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Abstract

In this paper, we analyze coupled transmission linesand obtain are-
lationship between the moments of the coupled transfer functions.
We then derive expressionsfor thefirst and second moments of the
coupledtransfer functionwhich can beused to computetheresponse
and threshold delays under various input excitations. We can com-
putetheinterconnect delay under parasitic coupling effects by using
the analytic delay formulas givenin [8, 9] for step and ramp inputs.
We also present the analysis to compute the general k" moment for
the coupled interconnect lines.

1

With therapid evolution of VLS| technology, minimum feature size
andthe distancebetween interconnectionscontinueto decrease. Thus,
transmission line effects such as crosstalk will play an important
role in determining system performance. Crosstalk effectsin volt-
age response are due to mutual capacitances and inductances be-
tween adjacent lines. The coupling between lines increases as the
separation between the lines decreases, asthe distance to the ground
plane increases, and as the distance over which the lines neighbor
each other increases. In addition, crosstalk effectsincrease as char-
acteristic impedance (Zp) increases since capacitance of the line to
the ground plane decreases and the coupling capacitancewill have
greater effect on the signal voltage [1]. Numerical methods accu-
rately calculateinterconnect capacitancesusingfinite element meth-
ods[3, 13], but aretoo time consuming for performance-driven lay-
out synthesis. Thus, approximate analytical formulas for parallel
plate, fringe, and (lateral) coupling capacitanceshavebeen proposed
by Sakurai et al. [15], Meijs et a. [16] and others. Similarly, Saku-
ral et al. [15] have proposed an analytical formula for the coupling
capacitance between two lines as
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where w is the width of the line, t is the thickness of the line, sis
the space between the two lines, h isthe height of theline abovethe
ground plane, and| isthelength of theline. However, suchformulas
do not addressthe estimation of delay dueto noise coupling.
Crosstalk noise in coupled lines can either increase or decrease
signal propagationdelays. Thisdependson thelineimpedancesand
on whether the neighboring lines are driven by the sameinput volt-
age or different input voltages (for example, one input rising and
the other input falling) or no input voltage (i.e., lineis quiet). Many
works deal with the analysis, design, and applications of coupled
microstriplines and transmission lines. Initial analysesof crosstalk
dueto capacitive charge sharing between losslesstransmission lines
wasgivenin [5, 2]. Theanalysiswasbased on odd and even modes
of propagation with separate impedances and propagation speeds,
andthevoltage responseof the signal traveling on the coupled trans-
mission lines was expressed as a superposition of these two modes.
Reviews of this method are givenin [1]. The effects of crosstalk in
multiconductor lossy transmissionlineswere analyzed using Fourier
transform techniquesand numerical methodsin [17]. Recently, Sri-
ram and Kang [14] proposed a technique which recursively com-
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putes the admittance and coefficients of the coupled transfer func-
tions. All these simulation techniques can be used to calculate the
transient response, but are less applicableto the synthesis of thein-
terconnection topology and layout. Basically, with these methods
the simulation step becomesabottleneck in the design process(e.g.,
consider multiple netsin a high-density MCM substrate).

In this paper, we analyze the crosstalk between on-chip inter-
connections by modeling each line by an infinite number of RLC
segments. Coupling between lines is similarly modeled as an infi-
nite number of coupled capacitances between pairs of correspond-
ing nodes of each line. We give a relationship between the coef-
ficients of the coupled transfer functions; this reduces the compu-
tation effort for all transfer function coefficients. We then derive
expressions for the first and second moments of the transfer func-
tion, which will be used to compute threshold delay under various
input excitations. Then, analytic delay formulas based on the first
few moments can be applied for step input [8] and for ramp input
[9]. We also discuss crosstalk response computation for a coupled
system. Theanalysiscan be extendedto non-identical coupledlines
(e.g., each line having different width, etc.) to derive first and sec-
ond moments of the coupled transfer functions.

2 Analysisof a SingleLossy Transmission Line

Various techniques[10, 12] have been proposed for the simulation
of interconnectsmodeled asa singlelossy transmission line. SPICE
givesthemost accurateinsight into arbitrary interconnect structures,
but is expensive. Moment based approaches[11, 14] model the in-
dividual interconnects using a large number of uniform RLC seg-
ments; the accuracy of these methods can be closeto SPICE, but the
time complexity istoo high for iterative layout optimization. Faster
techniques such as the two-pole approach [18, 7] have been used
to calculate the response to reasonable accuracy using the first and
second moments, and [8, 9] developed analytical (closed-form) de-
lay models for both step and ramp input based on the first few mo-
ments of the transfer function. We now briefly review the compu-
tation of transfer function moments (or coefficients), which isbasic
to the analysis of coupled transmission lines.
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Figure 1: An N-segment RLC model for Line 1 in asystem of cou-
pled lines.

