. Usually IR-drop
is discussedwhen assuming DV;,<0 and DV = 0.
Ground-bounces anotherspecialcasewhen DV >0 and
DV4q = 0. We list more special cases bslo

1. Buffer delaychangecanbe positive (slovdown) or nega-
tive (speedup)dependingon the polarity of P/G noise,
the relative amplitudebetweenDVyy and DV andthe
coebcients in equation (11).

2. Whenthe changeof power andgroundarein the same
direction and have similar amplitudes, we have
[PV PDVyy C|DVs+ DVyy| - According to equation
(11), the buffer delay changewill be dominatedby the
effect induced by common mode noise for
Ddelay = Dt(Fjl,J,L. However for the fourth type of delay
change, we will hee Ddelay = DtE;zL »0.

On the other hand,when DVy4 and DV changein the
oppositedirectionsandhave similaramplitudeswe have
[DVgs+ DVyy| GIDV DDV . In such a case, if
K ¢kl then k(D5 kKD, and the buffer delay change
will be dominated by the effect induced by the
differential mode noise for Ddelay = Dty . D'y} is
always dominatedby the effect of differential mode
noise becausle(li) =0

3. Supposdhat,at a certaintime period,only power varia-
tion exists,i.e. DV = 0. Thisdegradedo aspecialcase
describedn [19]. For sucha case puffer delaychanges
linearly proportionalto DV, . In factin [19] it hasbeen
experimentallyveripedthat Oagiven percentagef Vg
variation translatesdirectly to the samepercentageof
delay ariation.

4. Similarly, whenthereis only a groundvariation, buffer
delay change is proportional to tb¥ .

4.4.3 Debnitions of delay

The expressionsfor delay and slope dependon hov we
debne Dt ,,, and Dty;. We obtained our formulas in
appendixA andB basedon typical casesComparingthese
four differentdelaydepnitionswe canseethatthe sameP/
G noise has different effects on different Ddelay Even
though different coefpcientshave beenobtained,they all
follow theorem 1.



0.25mm 0.18m
Parameter Simulation Our Method Simulation Our Method
Wpan CL t; I:)Vdd D‘/ss DtpHL DtoT DtpHL DtoT DtpHL DtoT DtpHL DtoT
(mm) | (ff) | (ps) | (volt) | (volt) || (ps) | (ps) (ps) (ps) (ps) | (ps) (ps) (ps)
10/5 | 100 | 100 | -0.250| -0.250(|-21.93|-4.198|-21.23| 3.2% |-4.849| 15% ||-24.94(-10.71 -24.50| 1.8% |-12.87|20.1%
10/5 | 100 | 100 | 0.00 | -0.100(|-4.729| 0.169(-4.694] 0.7% | 0.167| 1.1%||-6.224(-2.943 -5.970| 4.0% |-2.598| 11.9%
10/5 | 100 | 100 | 0.025 | 0.100 ||5.402| 0.421| 5.644| 4.5% | 0.418| 0.7%||6.950| 2.955| 6.927| 0.3% | 3.138| 6.2%
10/5 | 100 | 100 | 0.100 | 0.00 (|3.760| 2.043| 3.800| 1.0% | 2.007| 1.8%||3.708| 2.680| 3.828| 3.2% | 2.893| 8.0%
10/5 20 | 50 | -0.500| 0.025 [|-6.045|-1.683|-5.701| 5.6% |-1.768| 5.1%||-8.085(-6.923|-7.802| 3.5% |-6.238| 9.9%
10/5 20 | 50 | 0.500 | 0.100 ||8.599| 2.715| 8.195| 4.7% | 2.525| 7.0%]|9.729| 1.551| 10.22| 5.0% | 1.472| 5.1%
5/5 100 | 100 | 0.250 | 0.100 || 14.13| 5.366| 14.35| 1.6% | 4.926| 8.2%||17.30| 3.639| 16.46| 4.9% | 3.139|13.7%
5/5 100 | 100 | 0.500 | -0.025(|16.47| 10.15| 17.04| 3.4% | 10.24| 0.8%||19.15| 7.701| 18.06| 5.5% | 7.185| 6.7%
5/5 100 | 50 | 0.025 | -0.250(|8.294|-4.856| 8.686| 4.7% |-5.137| 5.8%||8.524| 1.677| 8.945| 4.9% | 1.467|12.5%
10/10 | 100 | 100 | -0.250| 0.050 ||-4.694|-10.08|-4.644) 1.1% |-11.78/16.8%4(-4.733|-2.203 -4.491| 5.1% |-2.273| 3.2%

