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Based on a stochastic wire length distributed model, the interconnect distribution of a three-dimensional integrated

circuit (3D IC) is predicted exactly. Using the results of this model, a global interconnect design window for a giga-scale

system-on-chip (SOC) is established by evaluating the constraints of 1) wiring resource, 2) wiring bandwidth, and 3)

wiring noise. In comparison to a two-dimensional integrated circuit (2D IC) in a 130-nm and 45-nm technology node,

the design window expands for a 3D IC to improve the design reliability and system performance, further supporting

3D IC application in future integrated circuit design.
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1. Introduction

The unprecedented development of computer and
information technology demands ultra-large-scale in-
tegrated (ULSI) circuits with increasing functionality
and performance at minimum cost and power con-
sumption. The feature size of transistors is being
aggressively shrunk to meet this demand. However,
in turn, this has introduced some very serious prob-
lems. Interconnect effects such as signal delay, distor-
tion and crosstalk are the dominant factors limiting
overall performance.l! =3 Wiring requirements, partic-
ularly that of a global interconnect, is fast becoming a
key bottleneck to system performance and reliability.
Therefore, it is imperative to optimize global inter-
connects for present and future giga-scaled integrated
systems.

Many methods have been suggested to relieve the
interconnect limits in interconnect systems for giga-
scale integration. IBM firstly employed the copper
and low-k insulator instead of an aluminum intercon-
nect to improve interconnect delay. However, the lin-
ear thickness and resistivity limited the advantage of
copper interconnects for future technology generation.
In addition, the implementation of low-k material was
difficult because of reliability issues.[* Repeater inser-

tion methodology reduced the delay caused by a long
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interconnect by changing the quadratic delay-length

(5.6] However, for

dependence to linear proportionality.
a large high-performance design, the number of such
repeaters would be prohibitively high and can cost
significant silicon area and power consumption. Uti-
lizing an on-chip network (NOC) instead of a global
interconnect decreased global routing congestion and
the efficiency of sending packets in a single global net-
work rather than the signal in global wires was im-
proved, but required a new design architecture differ-
ent from conventional microprocessor architecture.!”’
However, on-chip optical interconnection had high
bandwidth and consumed less power for long-distance
communication, but was incompatible with standard
complementary metal-oxide-semiconductor (CMOS)
technology.l8) A new design technique should be de-
veloped to overcome 2D interconnect design limita-
tion. Three-dimensional (3D) integration is emerg-
ing as a promising solution that can form highly in-
tegrated system by vertically stacking and connecting
various active device layers as shown in Fig. 1. One
of the most important benefits of 3D chip over a tradi-
tional 2D design is the reduction in global interconnect
and total wire-length, thereby providing higher perfor-
mance, lower power consumption, and larger design
window.

Based on a stochastic wire length distribution
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model, this paper establishes a global interconnect
design window for giga-scale SOC by evaluating the
bandwidth and
The rest of the paper is organized

constraints of wiring requirements,
crosstalk noise.
as follows. In Section 2, a stochastic wire length dis-
tribution model for a 3D-SOC is rigorously derived
as an extension for the previous 2D wiring distribu-
tion model. Then the interconnect design window for
a 3D IC is established by considering the constraints
of wiring requirements, bandwidth and crosstalk in
Section 3. Comparative results with 2D-SOC in Sec-
tion 4 reveals 3D integrated technology advantages in
system performance and design reliability. Finally, a
conclusion is presented in Section 5.
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Fig. 1. Interconnect architecture of 2D and 3D IC.

2. Interconnect stochastic wire-

length distribution model

System-on-chip clock frequency, power consump-
tion and chip size are largely determined by wiring
requirements. It is, therefore, imperative to gain a
thorough understanding of wire-length distribution in
circuit front-end design that can be used to optimize
the design architecture and provide rigorous reference
for IC layout design. In the early days, empirical for-
mulas related to chip size were often employed to esti-
mate the interconnect distribution, but that easily led
to great error between the assumption and the realis-
tic design. With the new advancements in computer-
aided-design (CAD) tools, some new wiring distribu-
tion methodologies are introduced. Based on Rent’s
Rule, Davis firstly presented an interconnect density
function (idf) and derived a complete wire-length dis-

tribution modell10]

Ha<i<b)= /bz’(l)dl, (1)

where I(1) is idf, defined as the interconnect number
a and [ = b; [ is the intercon-
i(l) is the discrete

wire-length distribution that gives the expected inter-

between length | =
nect length in unit of gate pitch;

connect number for a given length [,

Z(l) = Mt(l)IeXP(l)a (2)

where I, (I) is the expected number of interconnect
connecting gate pairs that are separated by length [;
M; (1) is the number of gate pairs separated by a length
l.

