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Abstract

While delay modeling of gates with a single switching input besived a lot of attention, the case of multiple inputs
switching in close temporal gximity is just beginning to be adddsed in the literater The effect of pximity of input transi-
tions can be signiiant on the delay and output transition time. The few attempts that hawsseldithis issue@abased on a
series-parallel transistor collapsing method thatiuces the multi-input gate to an inverfgris limits the technique to CMOS
technology Moreovey none of them discuss the appriate choice of voltage tesholds to measerdelay for a multi-input
gate. In this papeme fist present a method for the choice of voltagesholds for a multi-input gate that enssira positive
value of delay for any combination of input transition times and the temporal separations amongeh®nt Moduce a
dual-input ppximity model for the case when only two inputs of the gatewitching. \& then popose a simple algorithm
for calculating the delay and output transition time that makeeated use of the dual-inpubgimity model and that does
not collapse the gate into an equivalent inver@smparison with simulatioresults shows that our method performs quite
well in practice. Befar concluding the paper we also show the clesgtionship between the inertial delay of a gate and the
proximity of input transitions.
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Figure 1-1: A 3-input NAND gate with temporally close transitions on its inputs

1 Introduction

Development of accurate delay models continues to be a critical need for high-perfoxth&hegplicationsThe com-
bined efect of submicron feature sizes andykardie areas are forcing a reassessment of tivemtional models forae and
interconnect delaysThe earliest gte delay models accounted for sucteat as load capacitance and transistor §Rles
More recentlythe dependence of delay on theté transition times of digital signals has been recognizedveyadeesearch-
ers[6], [10], [14], [16] and incorporated in commercial delay calculafb8. In this paperwe address the dependenceaitg
delay on theemporal poximity of input transitionsThis efect was identifed by a number of research}, [13] and repre-
sents a form of state-dependgifi], [17]. To date, hwever, the modeling approaches proposed to capture proxinfiggtef
are incomplete, inaccurate, or spectb particular design styleShe proximity model we introduce in this paper attempts to
remedy these shortcomings.

To illustrate the déct of transition proximity on ae delay consider the three-input CMOSND gate shwn in
Figurel-1 and assume that inpuasandb experience, respesttly, slov and fst flling transitions while input is stable at
Vg Figurel-2(a) depicts theariation of gite delay as a function of the temporal separation between the transitaadn
b. For suficiently lage separations, the transition loiis bloclked by the controllingalue ona (logic 0) and does notfatt
gate delayAs the separation decreasesybeer, the p-transistor connectedhetarts to conduct and piides another current
path fromVyq to the outputAs a result, the output riseaster and the fefctive gate delay is reduceds the fgure shavs, the
reduction in gte delay due to this proximity phenomenon can be signifiA similar efect can be obseed for the rise time
on the outputKigure1-2(b)). Consider ne the case when inpuésandb experience rising transitions while inputs stable at
Vyg As Figurel-2(c) and (d) shw, gate delay and outpualf time become decreasing functions of separaifibis can be
readily xplained by gamining the behaor of the n-transistors in the pull-do stack.
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Figure 1-2: Variation of delay and output transition times as a function of separation be-

It should be clear from this simpleample that the ariation in delay due to temporal proximity can be sigaiit and
should be modeled if accurate delay estimations are soughieveipwhile the case of single-input switching has reseia
lot of attention, the proximity &dct is just starting to be addressed in the literature yM#tempts to model the delay of multi-
input cates assume only one input is switchiBfy [11], [15] and thus do not tektemporal proximity of input transitions into
accountWe naw review the research that does consider multiple switching inpuf8]an equialent waveform is found
from the ones that are switching and the multi-in@iéds collapsed into anvierter by series parallel reduction of the transis-
tors. The justifcations for dexiing the equialent waveform are not clearly stated. In addition, the output loading and input
transition times are not tak into account while collapsing the transistéssnoted in13], this can lead to Ige errors and an
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attempt has been made in thairlwto tale loading and input transition times into account while reducing dte= Their
method reduces to that [#] when the inputs switch together and their transition times are Srhalmethod alsoffids an
equivalent input vaveform which is then applied to thevarter denved from the multi-input gte and is principally geared
towards calculating the peak supply current. Percentage error for delay and output transition times\ane. htdngver, all

these techniques\g signifcant errors when we measure delay and output transition time. Woré@se techniques assume

a CMOS implementation of theatg since theare based on combining series-parallel transistors. In this paper we propose a
novel technique for computing the delay and output transition times that does not collapse a multtepotag iverter

