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Abstract in these interconnect design headaches, along with some
of the approaches used to analyze and control the prob-
Physical interconnect effects have a dominant impactlems. We should point out that due to the enormous
on today's deep submicron IC designs. In this tutorial amount of research in this area, this is not a complete sur-
paper we will describe the technology trends which havevey paper, but rather a sample of some of the more promi-
brought about this interconnect dominance, then considernent problems and techniques.
some of the modeling and analysis approximations avail-
able_ for . both pre- .and post-layout ipterconnect 2: Interconnect Trends
design.This coverage will not be an exhaustive summary,
but one that is primarily focused on moment-based analy-At maximum wiring density, each wire sees nearest neigh-
sis techniques, from the Elmore delay, to the more recenibors on the same layer, as well as wires above and below it,
advances in moment-matching approximations, and theas shown in Fig.1. As device sizes have been scaled for im-
corresponding nonlinear driver/load interfaces. Future proved performance and increased density, the intercon-
modeling, analysis, and design challenges will be consid-nect sizing, spacing, and conductor thicknesses have been

ered throughout this paper. reduced too[4,31,32]. If all of the dimensions (including
conductor thicknesses) in Fig.1 are scaled by S, the capac-
1: Introduction itance per unit length (cross-section) among the wires re-

mains unchanged. In contrast, the resistance per unit length
As CMOS technologies are scaled down into the deep sub
micron range, active-device counts are reaching ten’s of
millions. The amount of interconnect among the devices
tends to grow superlinearly with the transistor counts. For

for each wire is increased b% . Therefore, the RC per unit
S

length is increased by the same factor.

this reason the chip area is often limited by the physical in- coupling field lines
terconnect area, so the interconnect dimensions are als upper metal

scaled whenever possible. In addition, to generate more \H | JA| U \| |/

wiring area, IC's nhow commonly accommodate 4-5 or > 8 F_rirl] iln
more metallization layers, with more to come in the future. /” |\¥//| |\\//| |\\ 1eld lines

lower metal

These advances in technology that result in scaled, : e
area capacitance field lines

multi-level interconnects may address the wireability

problem, but in the process create problems with signal FIGURE 1: Multi-level metal interconnect cross-section.

. . . . . . Wires are alternated in direction from layer-to layer.

integrity and interconnect delay. This tutorial paper will

describe some of the technology trends that have resultet

If all of the lengths of interconnect are scaled, which

would be the case for a complete die shrink, then the total
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speed or output impedance that will make the R of the
interconnect relatively larger in comparison to the “R” of
the driver[3]. So while the operating speed of the gates is
improving, the delays of the interconnect between the
gates remain fixed. This translates into an increase in the 0.15+
interconnect delay, relative to the driver delay, even when

the lengths are scaled. And, without complete length scal- ——O— Cfringe
ing, which is more common, the relative increase in inter-
connect delay is even more dramatic.
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But this analysis assumes that the conductor thick-
nesses are scaled, and this is not always desirable if inter-
connect resistance is required to be smaller. If the
conductor thicknesses are held constant, then R per unit

0.054

length of interconnect increases by oély . However, due 0.2 0.4 0.6 0.8 1 1.2

to fringing and coupling capacitance effects, the capaci- S
tance per un|t |ength |ncreases When Conductor th'Ck' FIGURE 2: Coupllng,frlnge, area and total CapaCitance per

. . unit length (fF per micron) of the middle wire in Fig.1 for a
nesses are not scaled, and the RC per unit length increast fixed wire thickness and scaling of all other dimensions.

is greater thaé . .
For delay analysis purposes we would like to create

] ) o ) simple RC models with the capacitance connected from
The cross-.sectl'onal capacitance in Flg:l is calculatedipe Jine to ground. Representing all of the coupling to
from the 2D field lines, and for deep submicron technolo- oiher wires is generally intractable. But if the coupling is
gies, the fringing fields are a significant portion of the 5 pe modeled as a grounded C, the value is sometimes

overall capacitance. For example, assume that the metalqjysted to consider the worst case conditions of switching
widths, spacings, and distances to upper and lower layerg;om the other line(s).