However, the wire length model presented by
Davis is limited to traditional 2D architecture. For a
3D integrated circuit with the number of active layer

S > 2, the wire length distribution model consists of

horizontal and vertical interconnects as follows: ']
isp(l) = M. 3D(l) Aexp(l) = in (1) +du(1),
in(l) = Texp(l ZM M, (1 - v),
v=0
in(l) = Toxp(l Z Ny( 5(1—rv), (3)

where M; _3p (1) is the number of gate pairs separated
by I gate pitch in 3D IC. M, (v) is the number of die
pairs separated by v vertical pitch. M,(l) and N, are
the number of gate pairs separated by [ gate pitch and
the number of gate pairs in a die, respectively, and r
is the die-to-gate pitch ratio.

Based on the wire-length distribution model men-
tioned above, the interconnect distributions for 2D-
SOC and 3D-SOC consisting of one-thousand of logic
gates are compared, where Rent’s coefficient and ex-
ponent are 3 and 0.75, respectively. The distribution
curves in Fig. 2 show a significant reduction of the
number of 3D global interconnects due to a vertical
interconnect instead of a long global net. Similarly,
as the number of active layers increases, the length of
This re-
duction results from both shorter corner-to-corner dis-

the longest interconnects decreases greatly.

tances and from each gate having more neighbouring
gates in 3D IC. The relationship between the number
of active layer S and the longest global interconnect

Dongest is given as

Ilongcst =2 (\/T - 1) + T(S - 1)7 (4)

where N; is the total number of gates in the SOC.
Assuming that the system is sufficient large such that
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N; > r, the length of the longest global interconnect
scales inversely with the square root of the number
of active layer. Thus the longest interconnect in 3D
IC can be reduced in length by 30% by adding only
one active layer to a traditional 2D architecture. For
the SOC being dominated by the interconnect effect,
this 30% reduction denotes a decrease in wire delay

about 50%, thus improving the system performance

significantly.
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Fig. 2. Interconnect wire-length distribution for 2D and
3D SOC.

3. Global
methodology

interconnect design

The global interconnect design is one of the main
barriers to achieving giga-scaled integration for the
present and future giga-scaled integrated (GSI) sys-
tem, that has a huge impact on the clock frequency,
power consumption and chip size. Figure 3 illustrates
the global interconnect architecture that consists of
the signal, clock and power-supply networks, where
w, h, and s are signal interconnect width, height and
space, respectively; to.y is the dielectric thickness. In
determining the values of w, h, s, and ¢,y for optimal
interconnect design, three design constraints for global
interconnects are introduced: 1) wiring resource, 2)

wiring bandwidth and 3) wiring noise.

’power

clock

Fig. 3. Cross-section schematic diagram of a global inter-
connect.

3.1. Wiring resource

The wiring resource requirement is the primary
design constraint for an interconnect in a GSI system
that consists of local interconnects used for connect-
ing in a functional block and a global interconnect
between these blocks. As the local interconnect pitch
is relatively small, it can be ignored in the early de-
sign stage. Then the global wiring resource can be
expressed as follows, which is largely dependent on
the system routing, placement and power consump-

tion, and often limited by the SOC area, A,
Asignal + Apowcr + Aclock < nlcvclAca (5)

where Njever 18 the number of metal wire layers in a
multilevel wiring network; Asignal, Aclock, and Apower
are the wiring area for the global signal, clock and

power-supply networks, respectively. The area re-

quired for the global signal routing is given by[!2:13]
w + 8)Lio
Asignal = (,'7)tta (6)

where 7 is signal routing efficiency. Lo is the total
length of a global interconnect that can be obtained
by the stochastic length-net distribution model men-

tioned above

llongest
Lot = / li(l)dl, (7)
l=Lioc

in which, Lioc and lipngest are the lengths of the longest
local and global interconnects, respectively.

