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Abstract

The performance of high-speed VLSI circuits is increasingly limited by interconnect
coupling noise. We provide improved, easily computable estimates of crosstalk peak
noise, as well as impact of coupling on aggressor delay, for distributed RC' interconnects.
Our approach is based on better modeling of the distributed interconnects, as well as
more detailed analyses for both the step input and ramp input regimes. We analyze both
L and II interconnect models in deriving analytic expressions for peak noise and delay.
We also handle both step and ramp inputs, so that our approach is strictly more general
and accurate than previous methods in the literature, notably [8] [5]. Noise estimates
obtained with the IT model are within 13% of SPICE simulation results, and in practice
the L model provides an upper bound and the II model provides a lower bound on
the peak noise estimation as compared to SPICE simulation results. The substantial
accuracy improvements that we obtain can lead to less over-design and guard-banding
in high-performance system designs.

1 Introduction

Interconnects are an important performance limiting factor in today’s high-speed and
high-density VLSI designs. A major reason for this is the increasing importance of
crosstalk between parallel RC interconnect lines [1] [6]. This crosstalk is due to the
capacitive coupling between lines (which increases as the average length of interconnects
and the density of interconnect routings increase), and to the faster switching speeds of
devices.

Today’s timing analysis tools employ a simple technique which takes the coupling
capacitance to be some multiple of grounded capacitance depending upon the switching
conditions. A single effective capacitance value for the interconnect is computed for
use in delay and noise estimation. This is multiplied by a switching factor, which is
taken to be slightly more than zero for a pair of lines switching in the same direction,
and slightly less than two for a pair of lines switching in the opposite direction. The
downside of this simple technique is that it can lead to highly optimistic or pessimistic
analyses of noise. This motivates the development of more accurate predictors of noise
and coupling-induced delay based on coupling capacitance values and switching activity
(slew times, offsets).



Several notable previous works model the effects of interconnect fringing and coupling
capacitance on delay and crosstalk. Vittal et al. [8] use an L model for RC interconnects
and obtain delay and noise bounds for the case of a step input only. Also, their model
does not take into account the interconnect resistance while deriving noise expressions.
Kawaguchi and Sakurai [5] use the diffusion equations for analyzing capacitively coupled
interconnects, but also analyze only the case of a step input. In addition, they make
several assumptions while deriving the final expressions for the noise and delay. E.g.,
they assume Rgriver << Rint and Cioaq << Cint. The results of [5] are a special
case of results of [8], and the equations from [5] reduce to those of [8] when the driver
resistance is made zero. Also, they evaluate different cases of possibilities of ratios of
resistances, capacitances, etc. separately, and make few assumptions in each derivation.
Shepard et al. [7] obtain noise estimates that are dependent on input slew, but the
interconnect model is again a simple L model. Yee et al. [9] present simulation results
that document the magnitude of crosstalk-induced delay. Devgan [2] presents a metric
for fast estimation of noise based on electrical properties of circuits, but the estimation
error increases as the rise time decreases.

In this paper, we present improved estimators for noise and delay phenomena due to
coupling capacitance. We use a distributed II model for RC' interconnects, which is more
accurate than the L model used in [7] [8]. We also derive expressions for ramp inputs
in addition to step inputs. Our approach analyzes circuits in the frequency domain and
then obtains time domain results by taking the inverse Laplace transform. For a step
input waveform and an L model of the interconnect, our expressions reduce to those
derived in [8]. Thus, in light of the previous literature, we are the first to provide a
complete set of analytic estimators for both L and Il models of the interconnect, for
both step and ramp inputs, and for both peak noise and coupling delay estimation.
The improved accuracy of our estimators can (i) be useful in analyzing the sensitivity of
circuit performance to various interconnect tuning parameters, and (ii) lead to less over-
design and guard-banding in high-performance designs, at all stages of a performance-
convergent synthesis and layout methodology.

The remainder of this paper is organized as follows. Section 2 describes the circuit
model and the notation used in our analysis. Section 3 presents the analysis of noise and
delay due to coupling for the L model of interconnect. Section 4 presents the analysis
of noise and delay due to coupling for the IT model of interconnect. Simulation results

are presented in Section 5, and Section 6 concludes with directions for future work.

2 Preliminaries and Notation

We consider two parallel coupled interconnects with drivers and loads attached, as shown
in Figure 1. Equivalent circuits using L and II models for the interconnects are shown in
Figures 2 and 4, respectively. We analyze noise and delay at nodes C' and B. Although
for simplicity we consider just one aggressor line, our analyses extend easily to the case
of more than one aggressor line for a given victim line. Our goal is to develop models
to estimate peak noise on the victim line, and delay on both aggressor and victim lines,

for three main cases: (i) victim line quiet, (ii) victim line active and switching in the
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Figure 1: Two parallel coupled interconnects, with inverters as drivers and loads.
This configuration is used for our analysis of peak noise on the victim, and delay
on both aggressor and victim.

