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ABSTRACT

Variationsof power and ground levels affect VLSI circuit
performance.Trendsin device technologyandin packaging
havenecessitateda revision in conventionaldelaymodels.In
particular, simple scalablemodels are neededto predict
delays in the presenceof uncorrelatedpower and ground
noise.In this paper, we analyzethe effect of suchnoiseon
signal propagation through a buffer and presentsimple,
closed-formformulasto estimatethe correspondingchange
of delay. The modelcapturesboth positive (slowdown) and
negative (speedup)delaychanges.It is consistentwith short-
channelMOSFETbehavior, including carriervelocity satu-
ration effects. An application shows that repeaterchains
using buffers insteadof inherently faster inverterstend to
have superiorsupply-level-inducedjitter characteristics.The
expressionscanbe usedin any existing circuit performance
optimizationdesignßow or canbecombinedinto any delay
calculations as a correction factor.

Categories & Subject Descriptors:[Computer-
Aided Engineering]: Computer-aided design (CAD).

General Terms: Algorithms.

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

1.  INTRODUCTION

This paperdescribesa new model for the changein buffer
delay caused by both power and ground supply level
variationsand level variationsbetweenstagesin sequences
of repeaters.Thesedelaychangesarea large componentof
thetotal timing jitter for asignalwherethejitter accountsfor
all noisesourcessuchassubstratenoiseandcouplingnoise
aswell aspower level noise.Thereis asubstantialamountof
previous work in this area,notably papers:[4][6][13][14]
[19]. However, for several reasonsdescribedbelow, we
believe thattheproblembearsre-examinationanda renewed
effort to create a fast, simple model suitable for mass
implementation in a modern design ßow.

Growth in designsizesandscalingof interconnectionshave
led to therequirementfor insertionof very largenumbersof
buffer/repeatersin recent designs [1][7][9][15]. Among

them,[9] proposesan optimummultistagebuffer designto
drive long uniform lines.[7] and[15] considersimultaneous
buffer insertionandwire sizing for timing optimization.[1]
presentscomprehensive buffer insertiontechniquesfor noise
and delay optimization. Becauseof the buffer/repeatersÕ
preponderancein number, usein heavily loadednets,anduse
in clockandtiming circuits,buffer delaysaccountfor a large
percentageof all critical timing netsin a design.In someof
theseapplications,total timing uncertainty(not just worst-
casedelay)is important.Disturbanceof thebuffer delaywill
affect thetype,numberandpositionof buffers thatoptimize
the interconnectdelay. Therefore,it is essentialto take the
changeof delay into considerationin order to adjust the
solution for timing optimization.At the sametime, scaling
of power supply levels and improving transconductanceof
devices have increasedthe sensitivity of buffers to supply-
level-induceddelays.Finally, increasesin chip-level design
scales and modern packaging strategies such as bump
bondinghave localizedsupply variationsso that buffers in
onesetof supply levels aredriving buffers in anotherzone
with different supply levels. Since power loading is logic
switching-dependentand supply sources are localized,
power andgroundlevelsneednot be inverselycorrelatedas
is typical in a wire bonded die.

Under suchconditions,power-level-induceddelay changes
may either increaseor decreasethe effective delay of a
buffer, and successive stagesmay or may not accumulate
incrementaldelays. One must consider both power and
groundlevelsat thesignalsourceandat thecurrentbuffer to
derive an equivalent delay change. This value can be
substantially smaller than that predicted by superposing
ground-bounceandpower level changes[3][5][10][20][21].
The superpositionapproximationworks well only if the
variationsin the power distribution network aremirroredin
the groundnetwork. However, dueto changesin packaging
technologyand the number of pins that can feasibly be
devotedto powerandgroundconnections,nosingleparasitic
dominatesthe noise on the power and ground nets. Yet
anothertrendin technologyis the relative reductionof gate
parasitics compared to those from the interconnection
network. Theneteffect of this is de-correlationof thepower
and ground voltage variations which in turn make delay
variationsmuchmorecomplex. In particular, theworst-case
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delaycausedby power noisemaynot occursimultaneously
with the worst-casedelay due to ground noise, and the
superposition may cause a substantial overestimation.
Second,the delay effects of commonmode voltageshifts
will be shown to be larger in scale than equivalent
differentialmodechanges.(Differentialmodevoltageshifts
are the mostcommonlystudiedmodel).Lastly, changesin
power distribution andclockingstrategies,andthepotential
for futurechanges,createtheneedfor a timing modelwhich
is independentof commonassumptionsaboutpower level
noisesources.We do assumethat large scalepower level
changesresultfrom anensembleeffectof many 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
capacitancelimits themagnitudeof thehighestspeednoise
excursions.(Thiscannotbedonein laterstagesof thepower
network designbecauseof inductancein both the physical
network andthepackagedcapacitors).We thereforeassume
that the remaininglarge magnitudenoiseexcursionsoccur
at a somewhat slower time scalethanthe typical switching
transitions in buffers meeting common design requirements.