The wiring area of a power-supply network has a
strong relationship with power dissipation and IR drop
in SOC. Based on the optimal power-supply design
model provided by Joyner,'¥ the minimum power-
supply network satisfying the IR drop limitation can
be given by

Piovp
A ower — Nleve Ac — | 2
P Mevel e 65

Piotp )
Viahnpad 7

166V hnpaa
(8)
where P, is the total chip power, p is the metal resis-
tivity, 7pad is the number of power and ground pads,
and J is the ratio of the worst-case IR drop to power
supply voltage Vyq.
Since the ratio of the wiring area for the clock
network to total chip area is about 1%, the Acock is
negligible in this paper. According to the definition

of the wiring area, the global interconnect dimension
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from the wiring area constraint can be determined by
substituting Egs. (6), (7), and (8) into Eq. (5)

eve AC P O 2
ny 1 1 _ t2 tp ) (9)
165Vddhnpad

+5<
v 2= Ltot
3.2. Wiring bandwidth

Since clock signal is the fastest signal in SOC,
it requires a high bandwidth interconnect to preserve
the rise time and transmission integrity when the clock
signal passes through the interconnect. Therefore, the
bandwidth of global interconnects is imposed by clock
frequency as['?!

1

)
2trslow

Jene < (10)

where f. is the system clock frequency, t,siow iS the
slowest transition time of the distribution RC inter-

connect, calculated by the Sakurai delay modell*6]

too% — t10%
trslow = W = l.1lrc- l120ngcst (11)

in which liongest is the longest global interconnect, r

and c are the interconnect resistance and capacitance

unit length, respectively, that can be expressed by

Egs. (12) and (13)
P

r= =
wh’

¢ =2(Cgnd + tm) = 2(

(12)

h
+ EOi) (13)

where €¢ and ¢, are the permittivity of free space and

E0ELW

oxX

the relative permittivity, respectively.
Substituting Egs. (11), (12), and (13) into
Eq. (10), the global interconnect dimension from the

wiring bandwidth constraint can be given as

> ( L L >1 (14)
w- S — .
- 4'4f01kllzongestp505f h - tox

3.3. Wiring noise

Interconnect coupling noise or crosstalk is a ma-
jor design constraint for global wires, caused by the
couple capacitance and inductance with electromag-
netic interaction. For signal integrity and reliability,
the wiring noise should satisfy this constraint as shown

below![17:18]

V
Lak S Pnoisea (15)
Vaa
where Vj,car Tepresents peak noise, determined by nu-
merous factors such as rise time and the width of in-

put pulse, interconnect length and repeater parasitic

resistance. P,oise 1S the maximum noise allowed as a
percent of Vyq. Based on the distributed RC crosstalk
noise model, the interconnect peak noise can be ex-

pressed simply by!6!

Vpeak _ 1 Cm
Vdd 2 Cm + Cgnd

(16)

Applying the parallel plane capacitance model in
Eq. (13), and substituting Eq. (16) into Eq. (15), we
can obtain the global interconnect dimension from the

wiring noise constraint

1 — 2P
ws > ?.Oehfox. (17)

3.4. Global interconnect design window

As demonstrated above, the three design con-
straints, 1) wiring resource, 2) wiring bandwidth,
and 3) wiring noise, establish a number range for
the optimization of global interconnect parameters,
which are defined as the global interconnect design
window. Assuming w = s, tox = h and using the
technology parameters at 130-nm technology node
listed in Table 1,19 a new global interconnect design
window for 2D SOC with four metal wire levels is
plotted in Fig. 4, where interconnect width w and
It is

shown that the central triangular region is the design

height h serve as x and y axes, respectively.

window for which all three constraints are satisfied
simultaneously, and the other region beyond limita-
tion is called the forbidden zone for circuit design.
Three corners of the window A, B, and C corre-
spond to the minimum 1/2 wire pitch, minimum
aspect ratio and maximum clock frequency, respec-

tively. The D point in the centre of the design window
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Fig. 4. Interconnect design window in wiring resource,
bandwidth and noise constraints.
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Table 1. Key interconnect technology parameters used
for SOC design.

130 nm 45 nm
Vaa/V 1.5 0.6
Ac/mm? 450 817
fee/GHZ 1.2 3
Piot/W 130 174
liongest/cm 4.2 5.7
ltot /m 17.82 63.87
Proise/% 20 20
n/% 50 50
Npad 1536 1536
§/% 5 5
Ne/M 20 100
Er 3.3 2.1

is regarded as the maximum reliability design position.
Utilizing this design methodology reasonably predicts
critical physical parameters for a global interconnect
network in an early design stage, satisfying SOC de-
sign constraints for wiring resource, bandwidth and
noise. Its simplified physical model can be used to

guide SOC design as a simple quantitative tool.