While our technique can be applied ty dachnologywe illustrate it with CMOS technology in this paper

The rest of this paper isganized as follas. In Section 2, we describewdo choose appropriat@lage thresholds for
multi-input gates to ensure posié delays. In Section 3, we formulate the delay and output transition time fofiaput cate
and propose a temporal proximity model for tladeg In Section 4, we delop the proximity model for a multi-inputate
using this dual-input proximity modélhe eperimental alidation of our model for a three-inpuAND gate is presented in
Section 5We base our comparisons on circuit simulations performed using H3P2LEVe digress briefl in Section 6, to
shaw the relationship between inertial delay and the proximfgcefand conclude the paper in Section 7, by summarizing our
contribution and indicating future ovk.

2 Defining dela y thresholds

Delay is measured from the time when an input signal crosses a certain threshold (henceforth called the input threshold’
the time when the output signal crosses another threshold (henceforth called the output threshold). It is important to choc
these thresholds carefully so that the delayigpd positie. A typical VoltageTransfer Cure (VTC) for an iverter is shan
in Figure2-1(a). Vj andV;, denote the points where the slope of A€ is -1[7]. V,,,, also knavn as the switching threshold
of the aate, denotes the point where tffeut = Vin line intersects th€'TC (usually close toV,,/ 2 ). Traditionally, the
input and output thresholds are chosen t&/g/ 2. However, it can be easily shan that a choice of input threshold a&bo
(below) Vy, for rising (falling) input can gie rise to ngative delays for ery slav inputs[4]. Thus,V 4/ 2 is not a rohst
choice, as it could be slightlyveer or higher thaV,,. ChoosingV,instead is not useful either because the delay approaches
zero in the limit as the input is made arbitrarilywsl®oreover, it is difficult to pinpointV,, precisely because this is the point
at which the gin of the iwerter is maximum. Hence, some researchers haedv; (Vi) for the input threshold and;, (V;)
for the output threshold in case of risinglifhg) inputs[10]. This defnition of delay alvays gves a monotonically increasing
delay \alue with increasing input transition tiniEhese tw thresholds also pvale a logical choice for measuring input and
output transition times.

However, in the case of multi-inputages with may inputs switching in close temporal proximityis not clear ha to
determine appropriate thresholds for delay measurement. Rather than & $hgknn-input cate can hae 2" -1 VTCs
corresponding to all possible combinations of stable and switching irffigtee2-1(b) shavs theVTCs of the @te in
Figurel-1 obtained by circuit simulatioi.heVj, Vi, andV,, of each cure are listed ifFigure2-1(c). The cune for the case
whena is switched alone and the carfor the case when all of them switch together are thestiweme cases of thigmily
of cunwes.To illustrate the dffculty in choosing appropriate thresholds for measuring detmsider the case when the three
input signals, b, andc are rising together with the same transition times. Clearly etegdichoose the thresholds of MEC
corresponding to the case when all of them switch togetinéch is the last column of the table.Wasuppose that the tempo-
ral separation between inputind the other tavinputs is increasedo ensure posite delaywe must shift from the TC cor
responding to all of them switching at the same time t&¥/T@ when inputa alone is switched, which corresponds to tht fi
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\A 1.25V | 1.35V | 144V | 2.05V | 2.12V | 2.15V | 2,51V
Vm 1.87V | 1.97V | 2.06V | 247V | 254V | 256V | 2.83V
Vih 216V | 2.24Vv | 2.33V | 295V | 2.99V | 3.01V | 3.37V

(c) Possible Switching Thresholds for 3-input NAND

Figure 2-1: VTC for a three input NAND gate

column of the tableThis is eplained as follars: when inputa is separated sfi€iently apart fromb andc, the delay will
approach the delay whenis switched alone, sindeandc are stable at the non-controllinglse. Therefore, the output will
behae as ifa were switching alone. In order to ensure pesitielay even for \ery slav rise time ora, we must ensure that
V| <V, of the gate. In this case&/,, would be obtained from thert column since it ia that is causing the output to switch.
This property is not satigfil byV, obtained from the last column and theafidelay @alue (whera arrives \ery late) could
become ngative if we continue using thresholds from this column to measure. délayxact point when we me from one
VTC to the other is not clearhis situation is ¥en more complicated forates with &n-in greater than three.