In the following, we analyze the effect of P/G (power/
ground)noiseon buffer delay, and presentlinear, closed-
form formulasfor thecorrespondingincrementalchangesin
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 analysistoolsandstatistical
delayestimatorsascorrectionsto nominaldelaymodelsthat
account for other effects. The expressions make few
assumptions about the speciÞc shape of the P/G
noisewaveform.Furthermore,they areshown to be largely
independentof the buffer load circuit structure,increasing
their applicability.

The restof the paperis organizedas follows: sections2-3
deÞneP/G noise,buffer delaynomenclature,and illustrate
the P/G-noise-inducedbuffer delay change. Section 4
presents our new model. Section 5 demonstratesthe
accuracy and Þdelity of the model. Applications of the
modelandconcludingremarksarepresentedin sections6-
7. Detailed derivations are given in Appendices A and B.

2.  BUFFER DELAY CONVENTIONS

A buffer is a chainof taperedinverters.Here,we consider
buffers consisting of one inverter or two inverters.

2.1  Variation of Vdd and Vss
We useVdd, Vss, Vi (input),Vin (adjustedinput),Vo (output),
Vout (adjustedoutput),etc.to representvaluesrelatedto the
ideal power and groundlevels, and we useVddÕ, VssÕ, ViÕ,
VinÕ, VoÕ, VoutÕ, etc.to representthecorrespondingvaluesin
the presenceof power and ground noise. DVdd and DVss

denote the variation of power supply and ground,
respectively.

 (power noise) (1)

 ( ) (ground noise) (2)

In small-scalewire-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 DVdd is often
symmetricto DVss.However, in modernbump-bondedand
low-inductance package styles, the package distributes
power over the whole areaof the chip (Þgure1). Every
bump connects to an underlying local power/ground
network. To save chip metallization area and improve
density, global power distribution metal is reduced in
preferenceto thicker packagedistribution layers.Increasing
designscalescausesanincreasein longwire loading,andin
more wires connectingbetweendifferent power domains.
Logic-level-dependentcurrentsßow betweensuchblocks,
causingasymmetricpowerandgroundnoisewithin ablock.
This noise is increasedby the inclusion (within a bump
block) of long wire repeaterbuffers which areoften added
in a post-placement timing optimization step.

Figure 1 shows a simple circuit which usesbump-bond
packaging.Eachblock is deÞnedby thesubcircuitsupplied
by a pair of bumps(Vdd/Vss). Supposethat thecellsA to E
have transitions.Switchingof thebuffersA, B andD hasa
symmetriceffectonthepowerandgroundnoise( and

), becausethey drive loads (consisting largely of
parasiticinterconnectcapacitance)within the sameblock.
On the otherhand,switchingof the C andE buffers hasa
non-symmetriceffect on and , becausethey
drive loadswhich areoutsideof block 1, causingdifferent
switching currentsto ßow through the power and ground
portsof block 1. Sincewiresleaving a block arelikely to be
physically long, thesecurrentsare proportionally large. In
general,thereis little reasonfor thecurrentsßowing out of
the block via loads to cancel.

2.2  Incremental buffer delay change
To allow referenceto previous work, it is necessaryto
formally deÞne the model for buffer delay, as the
measurement levels are subject to noise.

Without lossof generality, we deÞnea bufferÕs ideal delay
as the time interval betweenits input and output voltage
reaching50%of thepower supplylevel. Figure2 illustrates
thedeÞnitionfor aninverterdelaygivenidealpower supply
and groundlevels. tpHL is the high-to-low delay when the
input of the inverter hasa rising transition.The input and
output transition times are tr and toT, respectively. Other
timevaluesare:ti5, to5, to1 andto9,whicharetimeswhenthe

VddD Vdd
¢ VddÐ=

VssD Vss
¢ Vss Vss

¢=Ð= Vss 0=

VD dd
¢ 1( )

VD ss
¢ 1( )

VD dd
¢ 1( ) VD ss

¢ 1( )
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input or outputvoltagereaches50%,10%,and90%of Vdd,
respectively.