Model State of Line Switching Input Section
Type | Victim | Aggressor | Directions on Lines | Waveform | in Paper
Quiet Active - step 3.1.1
Quiet Active ramp 3.1.2
L Active Active opposite step 3.2.1
Active Active opposite ramp 3.2.2
Active Active same step 3.3.1
Active Active same ramp 3.3.2
Quiet Active - step 4.1.1
Quiet Active ramp 4.1.2
I Active Active opposite step 4.2.1
Active Active opposite ramp 4.2.2
Active Active same step 4.3.1
Active Active same ramp 4.3.2

Table 1: Detailed outline of cases addressed in Sections 3 and 4.

opposite direction to the aggressor, and (iii) victim line active and switching in the same
direction as the aggressor. These cases are addressed in Sections 3 and 4, as outlined in
Table 1.
The following notation is used in our discussion (see Figures 2 and 4).
aggressor line: interconnect whose switching affects the voltage level on another inter-
connect parallel to it
victim line: interconnect parallel to the aggressor line and whose voltage is affected by
the switching of the aggressor line
vp(t): voltage at node B in time domain
VB (s): voltage at node B in transform domain
vp: supply voltage
Upeak: Peak noise voltage
Rg1: driver on-resistance of aggressor line
Rgo: driver on-resistance of victim line
R;: resistance of aggressor line
R]: resistance of victim line
Cy: metal to ground capacitance of aggressor line in L model (includes load capacitance),

or first of the two capacitances of the aggressor line in the distributed II model



C}: metal to ground capacitance of victim line in L model (includes load capacitance),
or first of the two capacitances of the victim line in the distributed II model

Cy: second of the two metal to ground capacitances in the II model of the aggressor line
(also includes load capacitance)

C}: second of the two metal to ground capacitances in the IT model of the victim line
(also includes load capacitance)

C¢1: coupling capacitance between the lines when the L model of interconnect is used,
or first capacitance of the distributed II model of interconnect

C.s: second capacitance of the distributed IT model of interconnect

tpeak: time at which the peak noise voltage is reached

Ti: slew time at the input of driver

TS or Ts: slew time at the output of driver!

3 Noise and Delay Estimation Using the L Model for
Interconnect
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Figure 2: Equivalent circuit (using L model for interconnect) for the configura-
tion of Figure 1.
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In this section, we use the L model to represent the RC interconnect between the
driver and the load as shown in Figure 2. To estimate the noise peak on the victim line
due to the aggressor line, the first subsection studies the case when the victim line is
quiet and the aggressor line is switching. The second subsection studies the case when
both the victim and aggressor lines are switching in opposite directions; this case is
used to estimate the worst-case interconnect delays on both the lines. Finally, the third

subsection studies the case when both the victim and aggressor lines are switching in

!Note that the notation Ts is used exclusively to represent the output slew time of the driver.



the same direction; this case is used to estimate the best-case interconnect delays on
both the lines. Our analyses address both the step and ramp input regimes, and we take
driver resistance and load capacitance into account when deriving expressions for peak
noise and delay. Our noise peak expression for step input reduces to the result obtained

in [8] when interconnect resistance is set to zero.

3.1 Victim Quiet and Aggressor Switching

Since noise can cause false switching and incorrect functionality, it is essential to predict
and correct for noise peaks. We now obtain an analytical expression for peak noise. In
practice, this noise peak estimated via the L model can be taken as an upper bound
when compared with SPICE simulation results.

To calculate the noise on the victim line we assume that the victim line is quiet and
the aggressor line is switching as shown in Figure 3. In the circuit model of Figure 2,
we compute the voltage at the aggressor line output, i.e., at node C. Using the nodal
equations at B and C' we obtain the following expression for voltage on aggressor and

victim line in the frequency domain:?

14+ a;s
VB—Vs11+5]\/[1+52JM2 (1)
a2S
VC_V511+3M1+32M2 (2)
where

My = [(Ra+ Ri)(Cy+ Cer) + (Ra2 + RY) (C] + Ce1)]
Ms = (Rgq + R1)(Rg2 + R})(C1Ce + Cei Cf + C{Ch) 3)
ai = (Rd2 + Rll)(C{ + Ccl)
a; = (Rpp+ Ry)Cey

We now compute the noise peak on victim line by considering step and ramp inputs at

the inputs of the of aggressor line.

3.1.1 Step Input Analysis

Consider an aggressor line switching from low to high and a quiet victim line (i.e., input
voltage remains constant), as shown in Figure 3(a). For the quiet line, the input voltage
Vs2 = 0 and for the aggressor line with step input, we have Vg; = UTO. The voltage at

node B and C in time-domain is given by

vp(t) = vo (1 + kie®" + koe") (4)
az sit sat
t) = vg——-— (1" — e*2 )
ve(t) S A P (et —e) (5)
__ l+as; _ __l4+as — My /MaEy/(My[M2)?—4/M>
where k; = ST (s1 — 53) ks = 5 Mo (51 = 53 S12 = 5 .

The peak noise is computed by differentiating Equation (5) with respect to t and equat-
ing to zero. The time at which peak voltage is reached is given by

tpeak = ﬁ ln(32/31) (6)

2Note that the capacitances C; and C} includes the load capacitances at the end of the line (i.e., Cr1 or
Cr2).
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Figure 3: Case when the victim line is quiet: (a) step input, and (b) ramp input.

and the peak voltage is

S1 52
a2vp 52 G1-92) 52 G1-52)
A (7)

Vpeak = ——————
peak Ms(s1 — s2) \'s1 51

However, by approximating the voltage at node C' to first order approximation, we

/ 1
get ve(t) = vo (Fap A_ZRl) Car e ™' and the approximate peak noise amplitude on the
victim is ,
S Yol2 _ Vo (Raz + Ry) Cex (8)
UB = L

Later, in the discussion we show that the above obtained peak noise expression yields an
upper bound on the peak noise values when compared to SPICE results. Hence, we refer
this model as Ly g in our discussion. Now, if we do not consider interconnect resistance,

so that R; and R» are set to zero, the circuit model becomes the same as that of [8]

and the peak voltage reduces to vpeqr, = ( . Hence,

Vo
1+ C{/Ccl + Rdl/Rdz(l + Cl/Cd))
our derivation of vpe.r by considering interconnect resistance yields a more general

expression for noise peak voltage than that of [8].

