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Abstract’

New, generic and compact closed-form expressions
for distributed wire-tree delay dependence on input ramp
time, tree topology and wire geometries are reported. In
agreement to within 5% of HSPICE simulations, these
expressions permit rapid, accurate and early estimates of
interconnect delay as well as variations in interconnect delay
due to variations in interconnect process parameters across
arbitrary distributed wire-tree networks.

Introduction

First-order path-tracing RC tree methods [1] based
on the EImore delay model [2] lack in accuracy in estimating
delays across distributed wire-tree networks. The Q™ order
and more accurate Asymptotic Waveform Evaluation
(AWE) extensions [3-5] require formulating and solving
nodal matrices where computational effort and memory
requirements increase with chip and wire-tree complexity
even though these techniques are more efficient than real-
time HSPICE simulations. With scaling of minimum feature
size and increase in chip size, complexity and gate count, not
only do interconnect delays consume larger fractions of total
path delays but variations in path delay due to back-end-of-
line (BEOL) interconnect process variations begin to
dominate over front-end-of-line (FEOL) device parameter
variations as well [6,7]. Using any of the above RC-tree
models to estimate wire-tree delay and/or variations in wire-
tree delay would incur increasing costs in accuracy or in
computational time and effort with scaling of feature size.

interconnect response model (5a) shifted by half the ramp
time (5b) with HSPICE simulations are shown to be in
excellent agreement in Figs. 1 and 2 for different cases of
ramp time and wire geometry. The 50%-50% propagation
delay between buffer input and interconnect response at the
far-end of the distributed line is thus independent of rise time
at input. For the case of an exponentialy saturating
waveform driving the input of a buffer, since short-channel
devices behave as a constant current source for most of the
transition at the output, for reasonably fast input transitions,
the 20-80% rise time of the exponentially saturating input
waveform can be replaced with alinear ramp of identical 20-
80% transition time centered around the 50% points [9]. For
the case of an interconnect driving another interconnect (as
encountered at a branch or between levels in a multilevel
interconnect architecture), the frequency-domain response of
the interconnect downstream is modeled by (7b), (8b) where
a Taylor expansion of the first term in the RHS of (7b)
yields the result that the step-input response is shifted
exactly by the time constant of the exciting waveform (9).
Comparison of (9) with HSPICE in Fig. 3 demonstrates
excellent agreement of this model as well. Expression for
propagation delay (10) shows dependencies on the time
constant of the exponentially saturating exciting waveform
unlike the case of alinear ramp input.

Response at intermediate nodesin a chain of nets

Exact time-domain solutions for voltage and current
waveforms at any arbitrary intermediate position along a
uniform distributed 2-pin wire are given by (11) from [8].

Sakurai's accurate (<3% error) closed-form analyticafhjs exact solution assumes C; and Ry given by (6) to be
models for distributed interconnect d6|ay [8] that apply Onli’ero_ Usi ng the approxi mations in (12b) and (12(';), addition

to the case of step excitations at the input of a buffer driviRg driver resistance and load capacitance is included into

a 2-pin net are extended in this work to the more commomyl) to yield (12a) in the same way that (5a) was derived in
encountered and complex cases of branched netwqe§. The higher order terms (k>1) in the multi exponential
topologies and linear ramp/exponentially saturating inpkpansion of the time domain solution in (12a) make
waveforms. These new models permit fast, accurate ignificant contributions. The equivalent of position x in
early estimates of delay and variations in delay aloqgl) and (12a) along the 2-pin wire is modeled as the ratio of
arbitrary wire-tree networks with immediate applications t@esjstance seen upstream (for the chain of nets in Fig 4a) to

the design and optimization of clock signal distribution neigytal path resistance (13b). Excellent agreement is observed

for minimum skew. o between (13) and HSPICE for point ‘A1’ in the schematic of

I nter connect responseto non-zerorisetime the wire chain shown in F|g 4.
The frequency-domain interconnect response to a steprgpagation delay across arbitrary wire tree networks

input function [8] given by (1a) in the Appendix, may be  The response at the end node (C)of the longest path in
analytically extended to the case of a ramp input (1b), (2) By, arbitrary tree network (Fig. 5) may be modeled accurately
making a Taylor expansion (3a) of the first term on the RH§y replacing the network between the driver and the node of
of (2). This expansion translates the time-domaimterest with a ‘black box’ (dotted lines in Fig 5). The
interconnect response to a stBpexactly half theramp time  interconnect response given by (14) describes the waveform
using the Laplace operator in (4b). Comparison of Sakuragg the end of the longest path for a given network. The total
resistance seen between terminals A and C of the ‘black
box’ given by (15b) and the total capacitance (15c) seen
between the same terminals replace the distributed wire
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Appendix: | nterconnect response models:

(A) Step [8] and ramp input response of 2-pin net in s-domain: (Figs1 & 2)