To ensure that mgative delays neer arise and tovaid moving from oneVTC to another depending on separation of
inputs, we base our delay measurement on the minixjuand the maximun¥;, from all theVTCs. This will guarantee that
Vi) <V, <V, for Vv, chosen from anvVTC and will therefore ensure positi delay no matter ha mary inputs are switch-



CSE-TR262-95 Effect of Temporal Proximity of Input Transitions on Gate Propagation Delay and Transition Time 5

1 \
- |
| ‘ X
X1 J ’sz ! Kn1: Knz
e = i
X2 " T T1z Vin: Vip Co
‘»‘ -t 2 X2 l
s, 2)
12 A3;

Figure 3-1: A black box model of a two-input CMOS gate

ing and hev separated tlyeare with respect to each othkr case of a NND gate, theV; chosen wuld be from the input clos-
est to the ground andg;, would be from th&/TC corresponding to all inputs switching at the same tiroethe case of NOR
gates,V, would be chosen from théTC corresponding to all inputs switching at the same timévgnchosen from the input
closest to the peer rail. Thus, in our gample MND gate,V; would be 1.25V an¥, would be 3.37VThese thresholds were
used in generating the cewinFigurel-2.

Having determined a suitable choice of thresholds, wé stew how to formulate the delay and output transition time as
functions of the seeral parameters mentioned in the Introduction, foraityut gate.We also sher how the temporal param-
eters can be separated from the rest and use this as a basigligpidg the proximity model for a winput cate.

3 A dual-input temporal pr oximity model

In this section, we daré a proximity macromodel for the delay and output transition time @firiput gates. Starting
from a complete enumeration of allweform and circuit parameters that cafeeif delay we shav how these macromodels
can be rpressed as threegarment functionsThis dervation is based on the application of dimensional analysis andvilie in
cation of reasonable simplifying assumptions.

Consider the black-box model of adsnput CMOS gte shan in Figure3-1. Let Ai(lz() and Ti(lz() denote the delay and
output transition time, respeatily, whenk inputs are switching in close temporal proximitiie delay is assumed to be mea-
sured relatie to inputx;, thereferenceinput. We measure separation between taputs by using, for falling inputs and/;
for rising inputsin its most general form, the delay and output transition time functions foratiei€gn be written as:

(2) _ 2
Aiz" = D77 7y 8ij L Vg Kiio Kijs Kpgi Ko Vi Vip) (3.1)

@ _ 1@

Tiz »Tp Sip CL Vaar Knio Ko Kpin Kgjs Vi Vip) (3.2)

where,i, | = 1, 2 such that# j,Ai(f)is the delay measured from inpytvhen both the inputs are switchinéf) is the transi-

tion time of the output when both inputs are switching andt; are the transition times of the corresponding insts, the
separation between the avinputs measured from inpyt C, is the total load capacitance (including interconnect capaci-
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tance) Vqqis the supply ltage Ky, Kyj, Ky andK; are the strengtﬁsof the n- and p-transistors of the corresponding inputs,
andVy, andVy, are the thresholdoltages of the n- and p-transistdfée can ma& some reasonable assumptions which sim-
plify these functions soméat. In most designs, all n-transistors are of the same size as are all p-trafi$istefere, the
individual transistor strengths can be replaced by one parameter for the n-transistors and one for the p-if\éansistoits:

ther simplify the model by separating théeets of temporal and non-temporal parametfsnote that delay and transition
time functions, when inpu§ alone is switching, can be written as:

1 1
A = DM (r, CL Vg Kn K Vi Vi) (3.3)

tn’
1 1
79 = T CL Vg K K o Vi Vip) (3.4)