(3)

(4)

Figure3 (a)and(b) illustratethedelayandslopewhenthere
is a P/G noise. In Þgure 3(a), we assumea bump-bond
packagingtechnique,in which every bump has a small
power/groundnetwork, relatively independentof theothers.
Therefore the low and high voltage levels of the input
transition ( ) are independentof the changeof
power supply and ground level for the buffer. The
correspondingbuffer delaysare and . In Þgure
3(b), conventional wire-bond packaging technique is
assumed.For sucha technique,the dominantnoiseon the
power supply and groundlevel is often due to the wiring
inductancein the package,so the whole chipÕs power and
groundnoisesaresynchronized.Therefore,thevoltagelevel
of the input transition( ) will be thesameasthat
of thebuffer. Thecorrespondingbuffer delaysare and

. Becauseof power supplyandgroundlevel changes,
we are interestedin delay measuredat different voltage
levels: the 50% point betweenthe ideal Vdd andVss (
and ), and the 50% point betweenthe disturbedVddÕ
and VssÕ( and ). Hencewe have four types of
disturbed buffer delays, correspondingto four types of
buffer delay changes.

The special output voltage points are deÞned as follows:

The disturbed high-to-low delay and slope are given by:

where , indicatingfour differentdeÞnitionsof
the disturbedbuffer delay and output slope illustrated in
Þgure 3 (a) & (b).

In Þgure3(a)wehave and . In Þgure

3(b) we have  and . Therefore,

,
With a rising transitionat the input, the changesof delay
and output transition time are deÞned as follows:

Theresultsshown in Þgure5 areaccordingto theÞrsttype
of delay deÞnition withj = 1.

3.  P/G NOISE DELAY EFFECTS

Thechangesof power supplyandgroundlevel affect signal
propagation throughan inverter in several different ways,
which will be discussed in this section.
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Figure 1.  Power distribution in bump-bond packaging
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3.1  Differential mode noise
We deÞne thedifferential mode noise (DMN) DVdif as:

where

 and

We have observed through HSpice simulations that the
voltage difference (Vdif) betweenthe power supply and
groundlevel affectsthe inverterdelay(tpHL/tpLH), which is
the inverterÕs ability to propagate signals. Similarly, the
changeof theabove difference(DVdif) affectsthechangeof
delay (DtpHL/DtpLH).

The differential modenoiseDVdif may becomepositive or
negative, depending on the directions and relative
amplitudesof DVdd andDVss. The voltagedifference(Vdif)
betweenpowersupplyandgroundlevel determineshow fast
thebuffer charges/dischargesits capacitive load,soit affects
the delayand the transitiontime of the buffer output.The
largerthedifference( ), thefasterthe
outputcharging/dischargingandthesmallerthebuffer delay
( ), which is stated in observation 1.

Observation1: Thebuffer delaychangeis linearlydependent
on the differentialmodenoise(DMN), aswill be shown in
section 4:

(5)

wherekd is a positive constantdependenton thedevice and
technologyparameters,the input transition times, and the
gateload.Theexpressionof kd canbefoundfrom equation
(A5) in AppendixB. Similar effectshold for both high-to-
low delayDtpHL and low-to-high delayDtpLH.

3.2  Common mode noise
We deÞne thecommon mode noise (CMN) DVcom as:

CMN modiÞestheeffective switchingthresholdof thegate.
The thresholdshift changesthe gatedelayas illustratedin
Þgure4. Figure4(a)shows a rising transitionarriving at the
buffer. Figure4(b) illustratesthegatethresholdshift andthe
correspondingdelay change causedby the power and
ground variations.

In Þgure4(b), N and P are the original points when the
NFET switchesfrom cutoff to saturationregion andPFET
switches from saturation to cutoff, respectively. The
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correspondingswitching times are indicatedtn and tp. For
noiseof limited amplitude,thetransistorthresholds(Vtn and
Vtp) do not change signiÞcantly, namely,

This causesa shift of theNFET andPFETswitchingpoints
from N and P to NÕand PÕ. The correspondingswitching
time shifts totn

Õ andtp
Õ, respectively.

ThepointsNÕandPÕcanbemappedto shiftedthresholdsin
Þgure 4(a) with ideal power supply and ground level:

We observe in Þgure 4(b) that:

Obviously, it takesmoretime for theNFET transistorto be
turned on and PFET to be turned off when both power
supply and ground level increase.

On the other hand,when power supply and ground level
decrease, we have

Hence, it takes less time for the NFET transistor to be
turnedon and PFET to be turnedoff for decreasedpower
and ground level.

Therefore, we make the following observation:

Observation 2: For an input with a rising transition, the
dependency betweenthe commonmodenoise(CMN) and
the buffer delay change can be expressed by:

(6)

wherekcr is a positive constantdeterminedby the device
and technologyparameters,input transition time, and the
gateload.Theexpressionof kcr canbefoundfrom equation
(A5) in Appendix B.

Similarly, for an input with a falling transition, the
dependency betweenthe commonmodenoise(CMN) and
the buffer delay change can be expressed by:

(7)

wherekcf ia a positive constantdeterminedby the device
and technologyparameters,input transition time, and the
gate load.

For a rising transition,the effective switching thresholdof
an inverter is set by the currentbalanceof the two active
transistors.For positivecommonmodenoise,this switching
thresholdis higher, and thereforeit is reachedlater by the
rising transition.Thusthedelayis increasedeventhoughthe
voltage acrossthe inverter, and hencethe current drive,
remains constant.