in Fig.1 are all 4 microns, while the conductor thickness is
0.7 microns. The resulting capacitance terms are shown in - consider two coupled lines, as shown in Fig.3. If one

Fig.2 for the scale factor value, S=1. Notice that even at 4jine is switching high, while the other is switching low, the

microns the fringe capacitance is comparable to the aredyaveform on line 1 may become non-monotone, and the

capacitance for a relatively thin (0.7 micron) wire[3]. “delay” is increased. If for delay calculation purposes we
want to analyze the delay of line 1, independent of line 2,

~Now, scaling all of the width and height dimensions in then we can consider modeling the coupling capacitance

capacitance decreases as expected, but the fringe and cou-
pling capacitances increase. For a scale factor of 0.25, the signal 1//
coupling capacitance increases dramatically, and the total ’

capacitance increases at a faster rate accordingly. Since the 1 1 linel

resistance also increases in proportion to the scaling, the ’ T

RC per unit length increase is even more dramatic. 1 Jine2
signal 2_\ T

2.1: Coupling Capacitance Effects FIGURE 3: Two coupled lines.

When the conductor spacings become comparable to the

conductor thicknesses, which is the case for S=0.25 in the For example, referring to Fig.4, assume that the rate of
example above, the coupling capacitance between wires ighange of signal 1 is(t) and that of signal Bigt)
significant. One has to be concerned with the coupling be'(whereB >1 ) during the time period of switching for line
tween signal wires, as it impacts performance and signal in-l, AT . While line 2 is switching, the current through the

tegrity. Moreover, assuming that the wiring layers in Fig.1 i itoF i€ (1 + B) (& ; time durati ¢
represent upper and lower level metal layers, it should be®UP!ING capacitor i (1+B)v(t) ., for a time duration o

noted that the majority of the total capacitance will be be- YPP The effective capacitance for line 1 (if the coupling
tween signal wires for multi-level technologies, and very o _ _
little capacitance will be to the substrate (ground). capacitor is modeled as a C to ground} (g + B) for this



AT of the boundary between RC and RLC propagation is

< given in [35]). While both inductance and resistance tend

W to increase as the interconnect wire widths are scaled, we

’ T 1 linel expect the operating frequency to increase with scaling
TC T too, thereby increasindjwl| . As vertical interconnect

’ . L ine2 dimensions are scaled, we might expect the inductance to

\Bv(t) T decrease, due to the tighter return current loops. But

because of the poor conductivity of the silicon substrate,
the potential decrease in inductance due to smaller vertical
period of time. For the remaining portions of the switching dimensions is nullified by the slow-wave effect[35].

period on line 1, the capacitance is approximagly (it is

actually slightly less tha  since line 2 is not a perfect N [25] itis claimed that the 200MHz DEC alpha chip
VDD was designed with inductive effects in mind. Experiments

ground) for the duration OﬁT——B' . In summary, we in [25] illustrate the on-chip inductance effects when very

have a brief period of time for which the effective capaci- Wide lines (so thar is small compared|joL| ), or sets
tance is quite |arge’ and then the remaining time the effec_of parallel lines over the Substrate, are switched in one
tive capacitance is approximately . One can aVeragedirection, thereby creating large current transients. To

these two capacitors, over the corresponding time periods,aVOid large inductance effects, design rules required that

. . . . metal return paths were made available so that the return
which results in an average effective capacitance®f . .
) i . currents were not in the silicon substrate.
(as expected since the total change in voltaggd/3D ).

But the actual effect on delay is obtained only by a com-
plete simulation of the coupled lines.

FIGURE 4: Ideal waveshape assumption.