3.1.2 Ramp Input Analysis

We now extend the derivation to the case of a ramp input voltage at the source of

aggressor line. The ramp input voltage in the transform domain is expressed as Vg; =

SZU—%S (1 — e*STS) where Ts is slew time of the ramp input [3]. Substituting for Vs;, the

frequency domain expression for the voltage at node C' can be written as
ass

1+ sM; + s> M,

Vol(s) = (1—e*T) x 9)



The above equation can be reduced further by applying partial fractions, i.e.,

e 1 t 1 ¢

%52 |:1 + Mzsl(slfsz) 681 - Mzsz(slfsz) . ] t S TS
Uc(t) =

Vo 1 -T 1 -T

%52 |:M281(81—82) (681t - 681(t S)) - MQSQ(Sl—SQ) (682t - 632(t S)) t > TS

(10)
The time at which v (t) reaches peaks is computed using the ve(t) expression for ¢t > T's
— 7S2TS . . .

as tpeak = e l 5) In i — z—slTS ) The corresponding expression for peak voltage is

Vo @2
Upeak =
p TS

(1 _ e*SlTS) 1 — g—52Ts s1/(s1—s2) (1 _ e*SZTs) 1 — e—2Ts s2/(51—s2)
M>s1(s1 — s2) <1 — e—S1T5> N Msss(sy — s2) (1 _ 6—31T5>

(11)
Again, we compute the upper bound on the peak noise value by approximating the
voltage at node C to first moment as

(12)

!
S— o (Raz + Ry) Car 1— e—TS/Ml]

Ts
The noise peak estimation for our L model using Equations (7) and (11) are compared
with SPICE results and other approaches in the literature or various interconnect con-
figurations (see Table 3).

To compute the interconnect delay on aggressor line we obtained the voltage expres-

sion at the node B as

%g (k1 + Kot + kze®>" + kye®st) t<Ts

vp(t) = (13)
%—g [koTs + ks (e%2t — es2(t_TS)) + ky (e3¢ — es3(t_T5))] t>Tg

_ 18182+ 81 + 8 _ _ (14+as) _ (A +aysy) _

where kl = %, k2 = ]., k?g = m, k4 = —m, $2,3 =

—M1 /Ma£+/(My1/M2)2—4/M>
5 .

3.2 Victim and Aggressor Switching in Opposite Directions

In deep-submicron processes the interconnect coupling capacitance is a major part of
total capacitance; hence, interconnect delay can vary significantly depending on switch-
ing behavior. When two neighboring lines are switching in the opposite direction then
the effective coupling capacitance can be up to twice the nominal coupling capacitance,
depending on the amount of overlap of input waveforms, i.e., C.(eff) = SF % C. where
the switch factor SF € [1.0,2.0].

To estimate the worst possible interconnect delay, one approach used widely in in-
dustry is to assume a worst-case switch factor of SF = 2.0 and then scale the coupling
capacitance by SF, distributing this effective coupling capacitance along with intercon-
nect parallel plate capacitance in the region where the lines overlap. This approach can
be too pessimistic, forcing suboptimal design decisions.

Using the circuit model of Figure 2 we now compute the voltage at the output of both
victim and aggressor lines, i.e., voltage at nodes C' and B. Using the nodal equations

at B and C' and substituting Vso = —Vg; for input voltages, we obtain the following



expressions for voltage in the frequency domain (by approximating to first moment

only):
Vo l+as (14)
Vsi 1+ Mis+ s>M,
Yo _ __ l4as (15)
Vs1 1+ Mys+ s?M,
where M7 and M, are same as in Equation (3) and
a1 = (Ra2+ R)(C] +Car) — (Rar + B1)Cea (16)
ay = (Rq1+ R1)(C1+Ce) — (Raz + R})Cear

Note that the voltage expressions for nodes B and C' are similar, except that they
have different coefficients in the numerator.
3.2.1 Step Input Analysis

We now consider step inputs switching opposite directions at the line inputs, i.e., Vg1 =

—Vso = %. Converting the frequency domain voltage expression in Equations (15) and

(14) to the time domain, we get the expressions similar to (4). In (17), a; is used and

in (18), ao is used for computing correct values of ko, k1, and k.

v (t) = vg (k‘o + k‘leslt + k‘2652t) (17)

ve(t) = —vo (k?o + kpeftt + k2€s2t) (18)

3.2.2 Ramp Input Analysis

For ramp inputs switching in opposite directions at the line inputs, we have Vg; =

—Vso = 2“% (1 — e*STS). The time-domain expressions for voltage at nodes B and C
s°1s
are similar to Equation (13) except for different coefficients.

(t) s (Fo + kit + kae=" + kges") = (19)
B =
MZOYTS [leS + ko (€S2t _ esz(ths)) + ks (esat _ eSB(t*TS))] t>Tg
_—MZ?TS (ko + k1t + koe®2! + kze®3?) t<Ts

—ﬁ [k1Ts + ko (%2t — e52(t=15)) 4 kg (e%3t — e t=T))] ¢ > TS(QO)

3.3 Victim and Aggressor Switching in Same Direction

When two neighboring wires are switching in the same direction then the effective cou-
pling capacitance between the lines is C.(eff) = SF % C., where the switch factor
SF € [0,1] again depends on the amount of overlap of input waveforms. If both wires
switch at exactly the same time with identical slew then the effective coupling capaci-

tance between the lines is zero. This produces a lower bound on the interconnect delay,



with corresponding best-case delay estimates computed by not considering any coupling
capacitance between the lines (i.e., using only a given line’s RC' values).

