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ABSTRACT

In recent years, on-chip interconnect has had an increas-
ingly important impact on overall system performance. Much
work has been done to develop algorithms which can effi-
ciently and accurately predict delay through on-chip intercon-
nect. These algorithms compute a reduced-order approxima-
tion (usually based on the “Elmore delay”) for voltage-transfer
ratios (from source to loads) in an RC-tree model for the in-
terconnect. However, much less emphasis has been placed on
accurately approximating the driving-point characteristic at
the root of an RC-tree. A good driving-point approximation
is needed to accurately predict how delay through a gate is
influenced by the interconnect which that gate must drive.
Macromodels for on-chip gates typically only consider total
capacitance of the driven interconnect, completely ignoring
series resistance. In this paper, we present an efficient al-
gorithm which accounts for series resistance by computing a
reduced-order approximation for the driving-point admittance
of an RC-tree. Using an ECL clock buffer as an example, we
demonstrate a significant improvement in accuracy.

1. INTRODUCTION
1.1 Interconnect Delay

“Interconnect delay” has two distinct components, which
can best be illustrated by considering a simplified net with no
branching and only one load gate (see Fig. 1). Let T4p(0)
represent delay through an unloaded source gate. Let T4p(L)
represent delay through the same source gate loaded by an
interconnect net of length L. Because of loading effects on the
source gate, Tap(L) exceeds T45(0).

SOURCE INTERCONNECT LOAD
@ (length = L)
Ot
ﬁ
Ig(s) +
Va(s) Ve(s)

et

Figure 1: Simplified net (for illustrating components of Tin,).
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We define “interconnect delay” as follows:

Tac — Tap(0)

[Tas(L) = Tap(0)] + Tre- (M
The two components are: eztra source gate delay (Tap(L)—
T4p(0)), which is the focus of this paper; and propagation
delay (TBc), which has been extensively analyzed [2]-[4].

1.2 Delay Modeling

On-chip interconnect is well modeled by RC-trees (1]. In
the last several years, research has been active on fast algo-
rithms for on-chip delay estimation and bounding using RC-
tree models [2]-[6]. These algorithms have proven to be useful
alternatives to “exact” numerical simulation (e.g., SPICE [7]),
where computation time becomes quite large even for rela-
tively small circuits. However, regarding interconnect delay,
the cited works [2]-[6] concentrate mainly on the propagation
component (Tpc). A reduced-order approximation, based on
the “Elmore delay” [8], is computed for the voltage-transfer ra-
tio (Vo (s)/Vp(s)) from the source gate output to a given load
gate input. See Section 2 for a brief review of these voltage-
transfer ratio approximations.

In this paper, we concentrate on the extra source gate com-
ponent (Tap(L) ~ Tap(0)) of Tins. We compute a reduced-
order approximation for the driving-point admittance (Ip(s)/
Vp(s)) seen from the output of the source gate. This ap-
proximation for the driving-point admittance of interconnect
is tndependent of any modeling approximations made for the
non-linear behavior of the source gate. Our approximation
accounts for distributed series resistance present in the inter-
connect. Earlier works take one of the following approaches:

Jay
Tint =

1. The source gate is modeled simply with a linear out-
put resistance. Delay through the loaded source gate
(Tap(L)) is approximated by computing the Elmore de-
lay to point B {2]-[4]. However, this is just the model
source gate output resistance times the total load net
capacitance to ground. Series resistance present in the
interconnect does not influence this delay calculation.

2. The source gate is modeled more accurately with a non-
linear macromodel. However, the source gate output
waveform (vp(t)) is approximated with a macromodel re-
sponse which is influenced by the driven net only through
the net’s total capacitance (again, series interconnect re-
sistance is not considered) {5],{6].



2. VOLTAGE-TRANSFER RATIO
APPROXIMATIONS

In this section, we review two commonly used approxima-
tions for a voltage-transfer ratio in an RC-tree. The approxi-
mation which is most widely used today is based on the early
work of Elmore (8] and was first developed for RC-tree models
of on-chip interconnect in [2]. In situations demanding greater
accuracy, a higher-order extension developed by Horowitz [5]
has proven useful. Both approximations are influenced by the
presence and distribution of series interconnect resistance.

