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ABSTRACT occurring time, and the rising and falling transition times.

. L Reference [10] points out the relationship between the worst-
In this paper we present efficient closed-form formulas to  ¢ase coupling-induced delay and the two crosstalk-noise
estimate the incremental delay change induced by capac- parametersV,, and T,. This observation has been used in

itive interconnect coupling. We also analyze temporal . ) o
correlations among switching signals and develop crite- [15] to find the worst aggressor alignment conditions. Due to

ria for timing window alignment. Our approximations ~ the constraints imposed by the actual timing windows, the
are conservative and yet achieve acceptable accuracy. conditions causing the expected worst-case delay may not
The formulas are simple enough to be used in the inner always be satisfiable. Therefore, a simple delay-noise

loops of static timing analysis. relationship considering arbitrary input arrival time are of
practical interest. Especially useful would be a simple
1. INTRODUCTION closed-form metric which captures tlecremental change

) _ ) of delay caused by the presence of crosstalk noise for
Scaling the feature sizes and lowering the level of poweypitrary input arrival times.

supply voltage has made digital designs vulnerable to noise. ] ] . ] ]
Noise sources are spread widely over the chip. Interconned timing window of a signal is the difference between its
coupling noise (or crosstalk) becomes a performancelatest and earliest arrival times. Treverlapping-timing-
limiting factor and plays a pivotal role in the entire design Windowshave been widely used as a condition indicating
flow affecting timing closure. Recently, the leading industrialthat the victim's delay can be affected by a particular
static timing analysis tools, for example PrimeTime-SI [20], 2ggressors’ switching. The underlying assumption is that the

have included signal integrity measures related to crosstalkictim and aggressor should have the same arrival times at
noise. the inputs of a logic stage for the mutual influence to occur.

) . ) . This condition is valid only in special cases and does not
Substant_lal effort has been mvested into devel_oplng accuraigpply to a wide class of interconnect coupling structures
and efficient metrics for crosstalk-induced noise and de|a¥)ccurring in deep submicron circuits. It no longer serves as a
[1][3][41[5][8][9][11][16][18][19]. Most of the research yalid constraint for design optimization. However, it is being
efforts for noise estimation have focusec_i on developingsed due to its simplicity and due to absence of simple
formulas for the peak noise pulse amplitudéy)( Less  closed-form metrics which would capture more realistic
attention has been given to the peak noise occurring time angbnditions for temporal correlation.
the rising and falling transition times because these

parameters (other thavl,) don't present an obvious liaison In this paper, we examine the incremental delay change
to the timing measurement. On the other hand, various delaCaused by crosstalk noise and present simple metrics to

; 9 ; ; o ccount for the change. Based on our new delay metric, we
metrics have been proposed to include the interconne

X ' T ropose a set of new temporal correlation criteria for the
coupling effects [1][4][18][10]. However, in static timing %Iignment of timing windows.

analysis, timing windows of each stage need to be adjuste
iteratively [2][17], causing repetitive computations of The rest of the paper is organized as follows. Section 2 gives
crosstalk-induced delay for each stage. In other words, theur new incremental delay metric. Section 3 presents our
current static timing analysis methods suffer from extra CPUhew temporal correlation, followed by a validation of our
time spent on delay computation. Therefore, a simple delagelay model in section 4. Concluding remarks are given in
metric which can re-use nominal delay and noise values irsection 5.

the iteration procedure is desirabléncremental delay

changess one such metric. 2. INCREMENTAL CHANGE OF DELAY
Interconnect coupling-induced delay is caused by the DUE TO CROSSTALK NOISE
crosstalk noise, therefore, it will be influenced by the nois

waveform's features, like peak amplitude, peak noisgmthis section, we assume that the following are known: the

structure of the coupling circuit, characteristics of the active
Permission to make digital or hard copies of all or part of this work for device, the interconnect and the .techno!ogy parameters, as
personal or classroom use is granted without fee provided that copies arewell as the parameters for the input signals such as the
not made or distributed for profit or commercial advantage and that arrival and transition times. The objective is to obtain the
copies bear this notice and the full citation on the first page. To copy L ey .
otherwise, or republish, to post on servers or to redistribute to lists, Parameters of the output waveform at the victim’s receiver
requires prior specific permission and/or a fee. node. Considering arbitrary input arrival times, we have
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T Figure 2 illustrates the conditions when the crosstalk noise
]