Using the circuit model given in Figure 2 and substituting Vgs = Vs; for the input
voltages, we can compute the voltages on both lines. The analysis for this case is slightly
different from the remaining cases. Here, we have to take the second order moment to
avoid the degenerate case when the coupling is not playing any role. This would be the
case when the both the interconnects have the same electrical parameters (Resistance,
Capacitance, etc.), and the characteristics of the two wires are exactly similar. In that
case, there is no current flowing due to the coupling capacitance and the correct solution
for that case is obtained only by considering the second order moments as well. Thus

the expressions for Vg and V¢ for this case are given as:

Ve __ ldhas (21)
VSl 1+M18+M282
| _ (1+ ass) (22)
Vs1 1+ Mys + M,s®
where
ar = (Ra2+ R})(C] +Ce1) + (Rar + R1)Cer (23)
ay = (Rai+R1)(Ci+Cea)+ (Raz + R))Cer

and M; and My is given by Equation (3).

3.3.1 Step Input Analysis

As discussed above, the time-domain expression for voltage at nodes B and C can be

obtained similar to Equation (4) except for different coefficients.

UB (t) =y (k‘o + k‘leslt + k‘2682t) (24)

ve(t) = vo (k‘o + kreftt + erSQt) (25)

3.3.2 Ramp Input Analysis

Using the partial fractions, the time-domain expressions for voltage at nodes B and C'

can be obtained similar to Equation (13) (13) except for different coefficients.

(t) s (Fo + kit + kae=" + kges") = (26)
vp(t) =
MZOYTS [leS + ko (€S2t _ esz(ths)) + ks (esat _ eSS(t*TS))] t>Tg
(t) 1 (ko + kat + ke + kze") e (27)
vo(t) =
ﬁOTS [k1Ts + ko (%2t — es2t=T5)) 4 kg (e — e T))] ¢ > T

When both lines are switching in the same direction the interconnect delay estimates
corresponds to the optimistic delay for coupled lines. Hence, we can use our above
derived expressions to compute delay uncertainty for various cases of input switching

criteria.



4 Noise and Delay Estimation Using the II model for
Interconnect
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Figure 4: Equivalent circuit (using II model for interconnect) for the configura-
tion of Figure 1.

In this section, we apply the II model for the interconnect and compute both the
noise peak voltage and delay on the interconnects as shown in Figure 4. Our analyses
address both the step and ramp input regimes. In the first subsection, we study the
same case as in Section 3.1: one line switching and other line quiet. In the second and
third subsections, we study the case when the lines are switching in opposite directions.
For these latter cases, we also study the impact of noise on delay of the aggressor line.

Our basic analysis approach is as follows:

e We use Figure 4 as the equivalent circuit for analysis purposes. Note that we have
distributed the interconnect line capacitance in two parts (ground capacitance and

coupled capacitance).

e We will use the same approach for analysis as we did with the L interconnect
model, i.e., we transform the time domain circuit equations to frequency domain
using Laplace transforms, solve the equations, then convert the results back to the

time domain.

e To find the noise voltage at the end of victim line, we must solve for v (t), while to
find the impact of crosstalk on delay, we must solve for vg(t). The nodal equations
at nodes A, B, C and D in Figure 1 are given in (28).

Vs1 = Va+Ra [VA501 + (VA - VD)SCCl + VgsCsy + (VB - Vc)SCCz]
Va Ve + Ry [VBSCQ + (VB — VC)SCCQ]
Vso Vb 4+ Rgo [VDSC{ + (VD — VA)SCC1 + Vcscé + (VC — VB)SCCQ]
Vb = Vo+ R [VesCh+ (Vo — Vi)sCeo]

(28)

10



4.1 Victim Quiet and Aggressor Switching

For this case, the victim line is quiet at low voltage, while the aggressor line is switching
from low to high. Therefore, Vs = 0. Solving the equations (28) with Vg2 = 0 yields
the following transfer function in frequency domain for noise at node C' and at node B

(we approximate the solution to second moment only).

E_ ais + ass® (29)
VSl N 1 + b18 + b282

E _ 14+ ¢18+ co8> (30)
VS1 N 1+b18+b282

where

a1 = R{Ccs+ Ri2Cci1 + Ri2Cen
az = RpCi{R|Ccr+ RipCoiR1Ceo + RiaCcri Ri1Cy + Ri2Cor R1Cen
by = RiCc2+ Ri2Cc2 + Ri2Co1 + R1C5 + RinCoy + RinCoz + RiCon + RO+
RsuCi + Rdzcé + R1Cs + Rj1 Cy
b = RgC{R|Cca+ Ri2Cc1R|Cco + Rg2CciR1Coa + RgaCc1 R1C2 + Rg1 Co R Coa+
Ri1C2R42C) + Rg1 CoRg2Ccr + Rjn CoRg2Cy + Ry1 CoRg2Coa + Rq1 C1 R{Ch+
Ry1C1R1Cc2 + RinC1Rg2Cl + RinC1Rq2Cci + RinC1R42C5 + Ri1 C1R2Coa+
RdQC{RIICé + RlczR’lCé + R102R’1002 + R102Rd201 + RdzcolRiCé‘f‘
Ry 1C1RCy + RinC1R1Cc2 + RinCo1 R1Cy + RinCo1 R1Co + RinCor R Cy+
Ry1Cc1 R Coa + RinCoaR1Cy + Rin CcaRy2Cl + Rq1 CoaRy2Cy + RinCor Ra2 Cl +
Ri1Cc1Rgp2Chy + RiCaRgoCh + RiCoyR32Co2 + RiCca R C) + RiCaRagaCl+
R1C02Rd20é + RdngR’lCé
cp = RSCCZ + RdQC{ + R42Cco1 + R'ICé + RdQCé + Rg2Cca
c2 = RpCiRICy+ RipCiR|Ccr + Ri2Co R C) + RioCor R Coa + RiaCo1 R Cee
(31)
We now compute the time-domain solutions voltage on both victim and aggressor

lines by applying both step and ramp inputs at the input of the aggressor lines.