3: Interconnect Analysis

Once we have extracted values for the interconnect resis-
If the lines are switching in the same direction, one cantances, capacitances (and inductances), we can analyze the

derive a similar formula for thelecreasein effective de|ay, rise_time’ noise, etc., by various ana|ysis and simu-
capacitance. As we scale to deep submicron technologiesation algorithms. However, due to the nature and size of
and multi-levels of metal interconnect, most of the cou- interconnect circuit models, one efficient solution approach
pling will be between signal lines, and the pessimistic/ s jn terms of moments, and moment matching. In this sec-
optimistic impact of coupling on delay will become tjon we will review the definition of moments, and explain
increasingly more significant. how and why they are efficiently calculated. But first we

consider the interconnect circuit models.
2.2: Inductance Effects?

As technologies are advanced and individual interconnect3-1: Intérconnect Models

and device dimensions are scaled, die sizes generally reThe R and C per unit length values from Section 2 can be
main constant or increase. If the switching speeds and opysed to model the total RC of a straight segment of metal
erating frequencies also increase as the devices scale, then. gften referred to as a uniform RC segment (URC).
there is the potential for inductance to play a role in the cal-Bends in the metal paths, and vias between metal layers,
culation of interconnect delay, or the construction of the in- 3dd additional R and C components that are often described
terconnect design. by lumped elements. URCs are best described in the
o L _ . Laplace domain, making them somewhat incompatible
As chip sizes grow, it is increasingly difficult to run ity traditional transient-analysis algorithms. But the mo-
long, resistive, metal lines across the chip and operate iNnents of a URC are easily calculated as described in [20],
the 100’s of megahertz. For this reason there have beennq convolution of several URCs, in terms of their mo-

proposals for using thicker, wider, hence lower resistancemems, can be accomplished using special nodal analysis al-
metal for the top layer of interconnect to reduce the RC gqrithms[20].

delay[30]. However, if theR  per unit length is reduced
significantly, the inductance could become a factor. But due to the low pass nature of RC circuits, it can be
shown that only a small number of lumped segments are
Up to now, RC models have been used because the onrequired to accurately model a URC, and there is never a
chip interconnect resistanc® , dominates the on-chipneed for more than five lumped segments to model any
inductive impedanceljwl| (a less conservative measureURC for digital circuit applications[9]. Moreover, as inter-



connect paths pass over other metal layers, each metal

crossing represents a discontinuity in the per-unit-length

C, so there are fewniform RCs of sizeable length any- o K
. , _ (=1) S k@ ik

way. Moreover, fewer than five lumps are adequate in = Y St h (1) dt

most cases. k=0

H(9 = fh() [1-str 322233+ |t
®)

) ) It follows from (5) that they-th coefficient of the impulse
One conservative estimate for the number of lumped response in (3) is

segmentsN) required to model a URC, based on the max-
imum signal frequency of interest, is obtained by solving:

o (D
) my = - Tot (vt (6)
e 2551 cos =11 "
RC 2N -
These coefficientsn. s, are relatedtomentdy the
for N [9]. ]
-_ q . . . .
One can also create lumped approximations for RLC # term. That is, from distribution theory, theth

lines, but these are efficient only if the loss of the line is q
high (which would probably be the case for any on-chip moment of a functiom(t) is defined to q:?t h (1) dt
mte_rconnect). For appllcatl_ons of moment m_atchlng, For ease of notation, we often refer to the series coeffi-
which we are about to consider, there are algorithms for . .

. o L . cients in (3) as moments.
generating lumped circuit approximations with 2p seg-
ments that exactly match the first p moments of the distrib-

e The frequency-domain impulse response of the circuit
uted circuit model[34,15].

in Fig.5 can be analyzed in terms of the circuit in Fig.6,
) o where capacitors have been replaced by their complex
3.2: Calculating Moments for Lumped Circuits admittances. From (2) and (3) we know that each capacitor
) . voltage (which are also the node voltages for this circuit)
We will demonstrate the steps for calculating moments ¢an pe expressed in terms of an infinite series in powers of

for the simple, lumped, RC tree circuit shown in Fig.5. We s, as shown in the Fig.6. Expressing the capacitor voltages

R R R Ry

i i ; i 2
Cj = mC C
VeI = mOJ+mlls+ rré:ls + ...