Dimensional analysis has beenwhao be a paerful tool in reducing the number of parameters in a macronj@delsing
this techniqué€3.3) and(3.4) can be written as folles:

A<1)

iZ (1)|:| CL K th V D (35)
()

lz _ = 700t L Kp Vin Vipp (3.6)
i ' BKVagmi’ Ky Vad' Vad© '

In a cell-based designdronment and for a gen process, the ratios of the pullup and pwlddransistors is fied and the
designer has no controler the thresholdoltagesThese ratios can then be absorbed into the function and the resulting func-
tional forms ard9]:

)
Az p.wi_CL g (3.7)
i b VgD :
)
TiZ 1D CL D

Note that the function@i(l) and Ti(l) in (3.5), (3.7) and(3.6), (3.8) are not the same. Mever, to reduce clutter we use the
same symbolsThis will hold true throughout the rest of the paper

Equationq3.7) and (3.8) capture the éfct of the non-temporal parameters. By conjecturing that proximity delay is a pertur
bation of the delay due to a single input transition, and {8iByand(3.4), we can write our original delay and transition time
equations as:

2 2 1
A? = DA DM (r;, CL Vg K K. Vi Vip). 7107, 5) (3.9)

1K—2MC

length, respectely.

oxT Wherep is the carrier mobilityC,, is the capacitance per unit area &dd. are the transistor width and
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Figure 3-2: Determining the causing input

2 2 1
72 = T[T (r, CL Vg K K Vi Vig): 730 7. 5) (3.10)

These tw equations hae 4 parameters each. By using dimensional analysis, we can reduce them tovtiregfédions[9]:

A

dz_ J@ET T Sid

M = Dy O—s, O (3.11)
SO

.

Az (25T _L _L

o = 77O , C (3.12)
Tis ! D"u(zl) I(Zl) (1)[

Thus, we hee expressed the delay and output transition times as functions of temporal paramete3s @&@mlye hae
not distinguished between theawnputs in ag way. However, a key assumption while dering (3.9) and(3.10)was that the
effect of proximity of input transitions should be a perturbation on the delay due to a single “dominanfTargatisfy this
assumption the correct identifition of the dominant input among all the inputs is critiegure3-2 explains the vay we do
this for a tvo-input NAND gate, similar aguments hold for the NORate.The inputs and outputs are siroas pieceise-lin-
ear Consider the case when thevao input arnves frst (shevn in solid) and thedster input (shen dashed) awes a little
later The rising vaveformsz, andz, shav the corresponding outputs when each of the inputs is switching by Tiselave-
form z,;, is the output response due to both inputs. Cleitily more appropriate to wieinputb as the dominant one because
the time wherz,,, crosses th®; threshold is closer to the time whgjcrosses/; rather than to the time whep crossesy;.
This agrees with our notion of proximity being a perturbation of the output producedovelt@me is switchingThus, &en
thougha crosses théa’,,2 threshold fist, it is inputb that is identifed as the dominant one. Wever, there is a minimum separa-
tion equal toAglz) ) after whicha becomes the dominant inpthis is so because y@nd this separation, the time when
z, crosses th¥; threshold will be closer to the time wheg crosses th¥ thresholdThis implies that the minimum separa-
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tion could be ngative when . Note that this also tak the position of the inputs in the series transistor stack into
account since the delays could beati#nt, @en for the same transition times for the inpiifsus, for a gien separation
between the tevinputs and their transition times, wisfidetermine the dominant input and then(@skl)and(3.12)to deter
mine the delay and output transition times, with respect to the dominantTihpst.if the original inputs are ordered in terms
of which one crosses th4, threshold fist, we find a n&v ordering in terms of which has the modeef on the output ave-
form. An analogous gument can be made for the case when tleiputs are rising. Based &igure3-2 we can also deter
mine the maximum separation between the taputs for proximity dects to be considered importalVe see that for
50p > Aélz], the transitions ob can be ignored and the delay will be the same as wies aloneWe defne this as the prox-
imity window for b to have ary effect on the delayHowever, b may still infuence the transition time anlts is only when

ab > Aglz) + ng that the dect ofb can be ignoredrhis then defies the proximity winde for b to have ary influence on the
output transition time. Similar gaments apply whebis the dominant input.