4.1.1 Step Input Analysis

Consider a step input at the aggressor, i.e., Vg1 = %0 in the transform domain. The
voltage at node C of the victim using Equation (29) can be expressed as

a1 + a8
Ve = _
C(S) U01+b18+b282

_Uo{k1+k2}

by |s—581 Ss— 89

Using partial fractions and inverse Laplace transforms the above equation can be written

in time-domain as

vo(t) = 3 (ke + kae™) (32)
_ Ssasby — aiby + ashy _ ba(s2a2 + ay) _ 1 _ b
where k; = 5530s + by , ko = “Dsaby T b 18y = by’ and s1 + s9 = by

11



Similarly, using Equation (30) the voltage at node B of the aggressor line can be

expressed as

vo 1+ ¢15 + 28>
s 14 bys + bys?
Yo ko ko k2
by | s §—81 S§— 8o

VB(S) =

Applying partial fractions and inverse Laplace transforms the corresponding time-

domain expression is
Vo

vB (t) = E (ko —+ kleslt + k;2t) (33)

. _ —Sng + s2bacs + coby — c1bs _ bo (_82b2 — b1+ s2¢) + cl)
where kg = bo, k1 = 25202 + by » k= 259by + by ’
S189 = %, and s; + s2 = —2—;. The voltage vg(t) on the aggressor line can be used to

study delay uncertainty due to coupling, i.e., the change in delay due to the coupling
effect with the victim line. This type of analysis — to compute delay and delay uncer-
tainty on an aggressor line — is also very useful when the victim line is active (see next
subsection).

The voltage ve (t) represents noise on victim line due to the input switching on the
aggressor line. To find the peak noise for this configuration, we differentiate Equation

(32) with respect to ¢ and set the derivative to zero. The time at which peak noise is

1 k‘181
eak — 1 -5 4
fpeat (52—51> n( k252> (39

with peak noise given by ve peak (t) = v (tpeak)-

reached is

4.1.2 Ramp Input Analysis

For ramp input analysis, we use the frequency domain expression for a ramp input:

Vo1 = ;)% (1 — e’STS) and Vga = 0. The voltage at node C of the victim line in the
s°1g
transform domain can be expressed as

vo(l — e*STs) a; + ass

STS 1+ b18 + b282
1—eTs) [k k k
Uo( € ) Ko + 1 + 2
Tsbo s §—8 S8§— 82

Ve(s) =

The corresponding time-domain expression is given by

(%] t t
(t) by Ts (Ko + ket + kye®t) e (35)
vo =
g [ (€77 = €71 07T9)) -y (052 — e 0=T9)] 4> T

b2 ((1,2 + 32b2a1)
282b2 + b1

by (—s2b2a1 — a1b1 + as) s185 = L
282b2+b1 ’ 12_b2,

where k?g = a1b2, kl = — s k‘2 =

and s1 + so = —2—;, and

12



Again, using partial fractions and inverse Laplace transforms allows us to convert

Equation (30) into a time-domain expression for the ramp input configuration:

(t) p s (Fo + kit + kaes2! + kge™'t) = (36)
UB =
b:%s [k1Ts + ko (%2t — e52(=T)) 4 k3 (e51t — e21(-T5))] ¢ > T

b2 (b282b1 + b% — Clb282 — Clbl — b2 + Cg)

where k‘o = (—b1+01)b2, kl = bg, kg =

2b282—|—b1 ?
ba (—ba + — basoby + c1bas
k 2( 2 C2 2211 0122),88 1,End8 s bl.

To find the peak noise, we differentiate Equation (35) and set the result to zero. The

expression for peak time is thus

tpeakl = (ﬁ) In (_%) 0< tpeakl <Ts
1 k 1—e 575 0
e = () {(-f23) (1557 | >

from which peak noise voltage can be computed by substituting ¢,cqx values into Equa-

tion (35), with ve (tpear) = max {vc (tpeakt), Ve (Epeak2) }-

4.2 Victim and Aggressor Switching in Opposite Directions

When aggressor and victim are switching simultaneously in opposite directions, we have
Vsa = —Vs1. Solving the set of Equations (28) with Vgy = —Vs; yields the following

transfer function in the frequency domain (after retaining terms with up to power of

two in s):
Vsl—L ‘A AGGRESSOR LINE ‘B
1
T e
¢ C
: } D VICTIM LINE T ‘
\
Ve (a) Step Input

B

.
R
\/QX | A AGGRESSOR LINE
D— T >
N
v

c
D ¢ c
‘ VICTIM LINE T ’\@

v | \

< (b) Ramp Input

Figure 5: Circuit for the case when the victim is switching in opposite direction
to the aggressor: (a) step input, and (b) ramp input.