Ry R R R

| o Vin(s) = 1.0 G | [sC | [sCs | [SCa
FIGURE 5: Simple RC ladder circuit.
can express the transfer function of this circuit as FIGURE 6: Frequency domain representation.
2 n in this way and knowing the capacitor admittances, we can
V_ (9) 1+as+azs +...+as . L . .
H(s) = 24— - 1 n ) write similar expressions for the capacitor currents, as
Vin(® 1+ bys+ sz2 +..+b s shown in Fig.7. Since the capacitor currents are a function

wherem> n . Expanding (2) abost= 0  we can rewrite O

ICi = sC gmCi + mCis + mZCj52+ g
. . . jU0 1

the transfer function as a series in powers of

Ry Vfl R, vC1 Ry VvC1 R, VC1

2 3 4
H(s) = my+m s+ ms?+mysd+ .. (3) MV “Wv
@ |C1 |C2 @ |C3 1C4
The time-frequency domain relationship follows from

the Laplace Transform of(t) FIGURE 7: Capacitors replaced by current sources.

H(s) = jg’h(t) ¢ *dt. 4) of the capacitor voltages, we can replace the complex
admittances by current sources so thatrfh]we terms are the

. —St . .
Expandinge ~ abous = 0 in (4) yields: only unknowns in Fig.7.



Referring to Fig.7, we can solve for thg, s for all of integrity control[17].

the capacitor voltages by settiag= 0 . Since there are no4.1: Elmore Delay — First Moment

constant termss? terms) in the capacitor curr.ents. (they The Elmore delay[7], or first moment of the impulse re-
are open fos = 0 ), we set the cu_rrent sources in Fig.7 tosponse, is a popular metric for RC trees since it is perhaps
zero and solve for they, ’s. For this RC tree, )¢ 'S aré yno most accurate delay metric that is a simple algebraic
all equal to 1.0, signifying a unity dc gain. function of the R’s and C’s. Penfield and Rubenstein intro-
duced this metric and the ease with which it's calculated for

We next solve for the™ coefficientsy  's. It is the s- RC tree type problems[29]. Two(N)  traversals of the

terms in the current source expressions which produce thdrée, whereN is the number of nodes in the tree, yield the
m,’s in the voltage responses. Since we knowrtile s, EImore delay for node

the s -terms in the current source expressions are known. _

Tp = 3 RiC Y
Therefore, we can evaluate the, ’'s of the voltage i k=1
responses by setting all of the current sources equal toVhereRy;is the resistance of the portion of the (unique)

path between the input and nadthat is common with the
(unique) path between the input and nkgandCy is the

capacitance at node[29].

ij{), and solving for the node voltages, which are the

mJ1 's. The voltage input for an impulse input has a con-

stant coefficient with all other coefficients equal to zero, so ~ Recently it was shown that the Elmore delay is an abso-
it affects only the calculation of the, ’s. lute upper bound on the 50% delay of an RC, even for

finite rise-time input signals[10]. But it was also shown

High d i lculated followi .. that this bound results in large relative delay errors for dif-
igher order moments are calculated following a simi- ¢ w0 odoc of the same circuit.

lar recursion. To summarize, all subsequent moments are
calculated from a dc equivalent circuit, as shown in Fig.8.  For example, consider the RC tree circuit in Fig.9. The
60Q 60Q

= mC4

- mC3
=m Va q+1

- mC1l
=m v 3 q+1

1 q+1

¢ T W7
\ AN N AN \[/ Ce;P.pF C7—v|—-1.2p|:
0 é\/\/\@ﬁmgl @szgz @Camgs 4m¢(q:4 60Q 60Q
¥ +

R Rs Ry Rs

C C Cy C
CiTospF 2;|7lpF TDF IlpF 5;|1_-2pF

Note that this procedure for replacing capacitors by FIGURE 9: Simple RC tree example circuit

current sources to calculate moments_holds for all circ_uitimpmse 6 (9 ) and step responses for the capadifor
topologies. A more complete explanation of the recursive

procedure for calculating moments of general lumped, lin- Voltage are shown in Fig.10.The 50% point delay of the
ear RLC circuits is described in terms of state variables in 10 '
[23]. Efficient calculation of moments for RLC intercon- 0.8
nect topologies is described in [28].