Figure3-3 shavs the data obtained from a circuit simulation of the circuitvshim Figure1-1, with inputc tied toVyg.
The fall time ofa was fked at 500ps and thelftime ofb was fked at 100ps, 500ps and 1000ps. In each sgseas \aried
from —(Aélz) + Tf)lz)) to Aglz) + Tglz) . Also shavn is the actual crosser point when the causing input changes, for the case
when &ll time onb is 1000psWe note that there is a discontinuity in the delaly® when the dominant input changdsis is
because our reference for measuring delay also changes.

Thus, for a tw-input gate our delay and output transition time macromodel¢3atd) and(3.12) wherei refers to the
dominant inputThat these t@w macromodels are indeed functions is apparent from the graplwgine 1-2 andFigure3-3. In
fact, based on our preliminary modeiltding eforts for the tvo-input gate, we can say that closed form analytical forms for

these macromodels daist.

In the net section we describe the modeling approach &egwith more than winputs.

4 Multi-input temporal pr oximity model

For ann-input cate, equationg3.11)and(3.12)extend in a straightforard way to:

Ay’ 0
1z (=T, T Sia Sin U
.(1) = Di B——(—l—)"”’——ﬁ—)'_(ﬁ’ ,—(ED (41)
Aiz iV Aiz" Ay A0
(n)
1) = ; y sy TTANS TTANY e AN .
DR i

wherei is the most dominant input. Each of these equation2irdsparameters. xeloping a macromodelwolving 2n-1
parameters can besry hard.A closed analytical form may be impossible to obtain whiciuldl force one to use a table-
lookup approach. Heever, the size of these tablesvatving 2n-1 dimensions wuld male them impracticaWe need to
reduce the number ofguments to these functions in order to m#ke macromodel construction practical. Since all the quan-
tities in these equations Vethe unit of time, dimensional analys#sl$ to reduce the number ofgaments.Therefore, we
need a ey of decomposing these functions in terms of simplere manageable functiodstechnique for doing this is pre-
sented in this section.
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Al gorithm ProximtyDel ay:

1. Rel abel the inputs to yl(.l..ynsuch that for any two inputs y;and Y

. .. . 1
i<jif and only if ;yiyj >Ain - Ag,jj
2.i = 2;
. . (i—1)
3.while (i=n && Sylyi<AY12 ) {
0 1) _ (-1
4 ) AG-D @ D(Z)Di Ty Sy FAyz Ay, 0
’ 1Z y12 v1Z| 7y1 O, (1)’ A A U
[Aylz y,2 y,2 O
5. i=1i+1; } /* end of while */

Figure 4-1: The algorithm for computing delay of a multi-input gate

Our technique for computing the delay and output transition time is based on processingpdnputesat a time, starting
from the two most dominant input3he algorithm for computing delay is presente&igure4-1. A slight modifcation of the
algorithm allavs it to be used for output transition time computatidre inputs are reordered in Step 1, based on their domi-
nance, by a straightfoard etension of the dual-input casthe reordered inputs are labeledyasy,. To apply the dual-
input macromodel equatigB.11) the cumulatie efect of inputsy,...y..1 is represented by an egaient input vaveformy’ (t)

such that:

* 1 i—1
y(d) = ya(t+ a3 - af, Y (4.3)
whereAi,?Z is the delay due to the most dominant input acting alone&éi[fdl) is the delay due tg,...y;.1. Equation(4.3)
guarantees that the outpusxeform caused by’ (t) crosses the delay measurement thresholgiaatlg the same time that the
waveform due tgy...y;.; would. The efect of the ngt dominant inpuy; is nov accounted for by applying the dual-input prox-
imity macromodel tog/" andy;:

OTy, Ty Sy O
(2) _ A(DR@) YL Y Y
Aye = Ay 2Dy, NENNE) A(1)5 (4.4)

Y1Z TVY1Z TYqZ

Since this is a shift in the time axisyaf we hae r »= 7, and A%) = Ag,?z Note that the reference input fﬁé;iz) isy’;

The deIayASl)Z due toy;...y; is easily obtained by changing the referencg taesing(4.3).
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Equation(4.5) clearly shavs that the delay due to thénputs thatdll in the proximity windw is a perturbation of the delay
due to the-1 most dominant inputs.