E _ —1+4 a1 + ass? (38)
VS1 N 1+b18+b282
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Ve l4c1s+ s’

Vs1 1 + b1 s + bys? (39)
where
ar = —(RiCy+ RiCeo2+ RinCi — RioCc2 + RaiCcr + Rin Co + RinCoz — R Ce
—R42Ccn)
az = —(RaiCiRCy — Rg2CciR{Coa — RgpCc1 R1Cy — RipCci RiCoa + Ryn C1 R Coa+
R31Cc1R1Cy + RjnCo1R1Coa + RnCc1 R Coa — RipC1 R C2)
¢t = —(RiCc2—RppCcr + RiiCeoi — RipCl — Ri2Cy — Rg2Ccy — R1Ceo — R1Cy+
Ry Cc2)
¢z = RpCoiR1Co2 — RinCc1Ri1Ceoa — RyiCiR1Co2 + Ri2Co1 R1Ch + RaoCen R Coa—
RiCc1R|Cea — Ry1 Cor RYCY + Ry C1 R CY 4+ Ry2Ci R Ca
(10)

and the denominator terms by and b, are the same as in Equation (31).

As before, we these analytical equations for voltage on victim and aggressor lines
are useful in computing delay and delay uncertainty with respect to input slew time,
coupling capacitance, etc. With the above derivations, we can obtain a complete set of

analytical tools to estimate noise peaks and delay uncertainty effects.

4.2.1 Step Input Analysis

Vo

With a step input for the aggressor, Vs; = —. Using Equation (38), the voltage at

node C' of the victim can be expressed as

v —1+as+ a252

s 14 bis+ bys?

vy |k k k
ooy Mo 2
by | s §—81 S§— 89

Ve(s) =

Applying partial fractions and inverse Laplace transforms the corresponding time-

domain expression is given by

Vo

=3 (kg + ket 4+ k§2t) (41)
2

ve (t)

52b3 + Sab2as + asby — aibs by — by (5202 + by + 5202 + 1)

282b2 + b1 » 2 282b2 + b1 ’

where k‘o = —bQ, kl =

5182 = %, and s; + 53 = —2—1.

Note that the Vp(s) expression in Equation (39) is similar to the Equation (30) for
the case when the victim line is quiet; the only difference is that one must substitute
correct values of ¢; and ¢y as derived in Equation (40) in the expressions for ki, ko,
s1, and so given below the Equation (33). Hence, for the sake of completeness the
time-domain expression for voltage on aggressor line is

Vo

=0 (ko + k1e®'" + k32") (42)

UB (t)

14



4.2.2 Ramp Input Analysis

Now we consider a ramp input at the input of the aggressor line, ie., Vg1 =

SZU %S (1 — e*STS) [3]. As discussed before using partial fractions and inverse Laplace
transforms the time-domain expression for v (t) is given by

(t) b:%S (k() + kit + k2632t + k3681t) t<Tg (43)
vo =
b:%s [k1Ts + ko (e%2t — es2(t=T5)) 4 k3 (e1 — en1(=T))] ¢ > T

by (—basyby — b2 — aybysy —ajby + b
where kg = (b1 +a1) b2, k1 = —bs, ky = 2( 25201 — % — (15252 a11+2+a2)

2b282+b1 ?
by (b + a +b8b —|—abs
k‘g— 2(2 2222211 122),8281 12’ ] 5 1 b;

As above, since the Vg(s) expression is the same for “victim line is quiet” as it is for

“victim line is active”, the time-domain expression is the same as in Equation (36), i.e.,

(t) b:—%s (k‘o + kit + erszt + k3681t) t<Tg (44)
UB =
—b:%s [k1Ts + ko (%2t — e52(=T)) 4 k3 (e51t — en1(=T5))] ¢ > T

where the expressions for ki, ko, s1, and s, are identical to those presented in Equation

(36), and values of ¢; and ¢, are substituted according to Equation (40).

4.3 Victim and Aggressor Switching in Same Direction

Finally, when the aggressor and victim are switching simultaneously in the same direc-
tion we have Vgy = Vsy. Solving the set of Equations (28) with Vss = Vs yields the
the following transfer function in the frequency domain (after retaining terms with up

to power of two in s):

Vo 14 a1s + azs®

= 4
VS1 1 + b18 + b282 ( 5)
Ve _ltastes (46)
VS1 1 + b18 + b282
where
ai = RiCo+ RiCoz+ Rq1C1 + Ri2Co2 + RiiCci + Ryn Ca + R1Coa + R Cen
+R42Cc1
az = RpuCiR1Co2+ RinCiR1Co+ RiiCeo1R1Cs + RinCo1RiCos + Rin Cor R 1 Coa+
Ri»CiR1Cc2 + RixCcr R1Coa + Ri2Co1R1Cy + RipCor RiCes
cp = RIICé + RIICCz + RdQC{ + R:1Co2 + Ri2Co1 + RdQCé + Ry2Cc2 + R1Ceo
+Ry1Cc
2 = RpCiR{Ccr+ RipCiR|C) 4+ Ri2Co R1Cy + Ri2Co R Cer + RiaCor R1Cont+
Ry1C1RCc2 4+ RipCc1 R Cer + Ryt Cor R1Cy + Ry Cor R Cen
(47)

and the denominator terms by and b, are the same as in Equation (31).
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Figure 6: Circuit for the case when the victim is switching in same direction to
the aggressor: (a) step input, and (b) ramp input.