Let h{t), hpLm(t), and hyor(t) denote respectively: the
exact, the Elmore approximate, and the Horowitz approximate
unit voltage impulse response at a given load in an RC-tree.
Let H(s), HeLm(s), and Hyor(s) denote respectively, at the
same load, the Laplace transforms of these impulse responses.
The Elmore approximate transfer function has a single pole:

1
H = = 2
ELm(s) 1+smp (2)
The Elmore time constant (7p) is determined by matching the
first moment of the exact impulse response:

oo o0
/ thpoa(t)dt = f th(t)dt. 3)
0 0

The Horowitz approximate transfer function has two poles and
one zero:

14 s7,

Huor(e) = ey v om)’ @

The three parameters in Horowitz’s approximation (7, 1,

and r;) are determined by matching the first two moments of

the exact impulse response and the “sum of the open-circuit

time constants” (i.e., the coefficient of s in the denominator of
the exact transfer function):

/om thyor(t)dt = /:0 th(t)dt (5)
/O * Chuor(t)dt = /O “ehnnd (6)
1+ bys+bas?+--- H(s) ™)

1+(T1+T2)S+0.252+"'

3. DRIVING-POINT ADMITTANCE
APPROXIMATIONS

In this section, we present three successively higher-order
circuit approximations for the driving-point admittance of a
general RC tree (see Fig. 2). Let Y (s) denote the exact driving-
point admittance of the RC tree. Within some circle of con-
vergence, we can represent Y (s) by its Taylor series expansion
around s = 0:

0
Y{(s)=D_ yns" {8)
n=1
For 1 < 1 < 3, the circuit approximation Yapp:(s) shown in
Fig. 2 matches the expansion (8) to order 1.

Let y(t) denote the inverse Laplace transform of Y (s) (i-e.,
y(t) is the response current into a general RC tree caused by
an applied unit voltage impulse). Matching higher-order terms
in (8) is mathematically equivalent to matching higher-order
time moments of y(t) since:

= [Ty ©

So, the approximations described in this section (for a driving-
point admittance) are quite analogous to those described in the
previous section (for a voltage-transfer ratio).
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Figure 2: Circuit approximations for the driving-point admit-
tance of a general RC-tree model for an interconnect net.

The approximation Yappi1(8) = Cs, where C = y; =
CLoap is simply the total load net capacitance to ground,
is widely used. In fact, data book descriptions of gates from
semiconductor vendors use gate delay as a function of load net
capacitance to characterize the drive capability of their cells.
However, we show in Section 5 that significant errors can result
from ignoring metal resistance.

The RC-lump approximation,

sC
Yarr2() = 15RC
o0
— Z(_l)n—an—lcnsn’ (10)
n=1
matches (8) to second order by setting:
C = y1 (=Croap) (11)
R = -uw/v (12)
The CRC pi-segment approximation,
sCl
Yaprs(e) = 02 ¥ T pe;
o0
= (C1+Ca)s+ Y (-1)"RMICTS", (13)
n=2
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provides even more accuracy by matching (8) to third order:

G vi/vs (14)
G o= n-(s/u) (15)
R = -yi/vi. (16)

Note that C; + C; = y; = Croap in the pi-segment approxi-
mation.

We have found that either second- or third-order matching
provides sufficient accuracy in all cases of practical interest to
us. Though, in principle, arbitrarily high orders of the driving-
point admittance could be matched with appropriate lumped
circuit models. In this section, it is assumed the necessary
series expansion coefficients of Y (s) (i.e., y1, y2, and y3) are
known. In Section 4, we present an efficient algorithm for
computing these coefficients.

4. ALGORITHM FOR SERIES
COEFFICIENTS

In this section, we present our algorithm for computing
(the first three) Taylor series expansion coefficients of Y (s)
which are needed to perform the matching to a lumped circuit
approximation described in Section 3. The algorithm starts at
the leaf nodes of an RC tree and works back to the source in
a finite sequence of steps.

The algorithm consists of four rules which allow the Taylor
series expansion coefficients of the driving-point admittance
looking downstream of a given point in the tree to be correctly
propagated further upstream (see Fig. 3). Rules #1-3 involve
movement upstream, along a single branch, past respectively:
a lumped capacitor to ground, a series lumped resistor, and a
uniform distributed RC segment. Rule #4 involves combining
two or more different admittance expansions in parallel at a
branch point in the tree.