For a falling transition,the effective switchingthresholdof
the gaterises,so that the thresholdvoltagelevel is reached
earlier, and the effective gate delay decreases.This effect
occursevenif thedifferentialmodenoiseis zero,asit is the
switchinglevel - not thecurrentdrive - that is alteredby the
common mode noise.

We note an analogy here: a rising input transition with
positive commonmodenoisecanbethoughtof asclimbing
a rising mountain,which takesmore time thanclimbing a
mountainof initially thesame,yetstationary, dimensions.A
falling input transition with the same positive common
modenoiseis analogousto goingdownhill whenthebottom
of themountainrises,which takeslesstimethandescending
a corresponding Þxed dimensions mountain.

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

3.3  Loading effects
Both differential mode noise (DMN) and commonmode
noise(CMN) changebuffer delays.Sincethe delaychange
canbeof eithersign, thenoisesourcesneedto bemodeled
together. Figure5 shows alternative loadconÞgurationsand
the correspondingsimulateddelaychange(both rising and
falling transition)in 0.18mm technology. Note: Ddelay= 0
whenDVdd = DVss = 0.

In Þgure5 (a), the wire load of the inverter is a distributed
RC treenetwork, including vias, extractedfrom the layout
of a realcircuit. In Þgure5 (b), thewire loadis simpliÞedto
an RC p-model. In Þgure5 (c), the wire load is further
simpliÞed to a single resistor plus a single capacitor. In
Þgure5 (d), aneffective loadingcapacitoris usedto replace
the inverterÕs output load. These simpliÞed wire-load
models in Þgures 5(b)-(d) can be obtained using the
methodsdescribedin [16]. The delayis measuredwhenits
input (Vi) and output (Vo / VoÕ/ VoÓ/ VoÓÕ)voltagereach
50% of the ideal power supply voltage, respectively. The
rangefor the power andgroundnoiseis from -20% (-0.36
volt) to 20%(0.36volt) of thepower supplyvoltage,which
is setto 1.8 volt for the selectedtechnology. The rangefor
the change of delay is from -30ps to 30ps.

It is interestingto note that each of the four wire load
modelsdisplaysa linearrelationshipbetweenthechangeof
power/ground level and the change of inverter delay.
Furthermore,the linearity improves when the changeof
power and ground level is smaller than 20%. In practical
designs,thetolerablerangefor thepower andgroundlevels
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is usually less than .Thus, the CMN and DMN-
induced delays can be superposed as noted below.

Observation 3: For a rising input transitionandany of the
wire load models describedin Þgure 5, the incremental
change of buffer delay due to P/G noise is expressed as:

(8)

A similar result applies to a falling input transition:

(9)

wherek1r, k1f, k2r andk2f arepositive constantsdependent
only on input transitiontime, gateload,andthedevice and
technologyparameters.Theactualexpressionscanbefound
from equations(11) and (14) in section4.2, basedon the
theoretical model.

Observation 3 brings in two related observations.

Observation 4: Buffer delay changeis more sensitive to
common mode noise than to differential mode noise for
deepsubmicrondesigns,andmaybedominatedby common
modenoisein someinstances.This is indicatedby the fact
that the slope along the DVcom direction is much steeper

10%±

Figure 5.  Buffer delay change induced by P/G noise
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than the slopealong the DVdif direction in Þgure5. It also
indicatesk1r > k2r and k1f > k2f in equations(8) and (9).
This will be further discussed in section 4.4.

Observation5: Commonmodenoisehasdifferenteffectson
rising and falling transitions.As shown in Þgure5, for a
rising transition,with theincreaseof DVcomfrom -0.4to 0.4
volt, delay change increases.However, for a falling
transition,it is with thedecreaseof DVcom from 0.4 to -0.4
volt that the delay changeincreases.This is indicatedby
different signsassociatedwith (DVdd + DVss) in equations
(8) and (9): positive for a rising and negative for a falling
transition.

Observation 3 indicatesthat an appropriatesimpliÞedwire
load model can be usedfor delay modelingof the buffer
itself. With appropriate techniques [2][8][11][16], the
distributed RC load of a gate can be simpliÞed into the
nearly equivalent p-model shown in Þgure5(b). This p-
model is further simpliÞed into an effective capacitance
load,shown in Þgure5(d), by equatingtheaveragecurrents
for the two load models. Such a capacitancemodel is
inaccuratewhen the gate is behaving like a resistor[16].
This inaccuracy 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 inaccuracy 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 Þgure 5 (a) can be
approximatedby thevoltageat nodeoÕin Þgure5 (b), oÓin
Þgure 5 (c) andoÓÕin Þgure 5 (d):

However, thevoltageatnodeq is differentfrom thatof node
o:

ThesimpliÞedwire loadmodelis only usedto characterize
the interconnectÕs driving point (node o) delay, not the
receiving node(nodeq) delay. A varietyof techniquesexist
[5][11] in order to model the interconnectdelay. In this
paper, we focus only on the buffer delay characterization
which is typically half of the total wire delayfor optimized
long wires.