4. Comparison and validation

The maximum clock frequency and power dissi-
pation aggressively increase with advances in process
technology, that shrinks the interconnect design win-
dow continuously and has been a tremendous chal-
lenge for global interconnect design in the nanometer
generation. Though, to some extent, multi-level metal
wire technology can mitigate the design stress, while
resulting in a cost increase and yield problem. Since
the total length of wire and the longest global wire
scale inversely with the square root of the number of
active layers, as shown in Fig. 2, the wiring resource
demand and bandwidth limitation can be relaxed by
The 3D integrated tech-
nology will be an efficient and flexible design strategy

use of more active layers.

for present and future GSI systems. Combinations of
process parameters in Table 1 and three constraints,
Figs. 5 and 6 illustrate global interconnect design
windows for systems of 1, 2, and 4 active layers at
130-nm and 45-nm technology nodes. The compara-
tive results indicate that the design window shrinks
with advancements in process technology; the win-
dow for a single active layer at the 45-nm node is

significantly smaller than that at the 130-nm node,

implying that increasing restriction is placed on global
design and instability due to process variation. For

a 3D IC with multi-active layers, the design window
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Fig. 5. Interconnect design window for systems of 1, 2,
and 4 active layers at 130-nm technology node.
is expanded greatly, increasing the width of the safe
band that separates the central design point D from
the design constraint, and enhances the tolerance of
larger deviations in interconnect dimension due to pro-
cess variation, further improving the design margin

and circuit reliability.
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Fig. 6. Interconnect design window for systems of 1, 2,
and 4 active layers at 45-nm technology node.

In addition, 3D integrated architecture can effi-
ciently improve system performance by increasing the
number of active layers. As shown in Figs. 5 and 6,
the maximum frequency corner C shifts upwards with
the increase of the number of active layers, indicating
the higher speed limit of the interconnect architec-
ture. To find the relationship between the maximum
clock frequency fmax,cix and the number of active lay-
ers S, the wiring area for the power-supply network

is ignored for the purpose of simplicity of calculation,
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then solving Egs. (9) and (17) for interconnect width
and height

n- nlevelAc
=— 18
w L. (18)

2Pnoise
h=4/———. 19
1- 2Ijnoise ( )

Substituting these values into Eq. (14), the max-

imum clock frequency expression can be written as

2 2 2
™ Mevel * Ac - Proise
8.8 - pereg - L2, - 12

longest

Smax.clk = x S. (20)

As the longest global wire liongest is inversely pro-
portional to the square root of the number of active
layers, the maximum clock frequency exhibits the lin-
ear proportion to S. Taking into account the reduc-
tion in the total interconnect length further, the maxi-
mum clock frequency for 3D-SOC with two active lay-
ers is more than two times that of 2D-SOC, that im-
proves the system performance significantly without
adoption of additional circuit block and design inno-
vation.

Even though 3D integrated architecture seems to
be an ideal alternative to alleviate the interconnect ef-
fect in 2D-SOC, there are several key obstacles to the
implementation of 3D-SOC. First of all, multiple heat
sources are generated with vertical stacking, substrate
thinning technology further yields the poorer heat dis-
sipation and thermal gradient in 3D, leading to design
challenge in timing and reliability. New high-density
packing technology is demanded to satisfy the require-
ment of high bandwidth and high density I/Os. Fur-
thermore, TSV technology is moving past the feasi-
bility phase into the commercial phase, but the in-
dustry still lacks of a uniform standard for TSV such
as tsv fabrication and filling method.[??) Despite of
these disadvantages, the potential benefit in perfor-
mance and reliability enables 3D integration to be the
main-stream development trend for future integrated

circuit.

5. Conclusion

Based on a stochastic wire length distributed
model, the interconnect distribution of three dimen-

sional integrated circuit is predicted exactly. Using

the results of this model, a global interconnect design
window for giga-scale system-on-chip is established by
evaluating the constraints of 1) wiring resource de-
mand, 2) wiring bandwidth requirement, 3) wiring

noise limit. In comparison with a two-dimensional

integrated circuit in 130-nm and 45-nm technology
nodes, the design window expands for a 3D IC to im-
prove the design reliability and system performance,
further supporting 3D IC application in future inte-
grated circuit design.
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