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Abstract’

A complete wire-length distribution for future three-
dimensional, homogeneous gigascale integrated (GSl)
architectures with variable vertical separation of strata is
derived. Because stratal pitch was not found to impact the
wire-length  distribution  significantly, bonded three-
dimensiona implementations which are technologically
feasible can be used to obtain large increases in global clock
frequencies. The longest interconnect can be reduced by 30%
through the introduction of a single additional stratum. A
93% reduction in the length of the longest interconnect can be
obtained through the optimal use of a three-dimensional
architecture for a 100 nm ASIC, potentialy leading to a 15.8
timesincreasein global clock frequency.

|. Introduction

The wiring reguirements of a GSI system have recently
come to be the dominant limiting factor for performance and
productivity [1-3].

designs.

as in the structure of Fig. 1. Efforts have been reported
previously to describe the wire-length distribution for such a
three-dimensional system for a stratal pitch equal to the gate
pitch [7, 8].

In Section I, a new wire-length model is derived for
three-dimensional architectures with unequal stratal and gate
pitches based upon the method outlined by in [4]. In Section
I11, results of ssimulations using the new model are presented
and explained. Concluding remarks are made in Section V.

I1. Derivation of Model

To predict the wiring requirements for three-dimensional
GSl systems, an interconnect density function is derived as

the product of two terms. The first term M¢] gives the
number of gate pairs which are separated by a given length /.
The second term lgp[¢/] is the number of expected
interconnects connecting a gate pair separated by alength /.
The number of gate pairs separated by ¢ gate pitchesin a

To understand the impact that thesgngle stratumisgivenin[4] as
requirements have on clock frequency, power consumption,

and chip size, it is necessary to first quantify the wiring
demand [4]. Wire-length distributions have previously been
derived for traditional two-dimensional architectures ands[¢]=
have met with success [4,5] when compared to data from real
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With the advent of SOI technology, the prospect of . .
three-dimensional architectures with vertical interconneci’ghere.'\lS is the number of gates n the straftum. . By
connecting multiple levels of transistors has become gspection, the number of stra?al palrsmathreedlmensonal
foreseeable advancement in high performance G&fStem separated by v stratal pitchesis
microelectronics [6]. After [6], a stratum is defined as a M,[v] = 2(S=v)uS-Vv]uv]-Sgv] 2
single layer of transistors with its corresponding metal levelghere S is the number of strata and u[x] and 3[x] are the
In general, the distance between two adjacent strata, j€crete unit step and impulse functions, respectively. The
stratal pitch, may differ from the gate pitch within a straturAumber of gate pairs separated by v stratal pitches vertically

and atotal /¢ gate pitches can be written as
m e m l -

__My[1]
0= [ ] 1+ U[f/ l']
where r is the stratal-to-gate-pitch ratio. From this, the total
number of gate pairs in a three-dimensional system can be
found through the evaluation of
S-1
M[/] = Z
v=0
The number of expected interconnects can be found by
use of the well-established empirical relationship known as
Rent’'s Rule [9]. This relationship predicts the number of
signal 1/0O terminald in terms of the number of gatbkin a
random logic network. This relationship is a simple power
law expression

M [¢.V] Mg[¢-wr] ©)

Mg[£.V]. 4

Fig. 1. Cross-section of athree-dimensional architecture of two strata
showing the two active layers separated by a variable stratal pitch ps.
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T=kNP (5)
wherek andp are empirical parameters.



Combination of the conservation of terminals and Rentiacreased in a three-dimensional architecture, the longest
Rule yields an expression for the number of interconnedtsterconnects are reduced in length by at least 30% as
between two gates in blocks of gates A and C separated bilastrated in Fig. 4. The large shift exhibited in the global
third block B, region of the curves in Figs. 3 and 4 is balanced out by a
P P small percentage increase in density in the local region such

exp[g]:aik (Na*Na[4])" +(Ng[ ]+ Ne[1]) (6) that the total number of interconnects is exactly conserved.
NANCIZ| <(Ng[1])” = (Np + Ng[]+ Ne[4]) As demonstrated in Fig. 5, increasing the stratal-to-gate-pitch

ratio r does not impact the distribution as significantly as a

wherea is a fanout factor antlly represents the number Ofchange in the number of stra

gates in a blockX [4]. To find the expected number of
interconnects separated by a lengtiN, is considered as a

single gate.N¢ represents the average number of gates on thi _ »5% —

. . . 5 ——1 Dimension
periphery of a manhattan semisphere of radiasd can be g 1.0E406 | —&— 2 Dimensions
expressed as E. Logson | —&—3 Dimensions