Power andgroundnoisecaneitherbe correlatedor largely
independentdependingon the relative magnitudeof the
power distribution parasiticsand the relative numberand
activity of signals crossing between power distribution
blocks. This noise contributes to the local buffer/inverter
delay in a complex way which can either increaseor
decreasethe signal delay. For applicationin performance
estimation,optimization,or analysis,it is usefulto develop
simple modelswhich can be quickly evaluatedand which
can be linked to theoretical device models.

4.  THEORETICAL MODEL

4.1  Inverter model
In deep submicron circuits, carrier velocity saturation
effectspredominate.To capturetheseeffectswhenderiving
the signal transitiondelayandslopevaluesin the presence
of power and groundvariations,we usethe short channel
alpha-power law MOSFET model [17].

From Figure 6, we have the following nodal equation:

where

In deepsubmicroncircuits thesignaltransitionsarefast,so
we can ignore the short circuit current [17][18]. (For the
technologiesreported in the results, short circuit errors
amountedto lessthan5%for incrementaldelayand20%for
incrementaltransitiontime, over all simulatedcases.)For a
rising transitionat the inverter input, short circuit current
from the NFET is negligible.

The currentßowing throughNFET (In) is computedfrom
the following equation [17]:

(10)

where

CUT, SAT, andLIN representcutoff, saturation, and linear
modes of operation, respectively. And:

The above alpha-power law model is based on four
parameters:a (velocity saturationindex), Vtn (threshold
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voltage),ID0 (draincurrentatVGS= VDS= Vdd), VDO (drain
saturationvoltageat VGS = Vdd). For MOSFET in current
technology, typical values for these parameters are:

, , and . We assume
that for a given transistorwith a given loadingcapacitance,
the above four values remain unchangedwith a small
disturbance of power supply and ground levels.

Figure 2 shows a typical traversal path for an inverterÕs
operationmodewhenthe input is a rising transition[17]. It
is divided into four regions.

In the following two subsections,referring to Þgures2~3,
we will derive theoutputwaveformandsimpleformulasto
estimatethe changeof delay and slope induced by the
change ofVdd andVss.

4.2  Change of buffer delay
The derivation of output waveform can be found in
appendixA. According to the results in appendixA, we
obtainti5Õ, to5Õ, to1Õ, andto9Õ. By settingDVdd andDVssto 0,
wecanobtainthecorrespondingti5, to5, to1, andto9. In order
to differentiatebetweenNFET andPFET, we usesubscripts
n andp to representparametersrelatedto NFET andPFET,
respectively. According to equations(A5) and (A6) in
appendix B, we have:

(11)

The change of delay can also be expressed as:

(12)

where

, (13)

For thefour typesof delaysdeÞnedin Þgure3, we obtained
the following coefÞcients:

,

,

,

,

Similar equationshave beenderived for . The main
differenceis that the four parameters(a, Vtp, ID0, VD0) are
obtainedfrom thecorrespondingPMOS,andthepolarity of
k1p is reversed compared to that ofk1n:

(14)

where

, (15)

Equations(11) and(14) matchtheresultsin observations3,
4 and 5.

Theorem 1: Equations(11) to (15) demonstratethat the
incrementalchangeof buffer delayis linearwith respectto
the power and ground variations.

ThecoefÞcientk1 quantiÞestheeffect of thecommonmode
noise while k2 characterizesthe effect of the differential
modenoiseon buffer delay. This theoremshows why the
observationsin sections3.1 through3.3 hold. k1n, k2n, k1p
and k2p are equivalent to k1r, k2r, k1f and k2f deÞnedin
observation 3.

Under certaincircumstances,the input transitiontime can
be changedby the P/G noise.In otherwords, , and

. The delay change will be slightly different:

where is a functionof P/Gnoise.For example,for the
Þrst type of delay change, we have:

which can be further simpliÞed to:

(16)

where

,

Equation(16) canbetransformedinto a form similar to that
of equation (12):

(17)
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we have:
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Lemma1: Using equation(16), we can easily seethat the
buffer delay changeis linearly related to 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:

(18)

where h3 and h4 are determined by the device and
technologyparameters,input transition time, and the gate
load.

4.4  Discussion
In this section,basedon the derived equations,we discuss
related issues and special cases.

4.4.1  The trend with technological scaling
With shrinkingfeaturesizes,futuredeepsubmicroncircuits
have decreasedpower supply value Vdd and decreased
velocity saturationindex a, leadingto increasedvaluesfor
the coefÞcients in equation(11). As a consequence,the
buffer delaywill becomemoresensitive to the samepower
and ground variations despite better packaging.