Table 1: Validation of expressions ér incremental kuffer delay and slope changes

4.4.4 Chang of waveform

Delay expressionswill be different when the input/output
waveforms differ from the ones shawvn in Pbgure 2-3.
Through HSPICE simulations,we have obsened that the
casesshavn in bgure2-3 are typical for deepsubmicron
circuits. Whent,s andt,gOfall in region 2 or region 4, the
expressiorfor Dt ,,, becomeslittle morecomplicatedput
is still closed form. W donflist all corner cases here.

5. MODEL VALID ATION

We validated our model in both 0.25mm and 0.18mm

technologiesAs mentionedn section4.1, the alpha-paever

law MOSFET modelrelieson four parametersa, Vi, Ipg

(drain currentat Vgg = Vps = Vyg): Vpo (drain saturation
voltageat Vgg= Vyg). Thesefour parametersire not listed

in thetechnologybles.We determinedhesevaluesfor each
transistothroughHSPICEsimulation.Theextractionof I g

andVpg arestraightforvard. We follow the methodin [17]

to extracta andV,

Table 1 shows our calculatedvariationsin delayandslope
comparedto HSpice simulation, for a single inverter with
different parametersin different technologies.10 setsof
dataare showvn. Incrementaldelaysfor very fast (<50pS)
rise times are not shovn, for they are more accurately
modeledthanthe presentediataare. To achiese very high
slew rates, wire parasitics are necessarilylow so that
cornventional gate-to-gate nominal delay characterization
works well. The approximationsmadein the incremental
delaychangemodelwork betterfor fastslew ratessincethe
shortcircuit currentis reduced andfeed-forward capacitve
coupling is modeled in the nominal delay

In the results,we canseethat the modelprovidesaccurate
estimationfor delay variations(Dt,y ), with lessthan5%
error relatve to HSPICE over a +20% supply variation
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range. Themodelis notasaccuratan estimatinghe change
of transition time (Dt,1). For delay estimation, this is
acceptablébecausedt,t hasonly a secondorder effect on
the delay of the next stage. Note that this modeling
technique applies to arbitrary size inverters, loading
capacitanceand input transitiontimes. Comparisonof the
technologiesshavs the trend of increasingsensitvity to
supply-level noise with scaling.

6. APPLICATIONS

An important feature of the modelis its relative lack of

dependencen the circuit loadingstructure.This simplibes
inclusionin a designf3ow asa modibcationto the existing

delaycalculation Iterationsmayresult,becaus¢heupdated
delaywill further affect the power andgroundlevel. Since
our formulasare very simple, an iterative processmay be

affordable.This sectionwill shav someapplicationsof our

modeling technique.

6.1 Delay changedr special kuffer design

To presere duty cycle, clock buffer chain designsoften
presume equal input and output transition times. Thus:

_ 0% CVoo  adOWVooy
= Nt
T 08lp, 9 08lp, €eVy?
_ 0'9CL(DV PDV )+CLVDOX ® Vad o)
r7 08I, 949777 0.8lp,  €Vyy+DVyy DDV 2

Substitutingt, andDt, into equation (11), we ka:

) C . )
() - =L (1) (1)
DtpHL - '—B:) ><(fln ><DV(:omeZn ><DVdif)
. (1=1-4) (19)
_ L () ()
- G) >((]‘3n xDVdd + f4n ><DVss)

where



fin = (e fad 2, 15y = (oI (20)
WhenDy, is ignored, we hze:

1 _ nm__1

fan =1, fan = 755 %o

@ _151 2 1,1 1Pa

fan = 505 %fo1, fan = D5 +5x377 Xy

2
Vo s
1 = 1+8p_T 0y

V.
fon =3P17%

If D, is not ngligible, we hae:

. C e e _
ol = Géx(fg{]’ XDV gy + FP8xDV ) (j=1~4) (21)

(e _ () (e _ <)
fan = fant+ fogs fan = f4nPfgg

where

i =0
017 0.8 0.8V, €eVy?
0.9, Voo
fop = ==B
027 0.870.8Vy
A lDVTO

fos = & P30 02
For a flling transition, we hze:

. C, . .
oy, = P X(BF ) XDV o DT XDV i) (22)

Note that equations(19) ~ (22) are independenbf input
slope.Thisresultis usedbelow to determinehe cumulatve
jitter in a huffer chain.

6.2 Different buffer chains

The linear relationshipbetweenthe P/G noise and delay
changecanbeusedto analyzethe deliveredijitter for achain
of single-irverterbuffers and a chain of double-irverter
buffers, as shon in bgure 7.

Assumethe input is a rising transition.For one stageof a
single-irverterbuffer, we hae from equation (19):

CL
Ddelay(S) = Dt(pSIZIL = I(_S) x(fg.sg xDVcome(Zsﬁ) *DV 1) (23)
DO

For one stageof a double-irverterbuffer, we assumea
taperedbuffer design.Accordingto equationg19) and(22),
we have,

pdelay® = o, + &,

(24)
D(f(ztrjw) + f(2dp)) XDV gif]

com

C
= 5 (157 BIiD) oV
IDO
wherethe superscript¢s) and(d) denotethe corresponding
parametersfor single-irverterbuffer and double-irverter
buffer, respectiely. And we assumehe parameter$or both
buffer designs are comparable.

In deepsubmicrontechnologiesthe buffer delay changeis
more sensitve to the common mode noise than to the
differential mode noise. This has been experimentally
demonstratedoy our simulation resultsin bgure5, and
theoreticallyproved by our equation(11) which indicates
kY > kY In other vords, we hee:

1n 2n * ! '

o

(b) Double-inverter-buffer chain

Figure 7. Delay change for single-inverter chain v.s. double-inverter chain



()5 () £(d)_ £(d) c(d)_ ((d)
f1n>f2n’ f1n >f2n ! f1|o>f2p

Whentheamplitudeof thecommonmodenoiseis atleastas
large asthatof thedifferentialmodenoise thedelaychange
of both buffer designswill be dominatedoy commonmode
noise. However, when f(l(r? and f(ldp) are comparablethe

delay change induced by common mode noise from

equation(24) will cancelwhile the delay changegiven by

the equation (23) will dominate. Hence, we male the

following obseration:

Obsenation 6: The delay of a double-irverterbuffer chain
is lesssensitve to the pawer/groundnoise variationsthan
that of a single-iverterbuffer chain.

Figure8 shavs simulationresultsof buffer delaychangeor
thebuffer chainsshavn in bPgure7. The power/groundnoise
of eachbuffer in the chainis independenbf the othersand
rangesover +10% of Vg4 Inverter sizes are determined
such that both buffer chainsin bgure 7 have a similar
nominal delay (around 280ps). This is done to simplify
comparisonof the delay changes,becausebuffer chains
with un-correlatedielaywould be difbcultto compare We
choosesimilar wire loads for each stage.We randomly
simulate 20000 combinationsof P/G noiseinducedjitter.
The statisticsin bgure 8 clearly shov that the overall

3500
3000 —
2500 —
2000 —
1500 —
1000 —
500 —

o v 0
6 4 2 0 2 4 6 8

(a) Delay change for a singlevirterbuffer chain
(multiply by 10ps)

Number of classes

10

4000
3500 —
3000 -
2500 —
2000 -
1500 —
1000 -

500 —

N

-4 -2 0 2 4 6 8

(b) Delay change for a doubleverterbuffer chain
(multiply by 10ps)