Vv V.

= 2
27 mq+l

FIGURE 8: dc equivalent circuit to solve for moments.

2 0.6 step response]
(]
4: Interconnect Metrics Z 0.4 impulse response
0.2g

Moments are extremely useful for analyzing RLC intercon-
nect circuits via moment matching (Section 5), but mo-
ments themselves are also useful as interconnect metrics.
In particular, th_e first moment of the impulse response, the  L1GURE 10: : The unit step and the unit impulse (scaled)
Elmore delay, is by far the most popular delay metric for responses for the voltage at C 5 in Fig.9.

RC interconnect trees. Similarly, for RLC trees, the first
few moments can be used as metrics for delay and signafn

TD r
|
0.0 10 ime (ns) 20 3.0

onotonic step response (nonnegative transfer function) is



moments are used to detect underdamping (ringing), spec-
ify proper termination, and estimate delay provided that the
Elmore proposed to approximateby the mean of the line is properly terminated. As lower resistance on-chip in-
h(t) distribution: terconnects are developed, central moments may become
important for detection and control of inductance effects.

the timet at which Igh(t) dt = 0.5 . Referring to Fig.10,

Tp=m = Ig’th(t)dt (8)
Where,Jg’h(t) dt = 1 . This approximation is exact for a 5 Moment Matching
f more moments are required for an accurate approxima-

symmetrical impulse response, where the mean is equal t on. moment matchin nb dt nerate reduced-or
the median, but it is somewhat erroneous for an actual im- o MoMent Matching can be used to generate reduced-or-
der dominant pole/zero approximations for the

pulse response (€.g. Fig.10) thatis skewed asymmemcalIyinterconnect transfer functions and impedances. Asymptot-

The accuracy of the Elmore delay will be affected by '€ Waveform Evaluation (AWE)[23] uses 2g moments to
the spread (variance) and skew (asymmetry) of thegenerate a g pole transfer function _app_rOX|mat|on, where q
impulse distributions. Unfortunately, the impulse response 'S Much less than the order of the circuit.
shape, hence the Elmore delay accuracy, changes dramati-

cally from one node to the next in an RC tree. The fact that If we expand the transfer function in (2) into its partial

fractions,

T, is a better approximation of the net delay farther away

from the driving point is illustrated in Fig.11 which dis- l+a;s+ a252+ ota st m kK

plays impulse responses for 3 different nodes from a 25 H(s) = > == 2 S_Jp (10)
node RC tree. From this example we would expect the 1+bys+bys™+... +bs™ =17 H

Elmore delay to become more accurate toward the leafy e ghserve that for the case of distinct poles the time do-
nodes of the tree, where the impulse response shapg,.i impulse response is
approaches a more symmetrical distribution [10].

4.0e+09 m o pt
h() = 5 kje' . (11)
driving point node (scaled by 2.0) i=1

2.0e+09 middle of the net node . Where the P 's are the poles and tlge 's are the corre-

volts

leaf node sponding residues.

0.0e+0 . We can uniquely specify the poles and residues py forc-
0.0 1.0 timze.onS 3.0 4.0 ing the first 2g moments of (11) to match the first 2q
(ns) moments from (3)[23]. Although this is recognized to be a
form of Padé approximation, which is prone to producing
unstable models of stable systems [12,24], there have been
From distribution theory, the 2nd and 3rd central mo- various algorithms proposed which generate stable low-
mentsp_ of a distribution function, which represent the °rder models with excellent reliability[1,2,13,12,18]. In
. n _ . addition, the recent introduction of the PVL algorithm pro-
variance and skewness respectively, are given by: vides a means of getting stable Padé approximations, with
3 controlled error, when a large set of dominant poles are
2m1 .
9) required[8].
From Fig.11 it is apparent that three central moments may
be required to estimate the delay with less relative error.6: Interconnect and Driver Interaction
Using the Elmore delay as a dominant time constant scales

the delay approximation by 0.7 and can help the relative or Al of the efficient moment-based models for interconnect

rors somewhat, but not sufficiently in all cases, and with analysis are fotinear circuits. The overall behavior and

some of the estimates becoming optimistic[10] performance of a signal on the interconnect path is strongly
' dependent upon the nonlinear drivers and loads too.