In classicwire-bondpackaging,thepowerandgroundnoise
were closely correlatedfor the whole chip. Henceit was
appropriateto measurethe delay at the 50% point of the
changedpower supply and ground level. We considered

asthedefault valuefor thehigh-to-low delaychange.
It is dominatedby the differential mode noise induced
effect, because .

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

on-chip distribution network is more important, but only
becausethesensitivity hasincreasedandtheslew rateshave
increased.It is thenappropriateto measurethedelayat the
50% point of the ideal power supplyandgroundlevel. We
consider as the default value for high-to-low delay
change.It is more sensitive to the common-mode-noise
induced delays, because . This matches the
simulation results shown in Þgure 5 and observation 4.

4.4.2  Power v.s. ground variation
As we mentioned in section 2.1, power and ground
variations are related, but not necessarily correlated.
Differentcombinationsof variationsexist. Usually IR-drop
is discussedwhen assuming and .
Ground-bounceis anotherspecialcasewhen and

. We list more special cases below.

1. Buffer delaychangecanbepositive (slowdown) or nega-
tive (speedup),dependingon the polarity of P/G noise,
the relative amplitudebetweenDVdd and DVss, and the
coefÞcients in equation (11).

2. Whenthechangesof power andgroundarein thesame
direction and have similar amplitudes, we have

. According to equation
(11), the buffer delaychangewill be dominatedby the
effect induced by common mode noise for

. However for the fourth type of delay
change, we will have .

On the other hand,when DVdd and DVss changein the
oppositedirectionsandhavesimilaramplitudes,wehave

. In such a case, if
, then , and the buffer delaychange

will be dominated by the effect induced by the
differential mode noise for . is
always dominatedby the effect of differential mode
noise because .

3. Supposethat,at a certaintime period,only power varia-
tion exists,i.e. . Thisdegradesto aspecialcase
describedin [19]. For suchacase,buffer delaychangeis
linearly proportionalto . In fact in [19] it hasbeen
experimentallyveriÞedthat Òagiven percentageof Vdd
variation translatesdirectly to the samepercentageof
delay variation.

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

4.4.3  DeÞnitions of delay
The expressionsfor delay and slope dependon how we
deÞne and . We obtained our formulas in
appendixA andB basedon typical cases.Comparingthese
four differentdelaydeÞnitions,we canseethat thesameP/
G noise has different effects on different Ddelay. Even
though different coefÞcientshave beenobtained,they all
follow theorem 1.
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4.4.4  Change of waveform
Delay expressionswill be different when the input/output
waveforms differ from the ones shown in Þgure 2-3.
Through HSPICE simulations,we have observed that the
casesshown in Þgure2-3 are typical for deepsubmicron
circuits. Whento5 andto5Õfall in region 2 or region 4, the
expressionfor becomesalittle morecomplicated,but
is still closed form. We donÕt list all corner cases here.

5.  MODEL VALID ATION

We validated our model in both 0.25mm and 0.18mm
technologies.As mentionedin section4.1, thealpha-power
law MOSFETmodelrelieson four parameters:a, Vtn, ID0
(drain currentat VGS = VDS = Vdd), VDO (drain saturation
voltageat VGS= Vdd). Thesefour parametersarenot listed
in thetechnologyÞles.We determinedthesevaluesfor each
transistorthroughHSPICEsimulation.Theextractionof ID0
andVDO arestraightforward.We follow themethodin [17]
to extracta andVtn.

Table1 shows our calculatedvariationsin delayandslope
comparedto HSpicesimulation,for a single inverter with
different parameters,in different technologies.10 setsof
dataare shown. Incrementaldelaysfor very fast (<50pS)
rise times are not shown, for they are more accurately
modeledthanthe presenteddataare.To achieve very high
slew rates, wire parasitics are necessarilylow so that
conventional gate-to-gate nominal delay characterization
works well. The approximationsmadein the incremental
delaychangemodelwork betterfor fastslew ratessincethe
shortcircuit currentis reduced,andfeed-forwardcapacitive
coupling is modeled in the nominal delay.

In the results,we canseethat the modelprovidesaccurate
estimationfor delay variations(DtpHL), with lessthan 5%
error relative to HSPICE over a ±20% supply variation

range.Themodelis notasaccuratein estimatingthechange
of transition time (DtoT). For delay estimation, this is
acceptablebecauseDtoT hasonly a secondordereffect on
the delay of the next stage. Note that this modeling
technique applies to arbitrary size inverters, loading
capacitance,and input transitiontimes.Comparisonof the
technologiesshows the trend of increasingsensitivity to
supply-level noise with scaling.