Ne[¢] = Ml 7 g
Nstart[f] ‘g 1.0E+02 |
whereNg,[/] is the number of gates in the system that can g 1.0E+00 | f
serve as the center of a semisphédgcan then be expressed =
as a summation ovéN: 1.0E-02 —
-1 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04
NB[ﬁ] - NC[F] . (8) Length in Gate Pitches
= Fig. 3. Interconnect distributions for one-, two-, and three-dimensional
architectures.
I11. Results

The new model that projects the wire-length distributio _ 1.05+08

for three-dimensional GSI systems is § LoEs0s | —e—1 Stratum
Iidf [f]: Mt[f]uexp[f] (9) E ) —a— 4 Strata

i . i i . % 1.0E+04 | —A— 16 Strata
whereM[/] is given by (4) and.[/] is given by (6). Fig. 2 3
compares the new model for a one-stratum or twe g 10ew02 |
dimensional system with the two-dimensional model giveni &
[4]. For all simulations, the system consists of 4 millio g “*=* |
gates, Rent's exponerp is 0.6, and the fanout-Rent's = ;o ‘ ‘ ‘
coefficient productik is 3. The two distributions show good 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04
agreement but exhibit a slight deviation for lonc Length in Gate Pitches

interconnects because the previous distribution assumes  Fg. 4. Interconnect distributions as the number of stratais varied.
infinite plane of gates in the calculation & [4] while the

new model takes the average of possible valuddcobver Lobos

the whole system. s
As the number of dimensions of the system is increase % j1og.06 |
the lengths of the longest interconnects are reduced greatly E
shown in Fig. 3. This reduction results from both shorte g 1.0B+04
corner-to-corner distances and from each gate’s having mr ¢ Los0z |
neighboring gates. The shortest interconnects are 1 £
significantly impacted. Similarly, as the number of strata € 1.0ew0 |
1.0E+08 - 1.0E-02 - - -
_5 5 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04
g 1.0E+06 | —o— 3D Model Length in Gate Pitches
< —8— 2D Model ) L . . )
2 1 om04 | Fig. 5. Interconnect distributionsasr is changed. r istheratio of
g vertical separétion to the gate pitch.
| Fig. 6 shows the impact of increasing the number of
S 10m00 | strata on the length of the longest and average interconnects.
£ The average interconnect length is reduced by at least 20% as
L0E-02 ‘ ‘ ‘ the first few strata are added, but the returns quickly diminish
LOER00 10RO 1O0Ew0z - LOE03  LOEH04 as the reduction saturates at 45%. The longest interconnect,
Length in Gate Pitches however, receives a greater reduction of at least 30% that
Fig 2. Comparison of new model to previous 2D model [4] for a does not diminish as quickly with respect to an increa& in
one-stratum system. The longest interconnect is compared to the corner-to-corner

distance of the system. This distance is given as



(=2 ‘/N—ST—l +r(S-1) (10)
where Ny is the total number of gates in the system. The
longest interconnect follows the same trend as the corner-to-
corner distance. If the system is sufficiently large such that
r<<Ns, the corner-to-corner distance, and thus the longest
interconnect, can be reduced in length by 30% by adding only
one stratum to a traditional two-dimensional architecture.
This 30% reduction that decreases interconnect delay and
allows for clock frequency increase [10] is calculated only in
units of gate pitches. As three-dimensional architectures can
allow a much higher interconnect density, the gate pitch may
also be reduced in a wire-limited system, compounding this
gain to an even greater reduction in units of absolute length
and afurther increase in clock frequency.
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Fig. 6. Lengths of longest and average interconnects vs. number of strata
forr=5.