FIGURE 11: Impulse responses for 25 node RC tree.

2
My, = 2m,—m; and Mgy = —6m3+ 6m1m2—

4.2: RLC Metrics One straightforward way of combining moment-

Recently, metrics for RLC interconnects have been pro-matched models (e.g. AWE) and nonlinear components
posed based on the first three central moments[17]. Thred€.g. transistors) is to characterize the linear interconnect



portion of the circuit by a reduced order N-port. For exam-

ple, approximate the y-parameters in terms of the domi- Ry <Ry
nant poles and zeros. Such approaches work well when v
there are a small number of ports[27,16], but they become

extremely inefficient as the number of ports become large.

Of perhaps greater interest is the interfacing of inter- R R
connect models with higher-level gate or transistor timing gate d

v M
out

models, since these are the pre- and post-layout design or f IC c

M I L

models used to analyze large portions of the chip. cell

6.1: Timing level modeling FIGURE 12: Gate driving RC load for different metal
resistances.

As discussed in Section 2, the percentage of the delay
due to the RC interconnect increases relative to the gate |If R, » Ry, then the gate delay is accurately character-
delay with scaling. Another effect that contributes to the . d by the empirical model as a function of total capaci-
relative increase of the RC interconnect delay is the resis-— 0 Y b if ider th P
tance shielding effect. If the resistive component of the Rctance. However, | we consider t e same gate resstanpe
. : and total load capacitance, but increase the metal resis-
load is comparable or larger than the gate output imped- .
ance, the gate does not “see” all of the capacitance loadind2N¢€ SO &, «Ry, , then the gate delay at ngqe will
since the metal resistance “shields” some capacitance.  decrease since the metal resistance will tend to shield
some of the load capacitance. The difference in responses
Most gate level models are incompatible with RC inter- are sketched in Fig.12. Note that the gate delay decreases,
connect loads, but it is important to consider this shielding but the overall delay ac_ would increase due to an
effect. There are two popular approaches to gate model- , .
ing: 1) empirically derived expressions for delay and out- INcréase inR,, . We should also point out that the
put-signal transition time as a function of load capacitanceresponses for lines with significant metal resistance also
and input-signal transition timek-factor equations)[33],  tend to have non-digital shaped waveforms as shown.
and 2) switch-resistor models [14,22,11]. It would appear
that the switch-resistor model is a more effective delay In order to preserve the simplicity and efficiency of
model when the load is not purely capacitive, since it natu-these empirical gate models for complex RC loads, one
rally captures the interaction of the gate’s output resistancecan map the complex load to etffiective capacitanci26].
and the RC load. However, both methods are empirically- A recent model, which captures the gate and load interac-
based, since even the switch-R method requires empirication, and produces accurate gate-output waveshape
fitting [22,5] to approximate the resistance value as a func-approximations is described in [6]. The importance of
tion of input transition time and output load. modeling this effective capacitance loading for high-speed
design was analyzed in [19].
Due to the increase in total metal resistance with scal-
ing, and the tendency_for the gate output resistanc_es _to7: Future Considerations
decrease as technologies are advanced, the RC shielding
effect is significant for deep submicron CMOS. To illus- If interconnect effects dominate IC performance, it is im-
trate this point, consider a simple gate model driving a dis-perative to consider their impact in the early design phases.
tributed RC interconnect, with a load capacitance at theOne must consider sizing the interconnects, instead of or in
end of the line, as shown in Fig.12. Assume that the gate igddition to the gates, for high performance design. This re-
modeled by a resistance and a Thevenin voltage sourcguires advances in physical extraction to produce accurate
that are a function of input transition time and output circuit models as a function of wire sizing. Also required
capacitance load. In this case, assume that the gate outp@e new physical design tools, such as variable width rout-

resistanceR,, , and Thevenin voltage signal were selectecf’s- Early analyses must also be advanced to consider cou-
ling between lines, complex waveshapes, and

etermination of when and how to insert repeaters in the in-
erconnect paths.