6.  APPLICATIONS

An important featureof the model is its relative lack of
dependenceon thecircuit loadingstructure.This simpliÞes
inclusionin a designßow asa modiÞcationto the existing
delaycalculation.Iterationsmayresult,becausetheupdated
delaywill further affect the power andgroundlevel. Since
our formulasare very simple,an iterative processmay be
affordable.This sectionwill show someapplicationsof our
modeling technique.

6.1  Delay change for special buffer design
To preserve duty cycle, clock buffer chain designsoften
presume equal input and output transition times. Thus:

Substitutingtr andDtr into equation (11), we have:

(19)

where

tpHLD

Parameter
0.25mm 0.18mm

Simulation Our Method Simulation Our Method

Wp/Wn
(mm)

CL
(ff)

tr
(ps)

DVdd
(volt)

DVss
(volt)

DtpHL
(ps)

DtoT
(ps)

DtpHL
(ps)

DtoT
(ps)

DtpHL
(ps)

DtoT
(ps)

DtpHL
(ps)

DtoT
(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% -4.733 -2.203 -4.491 5.1% -2.273 3.2%

Table 1: Validation of expressions for incremental buffer delay and slope changes
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, (20)

WhenDtr is ignored, we have:

,

,

,

,

If Dtr is not negligible, we have:

(21)

where

,

where

For a falling transition, we have:

(22)

Note that equations(19) ~ (22) are independentof input
slope.This resultis usedbelow to determinethecumulative
jitter in a buffer chain.

6.2  Different buffer chains
The linear relationshipbetweenthe P/G noise and delay
changecanbeusedto analyzethedeliveredjitter for achain
of single-inverter-buffers and a chain of double-inverter-
buffers, as shown in Þgure 7.

Assumethe input is a rising transition.For onestageof a
single-inverter-buffer, we have from equation (19):

(23)

For one stage of a double-inverter-buffer, we assumea
taperedbuffer design.Accordingto equations(19)and(22),
we have,

(24)

wherethesuperscripts(s) and(d) denotethecorresponding
parametersfor single-inverter-buffer and double-inverter-
buffer, respectively. And we assumetheparametersfor both
buffer designs are comparable.

In deepsubmicrontechnologies,the buffer delaychangeis
more sensitive to the common mode noise than to the
differential mode noise. This has been experimentally
demonstratedby our simulation results in Þgure 5, and
theoreticallyproved by our equation(11) which indicates

. In other words, we have:

f 1n
j( ) f 3n

j( ) f 4n
j( )+( ) 2¤= f 2n

j( ) f 4n
j( ) f 3n

j( )Ð( ) 2¤=

f 3n
1( ) 1= f 4n

1( ) 1
1 a+
------------- f 01×=

f 3n
2( ) 1

2
--- 1

2
--- f 01×Ð= f 4n

2( ) 1
2
---Ð 1

2
--- 1 aÐ

1 a+
------------- f 01× ×+=

f 3n
3( ) 1 1

2
---

vT

1 a+
-------------Ðè ø

æ ö f 01×+= f 4n
3( ) 1

2
---

vT

1 a+
-------------+è ø

æ ö f 01×=

f 3n
4( ) 1

2
---

vT

1 a+
------------- f 01×Ð= f 4n

4( ) 1
2
---Ð

vT

1 a+
------------- f 01×+=

tpHL
j( )D

CL

I D0
-------- f 3n

j( )¢ VddD× f 4n
j( )¢ VssD×+( )×= j 1 4~=( )

f 3n
j( )¢ f 3n

j( ) f 03+= f 4n
j( )¢ f 4n

j( ) f 03Ð=

f 01
0.9
0.8
-------

VD0

0.8Vdd
-----------------

10VD0

eVdd
----------------è ø

æ öln×+=

f 02
0.9
0.8
-------

VD0

0.8Vdd
-----------------Ð=

f 03
1
2
---

1 vTÐ

1 a+
--------------Ðè ø

æ ö f 02×=

tpLH
j( )D

CL

I D0
-------- fÐ 1p

j( ) Vcom f 2p
j( ) Vdi fD×ÐD×( )×=

(a) Single-inverter-buffer chain

(b) Double-inverter-buffer chain

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

Whentheamplitudeof thecommonmodenoiseis at leastas
largeasthatof thedifferentialmodenoise,thedelaychange
of bothbuffer designswill bedominatedby commonmode
noise.However, when and are comparable,the
delay change induced by common mode noise from
equation(24) will cancelwhile the delaychangegiven by
the equation (23) will dominate. Hence, we make the
following observation:

Observation 6: The delayof a double-inverter-buffer chain
is lesssensitive to the power/groundnoisevariationsthan
that of a single-inverter-buffer chain.