YU(S) YD(S)
RULE #1: — 1 ( —
C -\
T
Yu(s) Yp(s)
RULE #2: z R =
Yo(s) Yp(s)
RULE #3: = ==
R,C
Yp(s) . ( v =(s)
# D
RULE #4: . '

——
Ypa(s)

Figure 3: Four rules for upstream propagation of driving-point
admittance expansion coefficients.
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For rules #1-3, denote the known admittance expansion
(looking downstream from the point which is immediately
downstream of the circuit element to be traversed) by:

Yp(s) = 28: (yp),s" +o (s‘) .

n=1

(n)

Denote the unknown admittance expansion (looking down-
stream from the point which is immediately upstream of the
circuit element to be traversed) by:

Yo(9) = 3 (w)s" +0 () (18)

Rule #1 states that for upstream traversal of a lumped capac-
itor (C) to ground:

(90)1 = (yD)1 +C (19)
(w), = (yp) (20)
(w)s = (vp)s: (21)

Rule #2 states that for upstream traversal of a series lumped
resistor (R):

(yv), (yp), (22)
{(w), = (vp)s~ R(yp)} (28)
(w)s = (yp)s — 2R(yp),(v0); + R*(y0)}-  (24)

Rule #3 states that for upstream traversal of a uniform dis-
tributed RC segment (total capacitance C, and total resistance
R):

(W) = () +C (25)
(wh = (o)~ R[wo) +Clo) +367  (29)
(w)s = (up)s — R[2(yp);(yp); + Clyp)o] +

4 2 2
R [(!ID)f + gc(yu)i + gcz(yp)l + ECS} )
(27)

For rule #4, let B (> 2) denote the number of branches
to be combined in parallel. Denote the B known downstream
admittance expansions by:

3
Ypi(s) = Z (ypi)s™ + 0 (s‘) ; 1<i<B. (28)
n=1

Denote the admittance expansion of the parallel combination
by:

3
Yp(s) = Z (yp)ns”™ +0(s*). (29)

Parallel admittances simply add together, and so do corre-

sponding terms of their Taylor series expansions. Hence,
rule #4 states:
B
(wp)y = 2_(upi) (30)
=1
B
(!/P)z = }:(yDi)z (81)
i=1
B
(wp)s = D (vpi)s- (32)

(1
-



5. RESULTS

To conclude, we show plots of driver delay versus metal
loading. The metal loading we consider is an unbranched uni-
form distributed RC segment, which has a driving-point ad-
mittance of precisely:

C
Y(s) = SYLOAD (onh (\/ SCLOADRLOAD) )
Rroap

where CLop is the total capacitance and Rpo4p is the total
series resistance of the segment.

The first-order (purely capacitive) approximation is C =
CLoap, which ignores resistance in the metalload. The second-
order (RC-lump) approximation works out to be:

(33)

¢ = (34)

(35)

Croap
1
R = ':;,RLOAD-

The third-order (pi-segment) approximation works out to be:

5

C = ECLOAD (38)
1

C; = _GCLOAD (37)
12

= —R . 38

R 25 FLoap (38)

We compare the driver delay using each of these approximate
loads to driver delay using the fully distributed load.

The driver we use is an ECL differential clock buffer. The
two differential outputs are each loaded identically (by (33),
or by one of its reduced-order lumped circuit approximations).
Gate delay is measured as the crossing time of the signals at the
buffer input to the crossing time at the buffer output. Gate
delay (Tap) is normalized to unloaded gate delay (T4p(0))-
Total metal capacitance (Cro AD) is normalized to the maxi-
mum allowable load capacitance (Capax), given the sizing of
our clock buffer.

To illustrate the importance of metal resistance, we use two
different metal widths: a high-resistance “narrow” metal, and
a low-resistance “wide” metal. Physically, wide metal is twice
the width of narrow metal. For a given total metal capaci-
tance, the total series resistance of a narrow metal segment
is 3.2 times that of a wide segment (not the ideal factor of
4, because of a fringing-field capacitance component). As can
be seen in Figs. 4 and 5, progressively longer metal lengths
require progressively higher-order lumped circuit approxima-
tions to accurately model the “resistive shielding” of capaci-
tance which is located far away from the driver.
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Figure 4: Comparisons for Y4pp;(s) and Yapps(s).
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Figure 5: Comparison for Yapps(s).