4.3.1 Step Input Analysis

Note that the Vo (s) expression in Equation (45) is similar to the Equation (30) for the
case when the victim line is quiet; the only difference is that one must substitute a; and
as from Equation (47) instead of ¢; and c¢2 respectively in the expressions for kq, ko,
s1, and sy given below in the Equation (48). Hence, for the sake of completeness the

time-domain expression for voltage on aggressor line is
volt) = 32 (ko + ket + k57) (49
2

Again, note that the Vg(s) expression in Equation (46) is similar to the Equation
(30) for the case when the victim line is quiet; the only difference is that one must
substitute correct values of ¢; and ¢y as derived in Equation (47) in the expressions for
k1, ko, s1, and so given below the Equation (49). Hence, for the sake of completeness
the time-domain expression for voltage on aggressor line is

vp(t) = Z—;’ (ko + kre't + k32 (49)

4.3.2 Ramp Input Analysis

Since the V¢ (s) expression is similar to Equation (30), the time-domain expression is

again similar to Equation (36), i.e.,

(t) p s (Ko + kit + kaes2! + kge®tt) = (50)
vo =
b:%s [k1Ts + ko (e%2t — e52(t=Ts)) 4 k3 (e51t — es1(=T))] ¢ > T

where the expressions for k1, ks, s1, and ss are same as those presented in the Equation
(36) and one must substitute the values of a; and ay instead of ¢; and ¢y as given in
Equation (47).
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5 Experimental Results

To validate our new analyses, we have considered two adjacent M3 interconnects used
in a real microprocessor design for 0.25 ym CMOS technology. We assume identical
interconnects are driven by identical inverters of size (56,23) um, and also assume that
the loads at the end of the lines are identically sized inverters. We study various con-
figurations of interconnect length, width, and spacing as shown in Table 2. The context
for this experimentation is to discover how close our proposed L and II models compare
to SPICE simulations for both noise peak and delay estimation.

We now express the resistance and capacitance circuit parameters in Figure 2 and
Figure 4 in terms of the interconnect parameters given in Table 2. For the L interconnect
model, we consider C] = Cy = Cypq+ Cr, and Ce1 = Cioyp, while for the II interconnect
model, C] = C1 = Cypa/2, C) = Cy = Cypg/2+ Cr, and Cp1 = Cc2 = Croyp/2. The

load capacitance due to the inverter gate capacitance is Cp; = Cy = 153 fF.

Cases | width | spacing | length Rint Cond Ceoup
(in pm) | (in pm) | (in pm) | (in Q) | (in fF) | (in fF)
1 0.49 0.46 1000 122.9 63.2 115.02
2 0.49 0.46 5000 614.32 | 315.77 | 575.03
3 1.00 0.46 10000 | 605.63 | 983.97 | 1187.03
4 0.49 1.30 1000 122.9 109.3 46.2

Table 2: Interconnect parameters used in various SPICE simulations (Cf, =
153 fF due to inverter gate capacitance for all cases).

We simulate the coupled interconnects by using different input slew times ranging
from Ops to 400ps for the driving inverters. We first compute the noise peaks for all
four test cases under different slew times using SPICE simulation and our estimation
values for L and II models as shown in Table 3. In the table, Ly is the upper bound of
peak noise when we use the formulas given by Equations (8) and (12) and Loy, for peak
noise when we use the formulas given by Equations (7) and (11) for the L model of the
interconnect for the step and ramp input cases (Section 3.1). For the II model the noise
peak (Ilpy) is computed using Equations (34) and (37)) for the step and ramp input

cases (Section 4.1). In Table 3, the noise values are normalized to the supply voltage

Ave (t)
Vo

with the two existing models of [5] and [8], as well as with SPICE simulation results.

value, i.e., . Peak normalized noise values in Tables 3 and 4 are also compared
The L[g] values are the peak noise values obtained using the formula of [8]. For H[5], we
take the noise formula of Kawaguchi and Sakurai [5] for the 2-line case when both the
victim and aggressor lines are switching in opposite directions, and divide it by two to
obtain the noise peak when only the aggressor is switching.

Our results for the IT interconnect model as shown in Tables 3 and 4 are within 13%
of the values derived by SPICE results for peak noise. Also, our new noise estimators
are substantially more accurate than previous models of [8] [5]; in terms of design im-
pact, we believe that less over-design and guard-banding will be necessary if our new

approximations are adopted. Since in the L model all the interconnect resistance (R;)is
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loaded with the total interconnect capacitance (C1), the noise peak estimated in this
model is an upper bound as compared to SPICE result. Similarly, since in the II the
interconnect resistance (R;)is loaded with the half the interconnect capacitance (Cy/2),
the noise peak estimated in this model is an lower bound as compared to SPICE result.
To make this clear we have plotted the noise peaks in Tables 3 and 4 for all four cases
graphically in Figure 7. Hence, our L and II models can in practice be used as an upper
and lower bound estimators for the noise peaks in VLSI interconnects.

Finally, Table 5 shows a comparison of interconnect delays on the aggressor line
computed using SPICE and our II model for the case when the aggressor line is switching
and the victim line is quiet. We use the 50% threshold to compute the interconnect
delay from the output of the driver to the next inverter input. Similarly, Table 6 gives
a comparison of interconnect delays on the aggressor line for the case when both victim
and aggressor line are switching in opposite directions. This case yields pessimistic or
worst-case interconnect delay values between the two coupled interconnects. From Table
6 we see that our IT model delays are — again, in practice — a lower bound and our L
model delays are an upper bound for the SPICE-computed values. Finally, Table 7
gives a comparison of interconnect delay on the aggressor line for the case when victim
and aggressor are switching in same direction. This case yields optimistic or best-case
interconnect delay values between the two coupled interconnects. From Tables 6 and
7, we can get the delay uncertainty results (Table 8 and Figures 8 and 9). The results
shown in above tables indicate that our improved modeling methodology can be used

to accurately predict the delay for coupled interconnects.