> V,x affects the signal delay &f,,, We show a delay increase
as an example, but other cases can be analyzed in a similar
Vov Vad way.
v A R N B B ATy represents the incremental change of delay in the
X Vp =ﬂ=' PVad presence of crosstalk noise. According to figure 2 (a) and
(b), we have
T T2
Tp Ta Ty TatTy ATy=0
(T=Ta+(1-p)T)) when
(a) noise produced by (b) signal transition at the T,<T,—T, (noise occurs too early) (1)
switching aggressors on victim’s receiver node
a quiet victim when aggressors are quiet or
>T + i
Figure 1. Notations for determination of incremental delay Tp2Tm ) Ty (noise oceurs too late) ] )

noise wavefornyv,, affects the delay of,,,

Figure 1 introduces the notation. We apply the principle of T=To<Tp<Tp+Ty 3
superposition to compute the delay change in the presencq g ever, under specific circumstancas, can still affect

of crosstalk noise. Piecewise-linear simplification is applied the delay ol even when equation (3) is not satisfied. This

to the noise waveformv,, and to the original signal . ilustrated i fi 2 (c2). with th ) h ;
transitionV,, on the victim’s receiver noday, is produced 'S lustrated in figure 2 (c2), with the maximum change o
delay occurring when

by switching aggressors on a quiet victim, ahg, is
produced when the victim net is making a transition from _ Vo Vo
high to low and aggressors are quiet. These are the Tp = Tm* Ty E{7dd andT, <T, E{7dd )

parameters o, Vy is the peak noise amplitud@y is the  gigyre 2 (c) gives the condition whéT is maximized. No
peak noise occurring timel; and T, are the rising and

\% \%
falling transition times. Folg, T, denotes the arrival time  matter T, 2T, % or T, <T, G2, we have a maximized
of the waveform, and; is the transition time. The delay is dd dd
usually measured when the voltage reaches cep¥ig,
where 50% is a typical value f@r T, is the time when/,,s _ _ Vo
voltage reachepVyy The parameters for waveforms,, ATq = Aldmax = Tr Ebdd )
and V,, can be computed using an approach described inwhen
[31[41[5][18]. Therefore, we consider the following
parameters as nominal values which can be re-u\.sé@dTp, T, = T +T, 02 (6)
Ty, To, T5, and T,. Other parameters can be derived from dd
these values.

delay change

T2
‘V le T, B Tr N
p T T,
|
I R ek - [Vad 2 N\bL o Mad
: : ATdmax f \va ATdmax f \_va
Lo n Vol N\ Vol Av_
Tp Tm Tm Tp Tm P
€Ty 2T, DV Vyq (€) Ty <T, DV y/Vyq
(c) Noise induced delay change is maximized
(a) Noise occurs too early (b) Noise occurs too late v Vv
_ _ AT, = AT =T Evp henT, =T +T Evp
ATd—OWhenTpSTm—T2 A'l'd—OWhenszTm+Tl d dmax r ddW p mT Vg

Figure 2. Temporal correlation betweenv,, and V,, from figure 1



Figure 3 illustrates the approach to compute the where

corresp_onding deIay c_hange under differen} _temporal v, = pDVyq (10)
correlations. The solid thin lines represent the original shape
for the falling transitionv,,,, The solid thick lines represent
the combined waveform o¥,, andV,, for given temporal
correlations. The dotted horizontal lines represent voltage
level pVyq The intersection pointtf, V,) between the solid

Consider the timeT,, as a central point of the combined
waveform, indicated by the solid thick curves. The dotted
horizontal line intersects the right edge of the solid thick
curve when

thick line and the dotted horizontal line indicates the new Tp=To<T, <Tp+T, ET” (figure 3 (a)) (11)
delay in the presence of crosstalk noise. The delay change is dd
determined by the time difference betwedp, and t,. Different cases exist for particular parameter-combinations,
Namely, as shown in figure 3 (al)-(a4).