The general equivalent circuit with N RLC segments (Figure 1)
can be usedto model adistributed RLC line. For Line 1in asystem
of coupled lines, sourceresistance (i.e., the driving gate resistance)
isrepresented by R, and the load capacitance(i.e., target gateinput
capacitance)isCy ;. Thedistributed line parameters, such asthemo-
ments, can be obtained by setting the number of segmentsN — co.



From nodal equations, the voltage Vi, at the source nodeis

V4 () s)+CL1Vi(9)
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whereV; (s) isthevoltageat theload of Line 1. Without lossof gen-
erality, we represent the ratio of node voltageV;’ to the load voltage
V] asaseriesins:
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where b}) = 1 and H}(s) represents the reciprocal of the Line 1

transfer function. In general, the kKt coefficient of thetransfer func-
tion can be obtained by using the recursive equation [7]
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The exact values of the coeffl cients for the distributed line are ob-
tained by substituting R} = R, L) = §andC) = € and setting
N — oo [7], where R, C/, and L arethetotal resstance capacitance
and inductanceof Line 1:
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The Elmore delay for Line 1is given by the transfer function coef-
ficient by. Thetransfer function and EImore delay for Line 2 alone
are expressed similarly, e.g., H?—(s) denotes the reciprocal of the
uncoupled Line 2 transfer function.

3 Analysisof Lossy Coupled Transmission Lines

We now compute the voltage response and the transfer function for
two coupled interconnects, modeled as shownin Figure 2. We also
derive new Elmore delay expressions for the coupled lines under
variouscasesof input excitation: (i) onelineisactive (rising/falling
input) and the other lineis quiet, and (ii) the two lines are driven by
oppositeinputs.

We write theinterconnect parametersfor Line 1 as R’J : C’j and L’J-
andfor Line2 as R’j’,C’j’ and L’j’. Let Ry, and RY, be the respective
source resistances, and let C ; and Cy» be the respective load ca-
pacitances. Thevoltagesat node j of Line 1 andof Line2 arer (s)

andV;'(s) respectively.! Sincethe interconnectsare distributed, the
coupling capacitance (or mutual capacitance) is also distributed in

nature; we model it by N capacitances(/\ ) between corresponding
node segments of the two lines.

1In general, parameters marked with ’ refer to Line 1, while those marked with "
referto Line2.
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Figure 2: N-segment RLC equivalent circuits for two coupled trans-
mission lines.

Extending the analysis of the previous section, the voltage at the
sourcenodeof Line 1 can be expressed using the recursive equation
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Recall from Equation (1) that theratio of nodevoltageto target load
voltage can be expressed as an infinite series. For Line 1, we write
Vig = b+ bstbhs 4 biS* . = 37 o bt andfor Line2 we
write V”E : Bl +Bis+Bhs?+BLs* ... = ¥ Bis\. Expressing
the nodevoltagesin Equation (4) in termsof theseinfinite seriesand
the target load voltages, we have

Va(s) = Vi(s)
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Similarly, the voltage at the source of Line 2 is
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Observethat the voltage on Line 1 depends on both sets of line pa-
rameters, the coupling capacitance, and both target voltages. The
polynomial Hy4(s) representsthe reciprocal of thetransfer function
of Line1with (C+A) asthetotal line capacitance. Notethat Hy4(S)
can be obtained by replacing the capacitanceterms C’j by (C’j +Aj)
terms in the uncoupled Line 1 transfer function Ht(s). However,
the polynomial Hy(s), which represents the coupled transfer func-
tion between the lines, is different from the uncoupled polynomial
H3Y(s) of Line 2.

Equations(5) and (6) relatethe source nodevoltagesto thetarget

load voltages as
Vg(s) | _ [ Hu(s) Hix(9) Vi(s)
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and inverting this equation allows usto expressthe load voltagesin
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terms of source voltages as
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where |H| = (Hy3(s)Hza(s) -
terminant.

Relationship Between Coupled Polynomials

The sourcevoltagesand thetarget |oad voltages of the coupled lines
arerelated through the four polynomials given by Equation (7). We
now derive relationshipsbetween the coefficientsof the coupled poly-
nomials. Consider the casewhen Line 1 and Line 2 haveidentical
parameters, i.e.,

! R / /1 C ! " L /\
whereR, L and C arethetotal resistance, inductanceand capacitance
of eachlineand A isthetotal coupling capacitancebetween thetwo
lines. The coupled polynomial coefficients and the first moment of
the corresponding transfer function can be obtained by substituting
these parametersinto Equations (5) and (6) and letting N — co. The
coupled polynomia Hi1(s) is
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Collecting all terms with coefficientsof s and s?, we get
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The coupled polynomial Hy(s) can be expanded as
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Similarly, the polynomials H1(s) and Hy,(s) can be expanded as
infinite series. Notice that the polynomials H4(s) and Hy4(sS) have
many terms in common, as do Hy,(s) and Hy,(s). Therelationship
between the coefficients of polynomials Hy(s) and Hy;(s) are