Ts =0 ps
Cases SPICE L[g] [5] Lo,”. LUB Ho,”.
1 0.080 0.174 | 0.174 | 0.130 | 0.163 | 0.088
2 0.210 0.275 | 0.275 | 0.214 | 0.274 | 0.184
3 0.221 0.255 | 0.255 | 0.197 | 0.255 | 0.183
4 0.037 0.075 | 0.075 | 0.055 | 0.070 | 0.037

Table 3: Normalized peak noise values under step input (Ts = 0) for two
coupled interconnect configuration under various models. Our Lyp gives

upper bound on noise peak values and our Ilp,, generate values close to
SPICE results.

Ts = 100 ps Ts = 200 ps Ts = 400 ps
Cases SPICE LOur LUB HOur SPICE LOuT LUB HOuT SPICE LOur LUB HOur
0.060 0.103 | 0.099 | 0.060 0.035 0.067 | 0.065 | 0.035 0.018 0.035 | 0.035 | 0.017
2 0.209 0.214 | 0.265 | 0.183 0.200 0.213 | 0.255 | 0.181 0.198 0.209 | 0.237 | 0.173
3 0.210 0.197 | 0.250 | 0.183 0.202 0.196 | 0.247 | 0.183 0.199 0.196 | 0.238 | 0.181
4 0.026 0.043 | 0.041 | 0.024 0.012 0.019 | 0.019 | 0.010 0.007 0.014 | 0.014 | 0.007

Table 4: Normalized peak noise values for different input slew times for the
two coupled interconnect configuration under various models.
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Ts =0 ps Ts =100 ps
Cases | SPICE | oy, | Lour SPICE | Iowr | Lour
1 22 19 25 24 27 35
2 233 215 349 238 216 351
3 487 437 799 491 439 799
4 20 19 25 25 27 33
Ts =200 p Ts = 400 ps
1 25 28 39 26 29 41
2 241 221 355 249 239 367
3 495 441 801 500 451 807
4 27 29 37 29 29 37

Table 5: Comparison of aggressor line interconnect delay for 50% threshold
delay (in ps) using SPICE and our II model for the case when the victim
line is quiet. Note that interconnect delay is same for both rise and fall

switching.
Ts =0 ps Ts =100 ps
Cases SPICE HOur LOur SPICE Ho,“, LOur
1 24 25 39 32 33 45
2 405 377 689 408 379 689
3 835 769 1473 839 769 1475
4 22 21 31 30 29 37
Ts =200 p Ts = 400 ps
1 35 35 51 38 37 55
2 411 381 691 422 389 697
3 842 771 1475 847 775 1477
4 32 31 43 33 31 43

Table 6: Comparison of aggressor line interconnect delay for 50% threshold
delay (in ps) using SPICE and our II model and L model for the case when
the victim line switching opposite to the aggressor.
switching from 0 to 1 and Line2 is switching from 1 to 0. Note that delay
values are same for both Linel and Line2 as they are identical in this case.

6 Conclusions and Future Work

In conclusion, we have derived improved noise and delay estimates using more accu-

rate circuit modeling techniques. Specifically, we have derived analytical expressions

We assume Linel is

Ts =0 ps Ts = 100 ps
Cases SPICE HOur LOur SPICE Ho,“, LOur
1 16 15 19 20 21 25
2 138 133 199 142 135 201
3 293 271 477 296 272 477
4 18 17 23 24 25 29
Ts =200 p Ts = 400 ps
1 23 23 26 25 23 27
2 149 141 205 169 163 223
3 300 276 479 314 287 487
4 25 25 33 26 25 33

Table 7: Comparison of aggressor line interconnect delay for 50% threshold
delay (in ps) using SPICE and our II model and L model for the case when
the victim line switching in the same direction as the aggressor. We assume

both Linel and Line2 are switching from 0 to 1.
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Ts =0 ps Ts = 100 ps
Cases | SPICE | llpyr | Lowur SPICE | Moy, | Lour
1 8 10 20 12 12 20
2 267 244 490 266 244 488
3 542 498 996 543 497 998
4 4 4 8 6 4 8
Ts = 200 ps Ts = 400 ps
1 12 12 25 13 14 28
2 262 240 486 253 226 474
3 542 495 996 533 488 990
4 7 6 10 7 6 10

Table 8: Delay Uncertainty table for 50% threshold delay (in ps) using
SPICE and our II model and L model.

for noise on a victim interconnect and calculated the impact on delay for the aggressor

interconnect, for both the step input and ramp input regimes. The approach extends

easily to other modes of simultaneous switching, phase offsets, etc. Our results include

easily evaluatable expressions for crosstalk amplitude and delay for coupled RC' inter-

connects. These expressions are demonstrated to be more general and accurate than

previous methods in the literature, notably those of [8] and [5], and are for the II inter-

connect model within 13% of SPICE simulation results. We plan to extend our validation

experiments to a wider range of data from current microprocessor design projects.
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Figure 7: Plot of peak noise values as given in Table
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Figure 8: Plot of delay uncertainty values as given in Table 8 for different input slew times
for all cases.
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Figure 9: Plot of delay uncertainty values as obtained from Table 8 for different coupling
capacitances for Pi-Model and Spice simulations.
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