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Abstract—Via blockage due to signal interconnects and its impact on
wirability of multi-billion-transistor chips are systematically analyzed. Via
classifications are introduced. By taking advantage of a stochastic inter- B 1] L 1
connect length distribution and a multi-level interconnect network archi- e | 1
tecture, a physical via blockage model exploiting channel availability is pro-
posed. This model reveals that the most severe via blockage occurs on first )
metal level, wasting more than 10% and up to about 50% of wiring area. A
new perspective on chip size limit imposed by via blockage is also provided
by using the proposed model.

Fig. 1. lllustration of ripple effect.

Index Terms—Analysis, channel-routing, design, SLIP99: system level
interconnect, system-level, via blockage. terminal viasandturn vias The former serve the terminals of inter-
connects, while the latter are the result of routing necessity, connecting
“doglegs” of interconnects. In terms of blockage, they act differently.
Turn vias are essentially an internal part of an interconnect, and do
With increasing number of interconnects and the fact that time dest cause additional blockage to that caused by “doglegs” of intercon-
lays of electrical signals travelling along them are approaching or evescts. However, terminal vias do block routing of those interconnects
surpassing device delays [1], future multi-billion-transistor chips mugiat they interrupt. From the point of view of three-dimensional (3-D)
account for interconnects from the beginning of the design cycle. interconnection, terminal vias are the 3-D span of interconnects, while
Initial work in designing an apriori multi-level interconnect networkurn vias do not propagate to other levels. As a result, only terminal
is based upon the Davis—Meindl interconnect length distribution [3Jias need to be considered in the impact of vias on wiring efficiency.
[3], which leads to statistically accurate apriori knowledge of whattotal As terminal vias link interconnects with the silicon surface, they
area isrequired by all signal interconnects for desired performancesause blockage at all levels in between. Theidplicitimpact can be
However, such design dependsarailablewiring area and therefore estimated through their physical footprint area [8], but thiplicit
on the wiring efficiency factor that accounts for area consumed hyipact may go far beyond that. The reason is that vias may force inter-
power and clock networks and unused wiring area [4]. The main regsnnects to detour [Fig. 1(a)], and detouring interconnects force others
sons for unused area are routing efficiency and via blockage [4]-[1d. detour even further, like a ripple. The average interconnect length
Routing efficiency is currentlgmpirically estimated from 40 to 66% (L,..) can be a useful criterion in this situation. If the density of vias
[4]-[7]. Via blockage has been predicted to limit the maximum numbgs so small ($parse viay that the average inter-via distance is much
of metal levels [5]. Therefore, it is imperative to fully understand theirger thanL...., the majority of interconnects can be routed without
implications of via blockage for future chips that are predicted to haegicountering vias at all. In such case via blockage is limited to their
more than ten metal levels [1]. An accurate via blockage model can f@btprint area, which will hardly affect routing. However, when the
only improve multi-level interconnect network design, but also potefgtensity of vias is large ffense viad such that their average distance
tially provide a quantitative means to characterize efficiency of CAR less tharl..., the ripple effect is accentuated which causes the area
routing tools by decoupling via blockage and routing efficiency.  penalty of each via to increase dramatically. In future chips, one can
In Section Il of this paper, vias are classified and their implicationsxpect to have to deal with dense vias rather than sparse ones.
are systematically explored. A novel via blockage model is then pro-Different routing techniques use “channels” in both tangible and
posed in Section Ill. Its application to future chip designs is studied iAtangible form (in software) as the resources to place interconnects
Section IV. Section V provides a new perspective on the limiting rof@]-[11]. Channels consist of wiring tracks along which interconnects
of via blockage in chip miniaturization. Finally, main conclusions argre placed so that they do not overlap each other. Because of the way

. INTRODUCTION

drawn in Section VI. dense vias cause blockage, their impact can be approximated through
wiring track availability by lining up vias [Fig. 1(b)]. When a potential
II. V1A CLASSIFICATION AND VIA BLOCKAGE CONCEPT wiring track is congested by dense vias, it is no longer available as a

. . . . . ) resource for routing tools to use.
A viais formed in the inter-level dielectric to connect metal lines on

different levels. It is an inextricable component of multi-level intercon-
nect networks. There are two different types of vias observed on chip: lll. M AIN ASSUMPTIONS ANDRESULTS