Hio(s)

lim

N—oo

(11)

—A
b3t = m(b}l —RgCL1 —RCL1) + (Rgy — RG)A
2l —/\(b%l—LCLl (Rep — R/,32 (C+MA
2 - (C+A)

+(R/51—R/s’2 RAC,

N

2 L Ra— Rsz j
bt = '\Il[rgo(c A b ;bkil fork>3

The coefficients of polynomials Hyy(s) and Hyo(s) arerelated as
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Theserelationships between the coefficients of the coupled polyno-
mials can be used to efficiently compute the moments and response
for coupled lines.

4 Configurations of Coupled Lines

We now analyze the coupled interconnect lines to compute the mo-
ments of the coupled system, and to estimate delays and crosstalk
for three cases of input voltages at the source of the lines.

1. Line 1 has an active (rising or falling) source voltage while
theLine 2 sourceis grounded (i.e,, lineis quiet). Using this
analysis, a second case of the crosstalk on (quiet) Line 1 can
becomputed by applying arising/falling sourcevoltageto L ine
2.

2. Thetwo lines are driven by oppositeinputs, i.e.,, Line1 hasa
rising input and Line 2 has afalling input at the source.

4.1 Activeand Quiet Pair of Coupled Lines

Consider a step input at the source of Line 1 and connect the source
of Line 2to ground as shownin Figure 3. For this configurationthe

transfer function can be computedby setting V&, (s) = 0andVg; (s) =
Vo i ; .
2 in Equation (8):

Vils)  _ Hza(s)

V& (s) Hi1(s)Hz2(s) — Hi2(s)H21(9)
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Figure 3: Two coupledlines with Line 1 being driven by a step input
and Line 2 source being grounded.
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Substituting for each polynomial with an infinite series,
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and the first (EImore delay) and second moments are
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Again we can compute the threshold delaysfor the coupled system
using the analytical delay formulas givenin [8, 9].
5 Conclusions

We have presented the analysis of coupled transmission lines and
the computation of momentsfor coupledtransfer functions. We also

Vi(s) 1+ b?s+ b2+ ..

V4 (s) 1+ (bf' + b?)s+ (b3! + 5% + bi'bg? — b1?b7h)s? + ..
1+ ns+nps’+. .
14+ dis+drs?+. ..

The first moment (or EImore delay) of the transfer function is ob-
tained as

(C+AN)

My =dy—n =Rg(C+A+Cp1)+R( +Ci1)
Clearly, the EImore delay with the adjacent linebeing quiet isdiffer-
ent from the ElImore delay of asingle uncoupledline (Equation (3)):
the difference between the two delays is that for the coupled line,
the new capacitanceis the sum of wire capacitanceand all coupling
capacitance. The second moment of the coupled systemis

My = (np — nydy + d% — dp) = bi'bi! — b3 + bi?b?!

Recently, it has been observed by many authors[6, 18, 7, 8, 9] that a
few (two or three) dominant poles of the transfer function are suffi-
cient for accurate response computations with most present-day in-
terconnect topologies. To compute threshold delaysfor the coupled
interconnect systemwe can usethe analytical delay formulas devel-
opedin[8] for stepinput (i.e., V§ (s) = %) andin[9] for rampinput
(i.e,Vg(s) = T\Ff—gz (1—eSR)), where Tr istheinput ramp risetime.

The other case of an active and quiet pair of coupled lines esti-
mates crosstalk noiseat the end of Line 1 when the sourceof Line 1
isgrounded and a step input is applied at the Line 2 source. In this

case, thetransfer function \\,/,1’,((53]] isexpressedin terms of the coupled
Q!

polynomials and then approximated to the required accuracy.

4.2 Active Coupled Lineswith Oppaosite I nputs
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Figure4: Two coupledlineswith Line 1 being driven by arising step
input and Line 2 being driven by afalling step input.

Rs1

I( ) Var )

Rs2

-

Line2

— S

Finally, we consider the casewhere Line 1 isdriven by arising step
input and Line 2 is driven by afalling step input as shown in Fig-
ure 4. Thetransfer function for this configuration can be calculated

from Equation (8) by setting Vi, (S) = 2 andVi,(s) = — 2 =~V (9).

The coupled transfer function is

Vi(s) (Ho2 +H1)
Vg (s) H11(S)H22(S) — Hia(S)H21(9)

-describe arelationship between the moments of the coupled transfer

functions, and derive expressionsfor the first and second moments
of thetransfer function which can be used to compute threshold de-
lay under step input and ramp input.
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