Figure8 showssimulationresultsof buffer delaychangefor
thebuffer chainsshown in Þgure7. Thepower/groundnoise
of eachbuffer in thechainis independentof theothersand
rangesover of Vdd. Inverter sizesare determined
such that both buffer chains in Þgure 7 have a similar
nominal delay (around 280ps).This is done to simplify
comparisonof the delay changes,becausebuffer chains
with un-correlateddelaywould bedifÞcult to compare.We
choosesimilar wire loads for each stage.We randomly
simulate20000 combinationsof P/G noise inducedjitter.
The statistics in Þgure 8 clearly show that the overall

deliveredjitter (total delaychangeof the buffer chain) for
the double-inverterbuffers is smallerthanthat of a single-
inverterbuffer chain.In otherwords,asingle-inverterbuffer
chainhaslarger delayuncertaintythan the double-inverter
buffer chain.Thisprovidesusanew guidelinefor design:in
termsof power/groundnoiseavoidance,thedouble-inverter
buffer chainis a betterchoice.Double-inverterbuffershave
slightly larger currentrequirementsthaninvertersdueboth
to taperingandto thedominationof loadcapacitanceby the
interconnect,so the effect of additional current is minor.
This result is affected by rapidly changingpower levels
primarily in the slow rise-time(RC dominated)extentsof
the interconnect.However, such effects should be similar
for both styles of repeater.

7.  CONCLUSION

Maintainingsignalintegrity in deepsubmicroncircuits is a
difÞcult problem. Variations of power and ground levels
play an important role because this type of noise
signiÞcantlydegradescircuit performance.Deepsubmicron
circuits have decreasedpower supply level Vdd and
decreasedvelocity saturationindex a, leadingto increased
sensitivity of delayto P/Gnoise.Thus,despitethereduction
of noise from lower-inductancepackaging, the relative
magnitudeof the delay changesis still a seriouspotential
problem.

We studiedthe effects of differential and commonmode
power/groundnoiseon buffer delay. Usingthea-power law
MOSFET model,we derived generalformulasto estimate
theinßuenceof powerandgroundnoiseondelayandslope.
As ourmodeldoesnot rely on thecircuit structure,it canbe
incorporated into any existing gate delay calculation
techniques.It is simple and accurate.An application in
clock buffer chaindesignshows that repeaterchains,using
buffers insteadof inherently fasterinverters,tend to have
superior level - induced delay characteristics.
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APPENDIX A: DERIVING THE OUTPUT
WAVEFORM IN THE PRESENCE OF
POWER AND GROUND NOISE

We Þrst derive the output waveform for Þgure3(a). The
derivation is basedon the deÞnitionsfrom Þgures2 and
3(a).

In region 1, NMOS is in cutoff. So we have:

(A1)

In region 2, NMOS is in saturationmode,andthe input is
deÞnedby equation(10).TheoutputwaveformsatisÞesthe
following differential equation:

Let . With initial condition ,
, we get:

(A2)

where

Referring to Þgure 3, we have:
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In region 3, NMOS is still in saturationmode.But theinput
is Þxed at:

Substitutingthe above equationinto region 2Õs differential
equation, with initial condition (tr, ), we get:

(A3)

where

and is thetimewhen , expressedasfollows:

where

In region 4, the input is thesameasin region 3, but NMOS
goesinto linearoperationmode.Thedischarging processis
described by the following differential equation:

Substituting the initial condition (tD0Õ,VD0), we get:

(A4)

where

,

When , equations(A1), (A2), (A3) and
(A4) describe the output waveform with idealVdd andVss.

Similar resultswereobtainedwhentheinverterhasa falling
transitionat its input. In sucha case,we considerPMOSto
beon,andNMOS to beoff. PMOSwill startfrom its cutoff
region, traversethesaturationregion andÞnallysettlein its
linear region.

A similar procedurecan be applied to obtain the output
waveform for Þgure 3(b).

APPENDIX B: DERIVING THE BUFFER
DELAY CHANGE

We usethe derivation of asan example.Derivation
and the results for the other three types are similar.

Accordingto the resultsin appendixA, we obtainti5Õ, to5Õ,
to1Õ, to9Õand tD0Õ. By settingDVdd and DVss to 0, we can
obtainthecorrespondingti5, to5, to1, to9 andtD0. Therefore,
we have:

According to Þgure 3, for the signal transition with
disturbedVdd andVss, we have:

where  is deÞned in appendix A.

wheretD0Õ andR3Õ are deÞned in appendix A.

where

According to the deÞnitions in section 3.2, we obtain:

(A5)

where

,

The change of delay can also be expressed as:

(A6)

where

,

We also obtain the change of slope as follows:
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(A7)

where

By applying a Taylor expansion, we obtain:

Thereforethe changeof output slopecan be simpliÞedas
follows:

(A8)

or,

(A9)

where

,
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