as those values that would yield the same output delay an@
transition time as the actual gate when the load is the tota&
capacitanceC,, + C,



8: Acknowledgments

Thanks to Eric Bracken and Rob Rutenbar of CMU, Byron
Krauter of IBM, and Rohini Gupta of UT Austin for re-
viewing this manuscript.

References

[1] M.M.Alaybeyi, J.Y.Lee, and R.A.Rohrer, “Numerical Inte-
gration Algorithms and Asymptotic Waveform Evaluation
(AWE),” Proc. of the IEEE International Conference on
Computer-Aided Design (ICCAD), pp. 76-79, Nov. 1992,
D.F. Anastaskis, N. Gopal, S.Y. Kim and L.T. Pillage, “On
the Stability of Moment-Matching Approximations in
Asymptotic Waveform Evaluation,” IEEE Trans. on Com-
puter-Aided Design, pp. 729-736, June 1994.

H. B. Bakoglu, Circuits, Interconnections, and Packaging

for VLS| Addison-Wesley Publishing Company, 1990.

H. B. Bakoglu and J.D. Meind|, “Optimal Interconnect Cir-

cuits for VLSI,” IEEE Trans. on Electron Devices, vol. ED-

32, no. 5, May 1985.

L.M. Brocco, Macromodeling CMOS Circuits for Timing

Simulation M.S. thesis, MIT, June 1987.

F. Dartu, N. Menezes, J. Qian, and L.T. Pillage, “A gate-

delay model for high-speed CMOS circuits,” Proc. 31st

ACM/IEEE Design Automation Conference, June 1994.

W.C. Elmore, “The Transient Response of Damped Linear

Networks with Particular Regard to Wideband Amplifiers,”

J. Appl. Phys.,19(1):55-63, 1948.

P. Feldmann and R.W. Freund, “Efficient Linear Circuit

Analysis by Padé Approximation via the Lanczos Process,”

IEEE Trans. on CAD, vol. 14, no. 5, May 1995.

N. Gopal, D.P. Neikirk and L.T. Pillage, “Evaluating RC-

Interconnect Using Moment-Matching Approximations,”

Int'l Conference on Computer-Aided Design, Nov. 1991.

[10] Rohini Gupta, Bogdan Tutuianu, Byron Krauter, and L. T.
Pillage, “The Elmore delay as a bound for RC trees with
generalized input signals,” In Proc. 32nd ACM/IEEE
Design Automation Conference, June 1995.

[11] M.A. Horowitz, Timing Models for MOS CircuitsPh.D.
thesis, Stanford University, January 1984.

[12] X.Huang, Padé Approximation of Linear(ized) Circuit
ResponsesPhD thesis, Dept. of Electrical Engineering,
Carnegie Mellon University, Nov. 1990.

[13] X.Huang, V.Raghavan, and R.A.Rohrer, “AWEsim: A pro-
gram for the Efficient Analysis of Linear(ized) Circuits,”
Int'l Conference on Computer-Aided Design, Nov. 1990.

[14] N. Jouppi, “Timing analysis and performance improvement
of MOS VLSI designs,” IEEE Trans. Computer-Aided
Design, vol. CAD-6, pp. 650-665, 1987.

[15] A.B. Kahng and S. Muddu, “Optimal Equivalent Circuits
for Interconnect Delay Calculations Using Moments,” Proc.
of European Design Automation Conf., Sep. 1994.

[16] S.Y. Kim, N. Gopal and L.T. Pillage, “Time-Domain Mac-
romodels for VLSI Interconnect Analysis,” IEEE Trans. on
Computer-Aided Design, pp. 1257-1270, October 1994.