This process is repeated as long as there are inputs within the proximitywvindich for theith iteration is gren by
A(' D . Therefore, |fsy y N z b , we stop processing yamore inputs. Implicit in this is the assumption that exputy,

such thaj>i andsy Y, < AI(' i 1)5 , Is unimportantThis is reasonable since for this to occur the transition tinyprafist be
very slaw in which case it WI|| mdeed ka \ery little efect on the output.

It must be emphasized that our algorithm is an approximation of what actually haiimenesore, while our algorithm com-

putes accurate delays for most cases there are some situations when the incorreztidardifithe dominant input leads to
significant errorsThe primary cause for such errors is the inapplicability of the input ordering based on donfihaneare

two cases in which dominance ordering is problematic: 1) when the inputs switch together with identical transition times ar
2) when the dominant input avas \ery late within the proximity winde (seeFigure4-1). In the fist case, clearly there is no

one input that dominatesser others. Havever, when each input is considered by itself, there will be smd#rdifces in

delays from each input to the output. Based on this, our algorithm will identify one of the inputs as the dominant one and pr
ceed.This leads to errors, with the maximum error occurring when a step signal is applied to all the inputs at the same tim
The only vay to accurately model such cases is te @kinputs into account which, as wevsa (4.1) and(4.2), leads to a
complicated macromodel.

In the second case, referringRigure4-1, we see that the transition times and separatiogstbfoughy,, wherey,, is the
last input thatdlls within the proximity winda, are such that tiyeaffect the output noticeably aryg has the déct of merely
hastening the output in crossing the delay measurement threshold. In such easesyaglgorithm underestimates the roles
of the other inputs and causes errors.

In order to retain the simplicity of our approach and still get accurate results we added avedaeutito the delayalue
obtained by our methotlVe recorded the absolutefdifence between the delaglue computed by our method and the actual
delay \alue, when a step signal is applied to all the inputs at the samd timeorrectingdctor wvas bounded from ake by
this value when;y = 0, wheremis the last input thagfls within the proximity winda. Forsy > 0, the correcting term
was decreased Ilnearly until it became zerchcy (m=1) A similar correction can be done while computing the out-

Y1Ym—1
put transition timeAs we shav in the nat section this gies satisdctory results.
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Figure 4-2: The storage complexity of our approach

The computational comptay of our method is dominated by the memory requirements since it is clear that the computation
time is not signifitant hereWe consider the storage requirements for computing delagctly similar results hold for the out-
put transition time. Consider timeinput gate shan in Figure4-2. The \arious modeling options are also smoin the fgure.

If a full model of the form(4.1) is used, we will requira functions of &-1 aguments for delayHowever, we hae already
noted the diiculties of such a model and we consider the compositional model introduced in this papdthweigh, so &r
we hae usedDi(? to denote the dual-input macromodel, in practice, this actually represemtslya df functions, one for
each input paifThis is shavn in the form of a matrix in 2(a) iRigure4-2. Here,Di(jzz) denotes the dual input macromodel of
the form(3.11)withi # j and Di(zl) denotes the single-input macromodel of the f@8n7). The aguments of the functions
have been omitted for claritfrrom the matrix in 2(a), it is clear that we neesingle input macromodels and — n dual-
input macromodels. Hweever, our eforts in constructing the dual-input macromodelsvsltwat we need onlg such macro-
models, one for each input being the dominant ©his is shavn in 2(b) of the fjure.Thus, we require at mostmacromod-
els for the single-input case ananacromodels for the dual-input case, makinguitracromodels to handle proximityfeft

on delayAdditional 2n macromodels are required for the output transition time.
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Figure 5-1: Error distribution for delay and output rise time