Before proceeding to analytical expressions for via blockage, several
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TABLE |
MULTI-LEVEL INTERCONNECTARCHITECTUREDESIGNS[13]

Multi-tier Design: Ac=1.79c¢m?; Frequency: fc=2GHz

Metal Level 8/7 6/5 4/3 2/1

Pitch, pm 1.78 0.94 0.45 0.2

i 7043 1862 887.7 |209.6
Wk L, , gate pitch

Three-tier Design: Ac=0.70cm? Frequency: fc=578MHz

X Tracks
f D Metal Level 8/7 6/5 4/3 2/1
Fig. 2. Via blockage factor derivation. Pitch, gm 0.60 0.31 0.2 0.2
4) Both terminals of an interconnect can be located on either upper Ly, gatepitch | 7043 | 1832 | 481 49.9
or lower levels (i.e. X- or Y- level) of a wiring pair with equal

probability.
5) Power lines are uniformly and equally distributed over all layers. . ) ) .
The area used by clock lines is small enough to be ignored [3]€" the final expression for via blockage factor is
[12]. B, = /N,(2W + s1)2/A. (8)
From Assumption 3, every interconnect on thth wiring pair has which illustrates that a larger number of via$i(), smaller chip size

two terminal vias in each underlying level, but does not have impact %ﬁo), and a larger interconnect pitch1§’) lead to an increase in via
the upper level ofith pair, while giving two vias to its lower level with blockage

pfobability 0.5 (Assumption 4). Therefore, the nL_meer of terminal vias It is interesting to note that the terms under the square root in (8)
N for a metal level can be found as the following: are equal to the ratio of via to chip area, which is the blockage factor
1) For the upper level of theth wiring pair for sparse vias. Given thdtt, is always less than unity, (8) shows that

Ny = 2[I(Lmax) — I(L,)]. (1) using only footprint area to assess via blockagedemse viayields
a substantial underestimate due to the ripple effect of vias that is de-
scribed in Section Il. Even though (8) is expected to give a more re-

2) For the lower level of theth wiring pair

Ny =21 (Liax) = I(Ln) = I(Ln—1) (2) alistic estimate of via blockage, it may still tend to underestimate the
where problem because the proposed via blockage model assumes ideal lining
Luax longest on-chip interconnect length; up of vias, which may not be observed in real designs.
L, longest interconnect length placed on ttik wiring pair [3];
I(I) cumulative interconnect density function [2] that gives the IV. CAsE Stupy
number of interconnects with length less than orequalto  go three-tier and multi-tier interconnect network design examples
For a given metal level the via blockage factdy is defined as  ¢rom [13] are taken for case study. The longest interconnects at all
B, = A, /A, (3) levels, determined in these designs, are shown in Table | for conve-
nience.

where Ay is the unused wiring area due to vias, atd is the chip
area. (3) can be modified to

BU = B:;(‘Aleff/flc) (4) "Ly
where Lavs = /L KAL) — (L )] ©)

B, = A, /Aeq (5) wherei (1) is the interconnect density function [2], and compared to the
average inter-via distancé&(() on each level (Table II), which is found
andA.g is the area left after removing the areas used by power{ by using (7) and assuming= 3 [8] andAps/Ac = 0.2 [5]. Table Il
and clock @c¢ ) lines. In terms of available wiring tracks (Fig. 2) shows that an average interconnect can span from several to more than

As the first step to study via blockage in these designs, the average
interconnect lengthl{..;) on each wiring pair is calculated as

Bj can be expressed as follows: 100 vias, confirming that dense vias are encountered in future chips.
Bl = (2W + s\)/2WX + s)) (6) Therefore, by using (8) via blockage factors are found and shown in

Fig. 3. A significant message from Fig. 3 is that via blockage is severe

where , , only on the lowest metal levels, especially on the first one. It can be ex-

W interconnect width on a given level and assumed to be h%fained by two factors: one is that in multi-level interconnect networks

of the interconnect pitch; the overwhelming portion of (short) interconnects is placed on local

s via covering factor; . levels that must also accommodate the overwhelming portion of vias.

