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Abstract—An interconnect distribution model for homogeneous,
three-dimensional (3-D) architectures with variable separation of
strata is presented. Three-dimensional architectures offer an op-
portunity to reduce the length of the longest interconnects. The sep-
aration of strata has little impact on the length of interconnects but
a large impact on the number of interstratal interconnects. Using
a multilevel interconnect methodology for an ITRS 2005 100 nm
ASIC, a two-strata architecture offers a 3.9 increase in wire-lim-
ited clock frequency, an 84% decrease in wire-limited area or a
25% decrease in the number of metal levels required. In practice,
however, such fabrication advances as improved alignment toler-
ances in wafer-bonding techniques are needed to gain key advan-
tages stemming from 3-D architectures for homogeneous gigascale
integrated circuits.

Index Terms—Interconnections, modeling, multilevel systems,
system analysis and design, system-level interconnect prediction,
three-dimensional (3-D) architecture, wire-length distribution.

I. INTRODUCTION

T HE wiring requirements of gigascale integrated (GSI) sys-
tems have recently come to be a dominant factor in the

limits on key performance and productivity metrics [1], [2]. To
understand the dependence of clock frequency, power consump-
tion and chip size on these requirements, the wiring demand
must first be determined from a wire-length distribution [3].
Wire-length distributions for traditional two-dimensional (2-D)
systems have previously been derived and have met with suc-
cess when compared to data from real designs [3], [4].

The prospect of three-dimensional (3-D) architectures in
which interstratal interconnects link multiple strata of tran-
sistors and wiring has come forth as a possible solution in
satisfying the ever-growing demands on the wiring that limit
performance in GSI systems [5]. After [5], a stratum is defined
as a single layer of transistors with its corresponding tiers
of metal levels. Recent efforts [6], [7] to derive wire-length
distributions for 3-D systems have assumed that the separation
between strata, the stratal pitch, is equal to the average separa-
tion between gates, the gate pitch. In general, the stratal pitch
may differ from the gate pitch within a stratum [8], [9] as in
the structure of Fig. 1. As originally assumed in the work of
Donath [4], previous models [3], [6], [8], [9] approximate a die
as an infinite plane of gates for the purpose of calculating the
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Fig. 1. Cross section of a 3-D architecture of two strata showing the two active
layers separated by a variable stratal pitch.

occupation probablility [10], the probability that a pair of gates
with a given separation is connected. This assumption is relaxed
in this analysis. In Section II, the wire-length distribution for
3-D architectures with variable stratal pitch is presented.

Multilevel interconnect architectures consisting oftiers,
where a tier is defined as pairs of orthogonal wiring levels
having the same pitch, have been explored to determine the
interconnect pitches required to minimize chip area, number
of metal levels and clock period for 2-D systems [11]. The

-tier architecture optimization methodology is introduced in
Section III and is extended in order to investigate further the
potential advantages of 3-D architectures in Section IV. Using
these results, the interstratal interconnect density limitations
that may be imposed by fabrication technologies are quan-
tified in Section V and concluding remarks are presented in
Section VI.

II. WIRE-LENGTH DISTRIBUTION

The wire-length distribution , which gives the total
number of interconnects of length gate pitches, can be
expressed as the product of two terms

(1)

where is the number of expected interconnects, the ratio
of the number of interconnects of manhattan lengthto the
number of gate pairs separated by that distance[3]. The
complete distribution is provided in Fig. 2 while a flow diagram
describing its use is given in Fig. 3.

As given in Fig. 2, the number of expected interconnects con-
necting a gate pair is derived fromRent’s Rule. This empirical
rule relates the number of terminalsof a block of gates to the
number of gates in the block as

(2)

where and are empirically determined values known as
Rent’s coefficient and Rent’s exponent, respectively [12]. The
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(a)

(b)

Fig. 2. (a) Complete interconnect distribution model for 3-D architectures with variable separation of strata. (b) Table of variable and functions used in the
interconnect distribution.

number of expected interconnects is a function of the number
of gates in three distinct blocks of gates. As shown in Fig. 4, for
a 2-D architecture, is the number of gates at the center of
a manhattan semicircle of radius, is the number of gates
on the periphery and is the number of gates separating the
previous two blocks. For a 3-D architecture, this method of
counting is extended to a manhattan hemisphere.

Previous distributions have assumed an infinite plane of gates
in calculating and, thus, through summation of [3],
[4], [6], [8], [9]. This assumption is equivalent to the one noted

in [10] for which “it was necessary to restrict the analysis to an
infinite gate array.” For instance, in a 2-D system, the value of

, the number of gates on the periphery of a manhattan semi-
circle is assumed to be [3]. For a center gate of the semicircle
labeled “A” (in Fig. 4) near the center of the chip, this assump-
tion holds for small lengths. Considering a gate near the edge
of the chip, however, the assumption breaks down because the
distance to the edge of the chip may be smaller than the length
considered. In the model presented in Fig. 2, this assumption is
relaxed through use of an average of the values offor gates
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Fig. 3. Flowchart for calculating the distribution using the model in Fig. 2.