The corner-to-corner distance can be minimized if the
number of strataisincreased to

N
Sopt = %/r—z :

Substituting (11) into (10), the minimum corner-to-corner
distance can be expressed as

(11

ﬂcc,m’n W -cc,2D
where /p IS the corner-to-corner distance in a two-
dimensional system. For a 2005 100 nm ASIC with a
maximum 173.3 million gates [11] and r=1, the longest
interconnect length is reduced by 93% leading to a possible
15.8 timesincrease in global clock frequency.
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Fig. 7. Interconnect distribution resolved into vertical components.

The interconnect density function can be resolved into
component distributions for interconnects that span a given
number of stratal pitches. Fig. 7 shows the results of this for
a two-strata system with r=5. For al interconnect lengths,
fewer interconnects run vertically by one stratal pitch than are
contained completely within one stratum. Comparisons of
vertical interconnect requirements for different numbers of
strata with the same parameters as above are given in Fig. 8.
Since a very small percentage of interconnects have vertical
components, consumption of transistor area in the
construction of vias through the active layers can be kept to a
minimum.

Number of Strata in System
Vertical Distance 1 Stratum 2 Strata 4 Strata
Within Stratum 1.20E+07 1.13E+07 1.11E+07
One Stratal Pitch - 6.30E+05 6.73E+05
Two Stratal Pitches _ _ 1.59E+05
Three Stratal Pitches - _ 4.62E+04
Total Number 1.20E+07 1.20E+07 1.20E+07

Fig. 8. Number of interconnects.

IV. Conclusions

A new model that projects wire-length distributions for
two- and three-dimensional GSI systems has been derived
that includes the impact of the stratal pitch on interconnect
probability. The model holds good agreement with a
previous two-dimensional model that has been shown to
agree with experimental data. Results of the model have
shown that the addition of a single stratum can lead to at least
a 30% reduction in the longest interconnect length.
Furthermore, three-dimensional architectures can lead to such
significant increases in clock frequency as 15.8 times for a
100 nm ASIC. For a typical system, less than 10% of the
total interconnects have vertical components. Because stratal
pitch was not found to impact the wire-length distribution
significantly, bonded three-dimensional implementations
which are technologically feasible can be used to obtain large
increasesin global clock frequencies.

References

[1] J. D. Meindl, “Low Power Microelectronics: Retrospect and Prosp&ept.
|IEEE, vol. 83, pp. 619-635, April 1995.

[2] J. D. Meindl, “Interconnection Limits on XXI Century Gigascale Integration

(GSI),” Materials Research Society, pp. 3-9, April 1998.

[3] H. B. Bakoglu, Circuits, Interconnections, and Packaging for VLS. Reading,
MA: Addison-Wesley, 1990.

[4] J. A. Davis, V. K. De, J. D. Meindl, “A Stochastic Wire-length Distribution for
Gigascale Integration (GSI) — Part |I: Derivation and ValidatidBEE Trans.
Electron Devices, vol. 45, no. 3, pp. 580-589, March 1998.

[5] W. E. Donath, “Wire Length Distribution for Placement of Computer Logic,”

IBM J. Res. Develop,, vol. 2, no. 3, pp. 152-155, May 1981.
[6] D. A. Antoniadis, A. Wei, A. Lochtefeld, “SOI Devices and Technology,”
ESSDERC, pp. 81-87, 1999.

[71 A. Rahman, A. Fan, J. Chung, R. Reif, “Wire-Length Distribution of Three-

Dimensional Integrated CircuitslITC, pp.233-235, 1999.

[8] S. J. Souri, K. C. Saraswat, “Interconnect Performance Modeling for 3D

Integrated Circuits with Multiple Si LayerslI'TC, pp 24-26, 1999.

[9] B. S. Landman and R. L. Russo, “On a Pin Versus Block Relationship For

Partitions of Logic Graphs,TEEE Trans. Comput., vol C-20, pp. 1469-1479,
Dec. 1971.

[10] T. Sakurai, “Closed Form Expressions for Interconnect Delay, Coupling and

Crosstalk in VLSI's,”IEEE Trans. Electron Devices, vol. 40, pp.118-124, Jan.
1993.
[11] Semiconductor Industry Association, “ITRS”, 1999.