A layout rule unitwhichis usually equal to half of the minimuma other is that interconnect pitch increases from local to global levels
i feature size; ) o much more slowly than the number of interconnects placed at each level

X number of available tracks between neighboring vias plyg,creases, leading to increasingly smaller via density at higher levels.
one (Fig. 2). Via blockage factors are also compared against that calculated

It characterizes the average inter-via distance in interconnect pitchfgng the methodology [6] that is based on [5] (Fig. 3). While the
A" can be determined from (Assumptions 1 and 5) via blockage model in [5] is only concerned about the number
VNG (X = 1)2W 4+ 2W + s))] = At /V Ac- (7) of metal levels, the new model additionally takes account of chip
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TABLE I Minimum Chip Edge, mm
AVERAGE INTERCONNECTLENGTH VERSUSAVERAGE INTER-VIA DISTANCE 17

(BOTH EXPRESSED ININTERCONNECTPITCHES) & Gate_Limited (Beta=350) ]
15 4 @ Beta=180 /
Levd [8 |7 16 |5 |4 [3 |2 1 15 L sevia timited
Ac=1.7%m: 11 / =

LGVg 5425 5013 3379 145 T/%/W
42 =070 om’ o
3
X na. |91 124 | 53 | 6l 26 1205
1 . . . . i
Lo 9951 6554 1592 59 1999 2002 2005 2008 2011 2014
Calendar Year
Via Blockage Factor Fig. 4. Minimum chip size in millimeters versus calendar year.
0.35 - ‘
N A If s =3, Bl .. becomes 63.6% with = 17/2 on the first level.
0.30 4 . If the chip edge is Qenoted by = /A., then the via-limited chip
\ N \ /g\ size can be found using (4) and (8)
0.25 \ ] _
\ \&/ \]/ \ Dinin = (Ac/Aet) 2W + 50N) VNo/ By, max- (12)
Ay
0.20 c By approximatingl (L1) = I(Lmax), the number of vias on the first
< | A~ Ac=0.70cm2 LN level can be estimated by
0.15 N i
‘ —-Ac=1.79cm2 \ A Ny = I(Lmax) (12)
0.10 - imTA.: 1.79cm2 \\ where
(M°de' in [51) N I(Liax) = akN(1 = N*71) [14];
0.05 - - N number of gates;
_ N\ k Rent’s coefficient;
0.00 ‘ ‘ ‘ ‘ v P Rent’s exponent;
! 2 3 4 5 6 7 8 o factor determined by fan-out.
Metal Level Number By assumingdprs/Ac = 0.2 [5], six transistors per gate, =

0.75, k = 4, andp = 0.6 [3], via-limited chip size is predicted for
future generations from [1]. It is compared against gate-limited chip
size (Fig. 4), which is determined agN (3F?), wherej is the nu-
area in estimating via blockage. Although adding one more metagrical faptor describing average gate area in minimum feature size
level elevates some number of interconnects to higher levels, théguaregF*). 3 can be estimated by using the gate area model in [6]
number and the number of associated vias is very small compafeticustom or standard cell design. For transistor aspect ratios of 1.5
to interconnects remaining at lower levels. This is true because #ed 10,3 is about 180 and 350, respectively. Fig. 4 shows that the chip
Davis—Meindl interconnect length distribution indicates that th&ze limited by gate area with smallest transistor aspect ratio of 1.5 is
number of interconnects decreases very quickly with length. Howevegtill about 10% larger than via-limited chip size.

the chip size shrinkage, which benefits from more metal levels, causes

a remarkable rise in via density, thus in via blockage. Therefiig, VI. CONCLUSION

size,rather thamumber of metal levelshould be considered as the
direct cause for potentially severe via blockage problems. The new|
proposed model is capable of making such estimates and predictio

Fig. 3. Via blockage factor distribution.

Via blockage and its impact are systematically studied. A novel com-
dct model of via blockage based on physical parameters of a chip is
Fo oposed. Applicability of this model is established. This new model

reveals that the via blockage factor on the first metal level is as high as
V. VIA BLOCKAGE IN FUTURE CHIPS 10% to about 50%, while via blockage at higher levels is much smaller.

Via blockage has been assumed a pivotal factor that could inhifit"eW perspective on the limiting role of via blockage in chip minia-
multi-level metallization and/or chip miniaturization [5]. Based on th&rization is provided.
novel via blockage model, it is investigated when chip size becomes
via-limited and how big it is. REFERENCES
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