Fig. 4. Block A is the gate at the center of semicircle, block C is those gates
on the periphery and block B is those gates between A and C. The case pictured
here is for a semicircle of radius 3.

near both the center and the edge of the chip. This average is
calculated as the ratio of the number of gate pairs to the
number of starting gates . Starting gates are defined as
those gates that can form gate pairs at a length.1 The implicit
assumption in using starting gates is that the mean value of
across the chip is greater than the standard deviation of those
values, a condition that typically holds as verified by simula-
tion.

The number of gate pairs for a single stratum is also
given in Fig. 2 [3]. To find the number of gate pairs in a
3-D architecture, the number of gate pairs separated bygate
pitches within a single stratum is added to the number separated
by strata vertically and ( ) gate pitches horizontally. The
stratal-to-gate pitch ratio is the number of gate pitches sepa-
rating each pair of strata. This summation represents a discrete
convolution that can be readily solved using a generating poly-
nomials technique [13].

The complete wire-length distribution for a 3-D GSI homo-
geneous chip with generally different stratal and gate pitches
is given in Fig. 2. Fig. 5 compares this new model with the

1Mathematically, N [l] can be defined in terms of the function
�[i; j; k; l], an expression for the one-sided number of gates at a distancel

from the gate whose position is given by (i; j; k) [3]. This relationship can be
expressed asNNNsss [lll] = iii jjj kkkuuu000 (�[iii; jjj; kkk; lll]), whereu (x) is the unit
step function.

Fig. 5. Comparison of new model to previous 2-D model [3] for a one-stratum
system.

Fig. 6. Interconnect distributions as the number of strata is varied withr = 1.

2-D model of [3] for a single-stratum system of 4 000 000 gates
with and . These two distributions show good
agreement but exhibit a slight disparity for the longest intercon-
nects. This is because the previous distribution assumes an in-
finite plane of gates in calculating the number of expected in-
terconnects between a gate pair while the new model uses av-
erage values of and over a finite plane. By using av-
erage values, the error in the total number of interconnects with
respect to the number predicted by Rent’s Rule is made negli-
gible and is relatively independent of system parameters. Thus,
in contrast to models assuming an infinite plane of gates, no nor-
malization constant is needed.

Fig. 6 shows the interconnect distributions for systems with 1,
4, and 16 strata as the number of strata is increased with .
The longest interconnects are reduced in length by half as the
number of strata is increased by four times. This reduction oc-
curs because of the reduction in the corner-to-corner distance of
a stratum and the increase in the number of adjacent gates for
multiple strata. Although there is a large decrease in the number
of long interconnects, the total number of interconnects is con-
served by an equal increase in the number of short interconnects.
As illustrated in Fig. 7, the expected length of the longest inter-
connect and the corner-to-corner distance both reduce roughly
as the square root of the number of strata. The average length of
all interconnects, however, does not decrease as rapidly.

In Fig. 8, the interconnect distributions for the two-strata
system ( ) with differing values of the stratal-to-gate pitch
ratio ( ) are given. As the stratal pitch is increased,
interconnects are more likely to stay within a single stratum at
little cost in added length. Changing the ratio does not affect
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Fig. 7. Lengths of longest and average interconnects versus number of strata
for r = 1.

Fig. 8. Interconnect distributions for two values of stratal-to-gate-pitch ratio
r = 1; 50.

the shape of the distribution, average length, or longest length
as significantly as it impacts the number of interconnects
connecting the two strata. As the ratio is increased, the cost in
length and, thus, delay associated with routing an interstratal
interconnect increases significantly, resulting in a decrease in
the number of interstratal interconnects. This result confirms
that, for sufficiently small stratal pitch and number of strata,
the lengths of interconnects can be reduced [8].

III. M ULTILEVEL INTERCONNECTARCHITECTURE

Optimization through an-tier multilevel interconnect archi-
tecture is utilized to determine the number of metal levels re-
quired for a system with a given area and clock frequency [11].
A tier is defined here as a collection of orthogonal pairs of metal
levels having the same pitch. By placing constraints on two of
these parameters, the minimum wire-limited chip area, the max-
imum wire-limited clock frequency, or the minimum wire-lim-
ited metal level per stratum requirement is found. The-tier
methodology requires the simultaneous solution of two equa-
tions [11], [14]. The first of these equations implicitly relates
the area to the interconnect demand , the total
length of wiring on the th tier. This relation [11] is given as

(3)

where
number of metal levels in theth tier;
wiring efficiency;
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Fig. 9. Typical design curve exhibiting saturation as area is increased. After the
baseline area is reached, further increase in area does not provide any advantages
for frequency or number of metal levels.