ATy =t,-T, (7) Similarly, the dotted horizontal line intersects with the left
where edge of the solid thick curve when

— \% \%

T =Ta+(1-p) OO, (8) Tm+TrEvdpd<Tp<Tm+Tl andTrEvdpd<Tl 12)

Based on our piecewise-linear approximation of the (figure 3 (b))

waveform, ,, V,) is the intersection point between the

dotted horizontal line and the solid thick straight line whose
two endpoints arety, V,) and §,, V). Hence,

Several cases exist for different parameter-combinations, as
shown in figure 3 (b1)-(b4)

v,- vy There is no intersection with the left edge if
LYY RS © T,V Vo2 Ty (13

I
I
I
-4
A
[
1 : I(tery)
TpTa T TatTy
@) T,<T,+T,-T, (@2)T,>T,+T,-T,
Tp<Ta Tp<Ta

b T,<T,-T, (b)) T, >T,-T, (b3)T,<T,-T, (b4) T, >T,-T,
TpsTo+T, TpsT,+T, Tp>Ta+T, Tp>Ta+T,

\% \%
b) Intersecting with left edge, whéf, + T, Evp <T,<T,+T, afd Evp <T,
dd dd

Figure 3. Computing incremental delay change with different temporal correlations



For particular cases, the values for the two endpoint¥/()
and ¢, Vy) differ; hence we get different values for the

delay chang@Ty.

For figure 3(al)

(=T -y +Vdd[(Ta+T|r—Tp)

X p’vx_ p Tr

Vg QT+ T,-T,—T,)

ty=Tp+tTy, v, = T

r

For figure 3(a2)

t,=T,,v, =V +Vdd[(Ta+Tr—Tp)

X pr Yx p T,

— Vdd [(Tp+T2_Ta_Tr)
T2

ty=Ta+Tr, vy

For figure 3(a3)

LV T+ T,-T))

ty=Ta, Vy = Vyqg T,

X

Vg T+ T, _Tp_TZ)

ty=Th+Ty, vy = T

r

For figure 3(a4)

LV T+ T,-T))
T2

t>< Ta’ Vy = Vdd

Vg QT+ T,-T,-T)
T2

ty=Ta+Tr, vy

For figure 3(b1)
_ Vg QT+ T, =T +Ty)

G = Tp=Tp, vy T

r

t,=T,,v, =V +Vdd[(Ta+Tr_Tp)

y prly p T,
For figure 3(b2)
VAT, -T +T
tX:Ta,vX:Vdd+—p[( a_Tp* T
Ty
VAT, +T,-T.)
_ _ dd a r p
ty—Tp,Vy—Vp+ T

;

For figure 3(b3)

Vg AT+ T, =T, +T))
T

t, = Tp—Tl, Vy
r

Vp QT +T, —Tp+T1)
T

ty = Ta+T,, v, =

For figure 3(b4)
Vp [(Ta—Tp +T,)
Tl

t

X Ta7Vx=Vdd+

_ Vp QT +T, —Tp+T1)
Tl

ty=Ta+Tr, vy

Substituting the corresponding values §f ¥,) and ¢, V)

into equation (9), then substituting the equations (8) and (9)
into (7), we obtain the desired incremental delay change
(ATgy) due to crosstalk noise.

3. The new temporal correlation

In this section, we will focus on temporal correlation

conditions between the victim and aggressor signal arrival
times. Those conditions are different from that of the
commonly used overlapping-timing-window method.

Figure 4 shows the timing windows for each input signal.
We want to observe aggressors one at a time and determine
for each of them whether its switching affects the victim’s
signal delay. We will develop screening rules allowing us to
ignore aggressors temporally unrelated to the victim’'s
transition. Our reasoning is based on conditions illustrated
in figure 2.

In the traditional methods [7][14] it is assumed that the
aggressor affects the victim if these two signals have the
same arrival timetg = ty,). In other words, overlapping of

the timing windows is checked, which is equivalent to
Htp=ty) if tyg>ta Oty <tap (14)
where
tal (tap tar) » ty O (typ, tyr)

According to the analysis in the previous section, we know

that equation (14) is not a sufficient condition to guarantee

that the interference between the victim and the aggressor
will occur. Therefore, we have the following theorems:

Theorem 1 A particular aggressor can be ignored if its
corresponding noise waveform at the victim’s receiver node
does not satisfy the following temporal relation:
. . . \V/
(1) o 7 ; (N pO
T T <tV aminEr _+7V 7 _+7T (15)
m~ '2 p Om 1 m r Evdzi[l

whereT 0, 7,0, 7,00 andV,,0) are parameters of the noise

waveform produced at the victim’s receiver node when the
correspondingth aggressor is switching and all the other
aggressors are quidi,, is given by equation (8).

Proof: The proof is a direct consequence of figure 2.