1 —g S —g S
(1 Ve~V KO~ LHE): 191V -, = 2D ): @ v - 259
S S ramp Sramp
X Stray . . . .
S 1-e* _ - —— (B) Exponentially saturating input response of 2-pin
Approximation (3g) " Oe 2 (30) Viamp(s) D& 2 Ve s) net driven by interconnect: (Fig. 3)
t
Laplace Transform pairs(4a) et) - E(s); (4b) et —t,) ~ e °E(s) (78) Viy (1) =V d[l_e_r
S 1 ]
g t . F g et g (70) Ve (8) = Mn(s)H(s) = v H(s) = (s +D) Vetep(S)
g_ RC g E RrCt +Ry +Ct +OA4E ] ) 1
V. (t B RrCr+Rr +Cr+0.4J v Approximation:(8a) 0e™ (8D) V() = € Vigep ()
(5a)[8] —f/e"():l— 2 D;(5b)—'{“;“’():1—eﬁ i st+l -
- C * Time-domain response: (9) Veo(!) =1-ex —E_Ol
(6a)R =L (60)Cy = ; (60) R, = BN O Vg Cr +04
R C  asat[ Vg Vea 0]
(C) Interconnect response at intermediate nodes Propagation delay:
along chain of distinguishafle nets (Fig 4) {(k_l)znﬂ(i) (10) tpy_a.p =031+ RC[(CT +04)In2+ 0.1]
(1) (g 20 =0 2 5 D co{(k-ijn(l-iﬂe 2
Vad m&y -1 2 L
2
For loaded nets driven by non-zero driver
resistance : — L (L)
1 2n2+RTCT+RT+CT o1
o (_1\K k== o (_1\K il
(129) Y00 -y, 2 § OV co{(k_l)n(l-lﬂe (2) for k=L only, (12b) 1, oosand (120) 2 5 0 0-e04
Vdd nk:lk_a 2 L k—% 2 nk=lk—7



V [volts]

For node AlinFig4

tramp

t_

2 _
Va(t Ripstream C . .
(133)0172):1—00{7—2-[[1— zp;palh DXPX - R%:pih% fg: T4l (13b) ¥ Ryah = Rota + Rtz + Rieai (13€) ¥ Cpatn = Cinr + Gintz + Gits

(13d) Ripstream = Rit1
(D) Wire-tree networks: (Fig 5), At node C in the example of Fig. 5:

. tramp For node C (longest path) in Fig 5
-01 _ R . -G
(14b)R; = (140 C; = -
- 28] 5 TR e
(142) rim( ! sieq- er:ath+ R:a:hc +04 A
¢ nodec T T (15a)t,y = E’g R%}CERFCT +R +C; +04)n(2)+0.1
th ath

(15h) ( 5 R] (for node C in Fig 5) = Rint1 + Rint2 + Rint5;

At node X in the examplein Fig. 5: path
¢ ramp (150) [ zc) (for node Cin Fig 5) = Cintl + C1 + Cint2 + Cint3 + C3
2 path
A -01
[ ][ J + Cint4 + C4 + Cint5
>R 3C

(16) Veamp(t) —1-cod 7 1 Rupstream | | exp| P Jpain
Vid  rodex 217 Roan RiCr +R; +C; +04

(160) R psream = Rita
Propaganon delay to node D in Fig 5: (178) tyg a.p =tpq a.x *tp

-D

(17b) tog = Y Roan * ¥ Cpean| (RrCr + Ry +Cr + 0'4””{200{;[1_%]]} +01| +03r, + Rmsqma[[ ch

+ 0.4]In2+0.1
RC int3

1.5

S P T RC e
=G « HSPICE F=0.18um c
« HSPICE simulation Ly=6mm Analytical model (5b) I
———- Analytical model (5b) F=0.18um 2 W/ ]
2 v ‘ﬁ\'\ " ) 2 — S _
e 4 tuuem0sne
e L/
— ) N \ '/ —— toamp = 5-0N8
2 S T Elo0orR Ly=2mm 15
> [l i o /e
‘; g1 \‘ “l ) 1
g 2 ‘ L/ ¢ sa00fF, L, <6
3 o° A Y O s Liyr=6mm
> = \‘ '-l‘//L -2mm""‘:o T
4 S ZaoofF Y’
L% %a, ]
; I / o, ™ “.1." o/ Exp Saturating Input
o oV e 85t 05 | / ® HSPICE
0 2e-09  4e-09  6e-09  8e-09 0  2e-09 4e-09 6e-09 8e-09 1e-08 o/ Analytical model (9)
Time [secs] Time [secs]
H .,’
Figures 1 & 2: Comparison of 2-pin interconnect response model (5b) with J > ‘ ‘ ‘
HSPICE for differ ent wire geometries and ramp times 000:00 " *2.00-00  400-08  600-08  8.0e-09  1.0e-08
Time [secs
Ve B Figure4ab (at left): Intermediate nodes !
> RINtL, :l =% C aong achain of loaded and Fioure3: Int ot .
t Re  cin Rint2, Rint3, distinguishablenets et Igure t alnl er;t)nn A re;spor:se 0
Cint2  Cint3 otz C4=300fF exponentially saturating inputs
2 N 4mm .
....................... C, =700fF
I 47p/20p Net 1 - \ HSPICE Propagation ddlay (ns)
T « HSPICE T ¢ node New model Elmore
o Analytical model (13) _ VR ——r model
3 = Error Error
\‘. tramp % %
, *oN Node B C324001F B 1905 | 184 | 341 | 272 | 428
R To C 22.35 222 0.70 289 | 293
. *u Node Al |:| oF D | 1447 | 137 | 48 | 219 | 513
» LN
05 %o, v F=0.18um,
s o . o i i
e Ve F Allwires  Cin=2.0pF/cm Table I: Comparison of HSPICE with new

e,
; “""'-m..m Figure 5: Arbitrary wire-tree network modgl gnd Fhe Elmore delay model for the
0 2e-09 4e—09 6e-09 8e-09 circuitin Flg 5

Time [secs] example