5 Experimental v alidation

In order to walidate our approach, we simulated the circuiFigurel-1 for a range of input separations and transition

times.The fall times of the three inputs weraried from 50ps to 2000pBhe separation betwearandb and between andc

were \aried from -500ps to 500ps. Note that this automaticalties the separation betwdeandc as well.The windav size

was chosen to ensure that all three inputs aneeinfial in determining the output. In order to precisely control the separations
and rise times of the inputs, piedse-linear inputs were used.The transistor sizes and the load capacitancaedeaé the
values shan. We used HSPICE as the macromodel for processing the dual-inpudatd.of 100 diferent input congu-
rations were randomly generated and simulatéglcompared the delay and rise time computed by our algorithm alitbss
obtained through simulatioithe results are summarizedTiable5-1and the corresponding bar chartsvgimg the error dis-
tribution are gren irFigure5-1. We obsere that in most cases the delay computed by our technigsievithin=5% and the

Table 5-1: Comparison of model with cir  cuit sim ulation

Quantity Delay Risetime
Mean error 1.4% -1.33%
Std-der 2.46% 4.82%

Max error 8.54% 11.51%
Min error -6.94% -13.15%
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Figure 6-1: Relationship between inertial delay and proximity effect

output rise time as within+10%. Note that the lger error in output transition times can be tolerated since fiet of out-
put transition time gets attenuated by thengf the follaving stagq10].

6 Inertial dela y and pr oximity eff ect

We naw digress brieft to shav the relationship between inertial delay and proximitgatf Referring td-igure6-1(a), assume
inputa falls and inpub rises.This will generate a mative going glitch at the output if the dwnputs switch in close temporal
proximity to each otherFigure6-1(b) shavs the magnitude of the minimum outpuiltage as a function of separation
betweera andb, obtained by simulating the circuit Figure1-1, with inputc tied toVq4 The fall time for inputa was fied at
500ps and the rise time @nwas fixed at 100ps, 500ps and 1000pise dotted horizontal line stvs theV, threshold for the
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circuit. Only when the magnitude of the outpattage alls belav this value, can we conclude that the output has completed a
transition.We see that when inplt comes much earlier than inpait the output completes itslfing transition. Havever,
whena andb switch close togethgethe filling transition ora blocks the déct caused by the rising transitiontorrhus, there
must be a minimum separation betweeandb for the output to complete its transitidle can model this as folks. We first

find a macromodel for the minimurmltage at the output which will be similar {.9). Herei would refer to the non-control-
ling input ( in this xample). From this equation, wadi the minimum separation at which the magnitudeotibige is equal

to ;. This is the minimum separation betweei twputs of opposite transitions that will generataladwoutput. Note that for

a NAND gate, we can he a rising glitch at the output only when the same ingaitféills and then rise$Ve can hee a sepa-
rate macromodel for the maximuraltage in this case.

7 Conclusions

We have shavn that the temporal parameters of the inputs such as their transition times and Waétimagas with respect
to each other h& a signiftant efect on the delay of a multi-inpuiate. Since, for a multi-inputate, we hee a aimily of
VTCs to choose the thresholds from, it raised the question of choosing appropriate thresholds to meadtimadetagn
that choosing the minimui; and the maximun¥j, from among the thresholds obtained by all pos3fil€s of the gte,
ensured that the delayowld never become rgative for ary input situationWe next shaved hav the non-temporalatctors
affecting the delay can be captured by one parameter andahishan to simplify the form of the delay and output transition
time macromodel equations for addnput gate. Our conjecture that proximity delay is a perturbation of the delay due to a
single input transition enabled us to gerthese macromodels as functions of thrgeraentsThis created the notion of a
dominant input, identifiation of which led to the gelopment of dual-input proximity modeloFowing this, we presented a
novel technique for calculating the delay of a multi-inpategby repeated application of the dual-input proximity model. Sim-
ulation results she that this technique arks quite well in practicelhe results are more accurate tharvioesly published
methods of calculating delay for multi-inpuaitgs which rely on the reduction of th&teto an equalent irverter An added
adwantage of our method is that it is not limited to CMOS technology alone. Finallghaved hav the inertial delay of a
gate arises as a consequence of the proximigctednd an approach for capturing the inertial delay ofcaimput cate was
suggested.

Our future efiorts will seek to preide a compreheng delay model for multi-inputages.This will include single and
dual-input macromodels for delay and output transition times with respect to eaca@lso plan to use this technique for
the CGaAd1] technology
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