Now assume for the victim’s receiver node tFr@g(D is the
peak noise occurring time arigg is the falling transition’s

Aggressor inputy II|
Victiminputty, [ 1]

ty tyr

Figure 4. Timing windows for input signals



arrival time. We assume that each driver input’s arrival time Proof: There are four combinations for the boundary value

is 0. The timing windows folV,,'s peak noise occurring

time andv,,s arrival time (figure 1) are given by

(1) (i) (i)
To OCaLtThotart Tho)

TaO(ty + Tao tyrt Tao)

Instead of checking the overlap-of-timing-windows, we
check the skewed-overlap of timing-windows.
Modifications of equation (14) are summarized in the

following theorem:

Theorem 2A necessary condition for the aggressor to affect
the victim’s delay is that their input signals’ timing windows

satisfy at least one of the following 4 conditions:

(tyL +tag) + (L=p)T, ~ T <t} + )

vy (18)

t(Ajl)_ + tg& < Ma)%IVL gt T(lj)’ tyL +ao + T, 050 B
dd

(tyr+tag) + (L-p)T, T <tfd) + 1)
(i)
t(/-\jl)_ + t(]g < MaXEIVR+ tot T(lj)' tyrtlpnt T, Evvp B
P 0 ddD)
(ty + tag) + (1=P)T, ~T5" <tilp+ 5
vilg

tgl)?”(pjg<MaXDVL”aO+T(1])'tVL+ta0+Tr £
g ddlJ

(tyr+tag) + (1—-p) T, TS <1l + t(pjg
vy

. . 0 .
tgl)?"'t(pjo)< MaXDVR+taO+T§.J)'tVR+ta0+Tr : g
g dddd

aggresso
§ _|_I (far-end)

{l> victim : {> =l)

receiver node
aggressor

(near-end)

{I> v;|t_im > (a2)

receiver node

(a) Two-pin net

of timing windows:

(1) (i)
(ALt Tportvt Tao) s (taL * T tyrt Tao) »

(tar* Tty * Tao) » ANA(tar+ T, tyr+ Too) -

Substituting each combination into equation (15), we get the
above four expressions.

4. MODEL VALIDATION

We have verified our new delay metric in Oph
technology for a variety of coupling circuits, including two-
pin nets and RC trees, described in figure 5. For each type of
coupling circuit (al, a2, b1, and b2), we select 10 different
combinations of parameters (driver sizes, coupling lengths,
transition times, arrival times, etc.), and compute the
incremental delay change for each case. We first obtain the
parameters for\i, when the victim net is quiet and
aggressor net is switching, then the parameter§gjpwhen

the victim is switching and the aggressor is quiet. Next use
the conditions given in figure 3 to select suitable expressions
to compute the corresponding values gf ¥,) and ¢, V).
After a few substitutions, we can use equation (7) to obtain
the desired incremental delay changéd {) due to crosstalk
noise. Table 1 shows a sample case for each coupling circuit
given in figure 5, and the correspondinyly obtained
through both HSpice simulation and our calculations. The
error percentage of our method compared to simulation
result for each sample case is given in the column labeled
“Error (%)”. The average error percentage over 10 cases for
each circuit (a1, a2, b1, b2) is given in the column labeled
“Average error (%)”. The good accuracy of our method
supports our claims that the temporal correlation given in
figure 2 is correct and that the incremental delay change
computed based on the temporal correlation is accurate.

al

<7|> victim \;

(b) RC tree

Figure 5. Coupling circuit structure for experiments



Table 1: Error percentage for our new delay metrics

Normans noise:V,y Normans delay:V,,, || Change of delay:AT4 (ps) Average
Parameters Error (%) | error
Vp(volt) | Ty(ps) | Ta(ps) | To(ps) Ta (pS) T (ps) || Simulation | Our method (%)
Circuit (al) 0.65 151 118 142 69 196 44 48 9% 11%
Circuit (a2) 0.85 220 114 146 48 206 59 66 12%, 13%
Circuit (b1) 0.72 110 147 107 77 181 14 16 14% 17%
Circuit (b2) 1.08 290 97 131 83 275 122 133 9% 14%

5. CONCLUSION
In this paper, we have proposed new metrics for the

incremental delay change due to crosstalk noise. These

metrics allow us to capture the temporal correlations of the
victim and aggressors’ switching expressed by timing
windows alignment. Based on the analysis of the timing
metrics we have developed simple closed-form criteria for

the aggressor-screening. Our work can significantly save

iterative delay computation effort, and it provides more
accurate metrics for timing window alignment in static
timing analysis.
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