[17] B. Krauter, R. Gupta, J. Willis and L. Pileggi, “Transmis-
sion Line Synthesis,” Design Automation Conference,1995.

(2]

(3]

[4]

[5]
(6]

[7]

(8]

9]

[18] S. Lin and E.S. Kuh, “Transient Simulation of Linear Inter-
connect,” Design Automation Conference, June 1992.

[19] R.E. Mains, T. A. Mosher, L.P.P.P. van Ginneken, R.F.
Damiano, “Timing verification and optimization for the
PowerPC processor family,” Intl. Conf. on Computer
Design, pp. 390-393, 1994.

[20] S.P. McCormickModeling and Simulation of VLSI Inter-
connections with MomentBh.D. Thesis, MIT, Jun. 1989.

[21] P.R. O'Brien and T.L. Savarino, “Modeling the driving-
point characteristic of resistive interconnect for accurate
delay estimation,” Proc. IEEE Intl. Conf. Computer-Aided
Design, November, 1989.

[22] J. K. Ousterhout, “A switch-level timing verifier for digital
MOS VLSI,” IEEE Trans. Computer-Aided Design, vol.
CAD-4, no. 3, pp. 336-349, July 1985.

[23] L.T. Pillage and R.A. Rohrer, “Asymptotic waveform evalu-
ation for timing analysis,” IEEE Trans. Computer-Aided
Design, vol. 9, no. 4, pp. 352-366, April 1990.

[24] L.T. Pillage, R.A. Rohrer and C. Visweswaridtectronic
Circuit and System Simulation Methodi&cGraw-Hill Inc.,
1995.

[25] D.A. Priore. “Inductance on Silicon for Sub-Micron CMOS
VLSI,” IEEE Symposium on VLSI Circuits, 1993.

[26] J. Qian, S. Pullela, and L. T. Pillage, “Modeling the effec-
tive capacitance for the RC interconnect of CMOS gate,”
IEEE Trans. Computer-Aided Design, vol. 12, no. 12, pp.
1526-1535, December 1994.

[27] V. Raghavan, E. Bracken and R.A. Rohrer, “AWESpice: A
General Tool for the Accurate and Efficient Simulation of
Interconnect Problems,” Design Automation Conference,
June 1992.

[28] C.L. Ratzlaff, N. Gopal, and L.T. Pillage, “RICE: Rapid
Interconnect Circuit Evaluator”, Design Automation Con-
ference, June 1991.

[29] J. Rubenstein, P. Penfield, Jr., and M. A. Horowitz, “Signal
delay in RC tree networks,” IEEE Trans. Computer-Aided
Design, vol. CAD-2, pp. 202-211, July 1983.

[30] G.A. Sai-Halasz, “Performance Trends in High-End Proces-
sors,” Proceedings of IEEE, vol. 83, pp. 20 - 36 (1995).

[31] K.C. Saraswat and F. Mohannadi, “Effect of Scaling Inter-
connections on the Time Delay of VLSI Circuits,” IEEE J.
of Solid State Circuits, vol. SC-17, No. 2, April 1982.

[32] M.C. Shiau and C.Y. Wu, “The Signal Delay in Interconnec-
tion Lines Considering the Effects of Small Geometry
Inverters,” Trans. on Circuits and Systems, vol. 37, no. 3,
Mar. 1990.

[33] N. H. E. Weste and K. EshraghiaRrinciples of CMOS
VLS| Design 2nd edition, Addison-Wesley Publishing
Company, “Empirical Delay Models,” pp. 213, 1992.

[34] Q.J. Yuand E.S. Kuh., “Moment Matching Model of Trans-
mission Lines and Application to Interconnect Delay Esti-
mation” Technical Report of ERL at U.C. Berkeley, UCB/
ERL Memo. No. 94/20, April 1994.

[35] D. Zhou, F.P. Preparata and S.M. Kang, “Interconnection
Delay in Very High-Speed VLSI,” IEEE Trans. on Circuits
and Systems, vol. 38, no. 7, July 1991.



	ICCAD95
	Front Matter
	Table of Contents
	Session Index
	Author Index