Fig. 10. Frequency optimization for maximum of six metal levels. The
decrease in wiring demand as the number of strata is increased allows for
higher clock frequencies for the same number of metal levels.

twice the minimum feature size. As a result, an increase in chip
area requires the pitch on each tier to scale upward such that
the total wiring area required increases in the same ratio as the
chip area. The number of metal levels, the ratio of wiring area
to chip area, thus remains constant as shown. Any increase in
area above the baseline area does not result in any advantages
in terms of metal level requirements or clock frequency.

A. Maximum Wire-Limited Clock Frequency

The maximum clock frequency is the frequency for which
the design curve saturates at the constrained number of metal
levels. By constraining this number to six levels per stratum for
systems of one and two strata, the optimizations of Fig. 10 are
found. The 2-D design allows for a frequency of 325 MHz at a
baseline area of 1.72 cm. In comparison, by dividing the design
into two strata, a 3.9 times increase in clock frequency to 1.25
GHz accompanied by a 42% decrease in total wire-limited area
to 1.00 cm is obtained.

Fig. 11. Area optimization for 950 MHz and eight metal levels. The point
on the curve that corresponds to the given number of metal levels is taken as
the minimum area.This area decreases significantly as the number of strata
increases.

Fig. 12. Metal level optimization for 950 MHz. The minimum number of metal
levels is at the baseline area design point. By using two strata, the number of
metal levels per stratum can be reduced by two.

B. Minimum Wire-Limited Area

The minimum wire-limited area required for a given clock
frequency is the intersection of the design curve with the max-
imum number of metal levels available. Using this method, the
minimum total chip area is found for systems of one and two
strata using Fig. 11. The 2-D design requires an area of 1.38
cm to achieve a clock frequency of 950 MHz for eight levels
of wiring. At this target frequency, the two-strata design requires
merely 0.22 cm, a significant reduction of 84%.

C. Minimum Wire-Limited Metal Level Requirements

Similarly, the minimum wire-limited metal level requirement
can be found from the same design curve as the number of metal
levels required at the baseline area. Fig. 12 highlights the design
points that minimize this requirement for systems of one and
two strata at a clock frequency of 950 MHz. The single-stratum
design once again requires eight metal levels at an area of 1.38
cm . The introduction of a second stratum reduces this require-
ment to 5.3 metal levels—an elimination of one full tier or two
metal levels–for an area decreased by 23% to 1.06 cm.
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V. INTERSTRATAL INTERCONNECTDENSITY LIMITATIONS

Three-dimensional architectures present an opportunity to re-
duce the performance-degrading impact of wiring requirements
on future GSI systems. The potential advantages presented in
the previous section that are provided by this opportunity may,
however, be hindered severely in practice by the limitations of
certain fabrication technologies. For instance, bonding of wafers
has emerged as a leading possible solution for the fabrication of
3-D GSI architectures [18], [19]. Since the contact pads between
wafers and the spaces between adjacent pads must be suffi-
ciently large to ensure contact and avoid undesired shorting due
to overlap, the alignment tolerance inherent in such a bonding
process places a significant limitation on the minimum pad size
and, therefore, the interstratal interconnect density.

As an example of this limitation, the two-strata design of
Fig. 10 that maximizes frequency requires a total area of 1.00
cm or an area of 0.50 cmper stratum. The bonding pads for
the interstratal interconnects must fit within the area of a single
stratum. The number of interstratal interconnects can be found
from the model described in Fig. 2 by decomposing the number
of gate pairs according to the number of strata spanned.
From the distribution, the number of interstratal interconnects
is 1.7 10 . To supply this number of connections in the 0.50
cm interface area, the density must be at least 3.410
interconnectscm . If the pad width and the spacing between
pads are assumed to be equal, the maximum pad width is 1.2

m. Assuming that the pad should be five times greater than the
alignment tolerance in order to ensure proper contact, the max-
imum allowable tolerance for this case is 0.25m. This size is
less than the estimate of m as the alignment tolerance for
current wafer-bonding techniques [15] that allows for a density
of interconnectscm . Alignment technology must
advance substantially to make the manufacture of 3-D, homo-
geneous architectures feasible.

VI. CONCLUSION

An interconnect distribution model for homogeneous, 3-D ar-
chitectures with variable separation of strata is presented. 3-D
architectures offer an opportunity to reduce the length of the
longest interconnects by 50% per 4increase in the number of
strata. The separation of strata has a small impact on the length
of interconnects but a large impact on the number of interstratal
interconnects. Using a multilevel interconnect methodology for
an ITRS 2005 100 nm ASIC, a two-strata architecture offers
a 3.9 increase in wire-limited clock frequency, an 84% de-
crease in wire-limited area or a 25% decrease in the number of
metal levels required per stratum. In practice, however, such ad-
vances in fabrication techniques as smaller alignment tolerances
in wafer bonding processes are required to obtain key advan-
tages stemming from 3-D architectures for homogeneous logic
blocks.
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