Number of classes

Figure 8. Comparison of buffer delay change
(histogram)
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deliveredjitter (total delay changeof the buffer chain) for
the double-irverter buffers is smallerthanthat of a single-
inverterbuffer chain.In otherwords,a single-irverterbuffer
chainhaslarger delay uncertaintythan the double-irverter
buffer chain.This providesusanew guidelinefor design:in
termsof power/groundnoiseavoidance the double-irverter
buffer chainis a betterchoice.Double-irverterbuffers have
slightly larger currentrequirementghaninvertersdue both
to taperingandto thedominationof load capacitancéy the
interconnect,so the effect of additional currentis minor.
This result is affected by rapidly changingpower levels
primarily in the slow rise-time (RC dominated)extents of
the interconnect.However, such effects should be similar
for both styles of repeater

7. CONCLUSION

Maintainingsignalintegrity in deepsubmicroncircuitsis a

difbcult problem. Variations of power and ground levels

play an important role because this type of noise
signibpcantlydegradescircuit performanceDeepsubmicron
circuits have decreasedpower supply level Vyq and

decreasedelocity saturationindex a, leadingto increased
sensitvity of delayto P/Gnoise.Thus,despitethereduction
of noise from lowerinductance packaging,the relative

magnitudeof the delay changess still a seriouspotential
problem.

We studiedthe effects of differential and commonmode
power/groundnoiseon buffer delay Usingthea-power law
MOSFET model, we derived generalformulasto estimate
theinRuenceof power andgroundnoiseon delayandslope.
As our modeldoesnotrely onthecircuit structure jt canbe
incorporated into ary existing gate delay calculation
techniques.lt is simple and accurate.An application in
clock buffer chaindesignshaws that repeateichains,using
buffers insteadof inherently fasterinverters,tend to have
superior lgel - induced delay characteristics.
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APPENDIX A: DERIVING THE OUTPUT
WAVEFORM IN THE PRESENCE OF
POWER AND GROUND NOISE

We brst derive the output waveform for bgure3(a). The
derivation is basedon the debnitionsfrom bgures2 and
3(a).
Ve = vieDV,, = Lxv,, DDV
in = Yi ss Tt dd Ss

r

In region 1, NMOS is in cutdf So we hae:

¢
out

NV _.+V f5)
= My - (A1)

V -
Vg o

= Vgq+DVyy DDV é%m
e

In region 2, NMOS is in saturationmode,andthe input is

debneddy equation(10). The outputwaveform satispeshe

following differential equation:

¢ ¢ .8
dV e e VbV, o

CLTat T Y0V DV g BV,
Let vy = V,, V4. With initial condition Vi = v

tn?

¢ _ .
Vout = Vgg + DVyqPDV, We get:
¢ Ipo X,
Vout = (Vdd+ DV 44 DDVSS)D C, xg(t) (A2)
DV .. +V;. ) xt ..
Fegion 2: (OVss * Vin) EtEL
dd
where
Py DVss Ol+a
& b v DvTﬂ
g(t) - r dd
q DVyg . 2
(1+a)é + Vg Dng

Referring to bgure 3, we W&



¢ ¢
VTR = Vout(t = tr)
In region 3, NMOSiis still in saturatiormode.But the input
is pyed at:
Vi = VDDV,
Substitutingthe ab0/e equat|on|nto region 2@ differential
equation, with initial conditiontg VTR) we get:

¢
out

= (Vdd+DVddDDVSS)E) Vx[tatg] (A3)

CL

. . ¢
(region 3:t, £t £1t)

where
¢ _ ¢ dd -
fa = P
e a

¢ ; ¢ _ :
andty, isthetimewhenv , = V,, expressedsfollows:

¢ ¢
too = e “(Vaa * DVga DDV DVpg) + 1y
Do "Ky1
where
oV aq DDV BV, @
kyp = 0 »1

&V q+ DVyy BV, 2

In region 4, theinputis the sameasin region 3, but NMOS
goesinto linear operationmode.The dischaging processds
described by the follging differential equation:

¢

dVour _ 'DoaeVddDDV sPVing? @2 ¢
L dt VooV + DVgg PV, 2 ot

Substituting the initial conditiort§oOVpo), we get:

¢ B(t Btp) A(C, RY)

Vour = Vpe® (region 4:13 tj) (A4)
where
\
¢ DO .
R3 | ' 1 »1
poKv2

When DV, = DV~ 0, equations(Al), (A2), (A3) and
(A4) describe the outputaveform with ideaVy4 andVsg

Similar resultswereobtainedwhentheinverterhasafalling
transitionat its input. In sucha case we considePMOSto
beon,andNMOS to beoff. PMOSwill startfrom its cutoff
region, traversethe saturatiorregion and pnally settlein its
linear ragion.

A similar procedurecan be applied to obtain the output
waveform for bgure 3(b).
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APPENDIX B: DERIVING THE BUFFER
DELAY CHANGE

We usethe deriation of Dt(lk)|L as an example.Derivation
and the results for the other three types are similar

Accordingto the resultsin appendixA, we obtaintisQt,s0
t510 togOand tpoO By setting DV4q and DV to 0, we can
obtainthe correspondings, tys, ty1, tog @andtpg. Therefore,
we have:

tr
lis = 5
f = C Vygqg Vyta
5 =
0 2lpp 1+a "
ov
ty = tpg* C Ry xIn& VdSOO
V,,C 1(l+a)
dd™~L a
tog = trVTHf[lOI n x(1+a)(1Bbvy) ]
DO"r

According to bgure 3, for the signal transition with
disturbedVyy andVgg we hae:

t

q1) _

tis" = 5

) _ & dd 640

t05 - lDOkvl e 2 +Dvddg+ta
wheretg1 is dePned in appendix A.

10Vp, &

) _ ¢ ¢
= + 4
tor” = oo+ CLRs XINeG——57 BV _e

wheretpoOandR;Care debPned in appendix A.
Dv
5 =t = (@]

where

DV gq DDV g
Vg

According to the debnitions in section 3.2, we obtain:

_ CL dd Dvdd

~ 10Ip0t,

(1+a)3§+ ag

5
By

1 1 1
DY = KV X(DVgg + DV BKS X(DV4q BDV,) (A5)
where

Ko S O C

2Vye(l+a) 2lp," 2 _2vdd(1+a)Dz|D0

The change of delay can also bgressed as:

1 1 1
Dtp = K XDV gq + K XDV (A6)
where
KD = kKD KD, kP = 1D+ kD

We also obtain the change of slope as fadlo



(1) = (Dtory + Dtgrp + Dtyrg + Dtgry) 20.8 (A7)

where
c:L
DtoTl = G(_)X(DvddDDVss)
Vg 5
= — xV x| @ = d 0
Plor2 'Do D0 eV 4+ DV 1PV
a BV

Dt0T3 = tr xl +a Vdd

t, xpo X[(1Bv)? ¥ pp)]

Dtors
CLVgg(1+a) a1 +a)
[ 100 oot ]

DV, DDV .. DV .aql+a)

dd ) <8 + dd DVTO
Vag 2 ¢ Vg 2

By applying a @ylor expansion, we obtain:

plzgq"'

CL XV
Digry = Do X(DVg4EDV)
IDO Vdd

l1+2abavy DVyy 1+abavy DVgy
X + X

= X XK
Dora = 4P @5Vt T Tra V0

Thereforethe changeof outputslopecan be simplibedas
follows:

Dt = h{ x(Dv,, + DV ) DAY x(DV,, DDV, (A8)
or,
1 1 1
DSy = hSY xDv gy + Y XDV (A9)
where
1), (D (1) o (D)
D _ hy” +hy D h,’ Bhy
1 2 1 112 2
hO = i CL anVDOO (1+2a bavy) xpyxt
3 T 08llpy & Vg2 (1+a)xVy
h(l) _ _1_ |_ anVDOO [(1+abavy)py,ba] xt,
4 708 |Do Vyq? (1+a)xVy
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