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Abstract. This paper introduces a new global-tier interconnect scaling scheme which ensures that inductance
effects do not start dominating the overall interconnect performance. It is shown that for unscaled global lines,
inductance effects increase as technology scales while for the scaling scheme proposed by ITRS [1], interconnects
become extremely resistive and, while inductance effects diminish with scaling but the performance, specifically,
delay per unit length, degrades with scaling. The effect of the proposed global interconnect scaling scheme on
optimized driver size, interconnect length, delay per unit length and total buffer area is quantified and compared
with the unscaled and the ITRS cases. It is shown that the proposed scaling scheme improves the delay per unit
length without degrading inductive effects or increasing buffer area with scaling.

1. Introduction

For deep submicron technologies using copper, on-
chip inductive effects are a concern for signal integrity
and overall chip performance [2]. By inductive effects
we refer to changes in the interconnect waveforms
which cannot be predicted by considering the intercon-
nect as a purely resistive-capacitive element. These in-
clude overshoots and undershoots in the waveforms due
to improper termination, inductive coupling, crosstalk
and oscillations. Inductance effects in global intercon-
nects are more severe due to the lower resistance per
unit length of these lines which results in the reactive
component of the interconnect impedance to become
comparable to the resistive component, and also due
to significant mutual inductive coupling between in-
terconnects resulting from longer current return paths.
With the recent adoption of Copper as the intercon-
nect metal [3,4], line resistances have decreased further
and as a result, inductive effects have become more
prominent. Additionally, inductive cross talk is being
considered as the most serious concern in VLSI inter-
connects, specially for large busses. Hence inductance
effects must be considered in the scaling schemes.

In the past a lot of effort has been devoted to the
area of inductance computation and extraction. See [5]

for a more complete review of existing literature in this
area. However, accurate inductance modelling still re-
mains a challenging problem. This is due to the fact
that magnetic fields have much longer spatial range
compared to that of electric fields and therefore, in
practical high-performance ICs containing several lay-
ers of densely packed interconnects the wire induc-
tances are sensitive to even distant variations in the
interconnect topology and switching activity. More-
over, uncertainties in the termination of neighbour-
ing wires can significantly affect the signal return path
and also the return current distributions, and therefore
the effective loop inductance and resistance. Moreover,
since global wires are the farthest from the substrate,
they are more susceptible to large variations in cur-
rent return path and therefore large variations in the
inductance.

Present interconnect scaling schemes do not con-
sider inductance. As it will be shown later, inductance
effects start dominating with technology scaling when
global lines are not scaled, while they start diminishing
with scaling for ITRS where global-tier interconnect
dimensions are scaled too aggressively (Table 1). The
drawback of the ITRS approach is that the interconnect
delay increases since the line resistance per unit length
dramatically increases with scaling.
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Table 1. Technology parameters for top layer metal for different technology nodes as per ITRS.

Tech. Node (nm) 180 130 100 70 50
Width (nm) 525 382.5 280 195 137.5
Height (nm) 1155 1033 756 546 399
tins (NmM) 7699 6664 6022 5571 4116

€r 3.75 3.1 1.9 1.5 1.25
r (k2/m) 36.3 60.1 103.9 206.6 401.3
¢ (pF/m) 269 240 154 125 106
Imax (nH/mm) 9.2 10.9 135 17.9 18.8
hoptge (mm) 3.33 2.5 222 1.32 1.06
koptpe 174 151 110 82 53
Toptge (DS) 0.165 0.147 0.125 0.089 0.071
ry (k2) 8 9.5 10 15.8 12.5
co (fF) 1.9 1.7 1.5 1.3 1.2
cp (fF) 4.8 35 2.5 1.5 0.75

This paper introduces a new scaling scenario where
the global tier metal lines are scaled such that inductive
effects remain approximately constant. The motivation
behind such an approach is that current design tools
and methodologies are able to satisfactorily cope with
inductive effects in current technologies (180 nm and
130 nm) but may not be able to do so if inductive effects
increase with scaling. If on the other hand the line di-
mensions are scaled too aggressively as per ITRS, it has
a deleterious effect on delay per unit length of global
interconnects as shown in Section IV which directly
results in severe performance penalty. Finally, perfor-
mance, area increase due to optimal buffering and wire-
ability are compared for the three scaling scenarios.

II. Preliminaries

Consider a uniform line with resistance, capacitance
and inductance per unit length of », ¢ and / respec-
tively, driven by a repeater of series resistance Rg and
output parasitic capacitance Cp, and driving an iden-
tical repeater with load capacitance C;, (Fig. 1). For a
given technology, let the output resistance, output par-
asitic capacitance and input capacitance of a minimum
sized repeater be r, ¢, and ¢ respectively. Therefore if
the repeater size is k times the size of a minimum sized
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Fig. 1. Equivalent circuit of a driver-interconnect-load segment. The
interconnect is uniform with resistance, capacitance and inductance
per unit length of r, ¢ and / respectively.

repeater, Rgs=rs/k, Cp=c,k and C; =cok. The
transfer function derivation is outlined here from [5]
for completeness. The ABCD parameter matrix for a
uniform RLC transmission line of length 4 are given
by [5]:

cosh(6h) Zy sinh(6h)
1
— sinh(6h)  cosh(6h)
Zy
where
Zy— r—+sl
sc

s, is the complex frequency jw and

0 =/ (r +slhsc

Therefore the ABCD parameter matrix of the configu-
ration in Fig. 1 is given by

(1+sRsCp)[cosh(Bh) +sCpZysinh(Bh)] (1+sRsCp)Zysinh(6h)

R
+ Z—S sinh(6h) +sCy Rs cosh(6h) + Rg cosh(6h)
0
sCp[cosh(6h)+sCy Zysinh(6h)] sCpZysinh(6h)
1
+ A sinh(0h) +sCy, cosh(6h) + cosh(6h)
0



and the input-output transfer function is given by

1
[1+5Rs(Cp+Cr)]cosh(0) + [% +sCLZo+s2RstCLZU] sinh(6)

The step-response of this system is given by V,(s) =
% H (s) in the Laplace domain. However, computing the
response in the time-domain is analytically intractable.
The above transfer function is therefore approximated
by a second order Padé approximation as

1 1
Ltsbi+s2by  (1+2)(1+2)
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The 50% delay 7 is given by
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exp(sit) + exp(s27) =0
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This transfer function can be used to calculate the 50%
delay [6]. Long VLSI interconnects are typically bro-
ken up into buffered segment of equal lengths and
driven by identical repeaters. For minimum total delay
in these long interconnects, the delay per unit length in
the optimally buffered segment should be minimized.
The driver size k and interconnect length 4 can be nu-
merically optimized to give minimum delay per unit
length [6,7].

A second order Padé expansion of the transfer func-
tion is sufficiently accurate if the system is not strongly
underdamped. If that is the case, a higher order Padé ex-
pansion can be used [5] for higher accuracy. The advan-
tage of using a second order expansion is that the con-
cept of critical inductance can be conveniently defined
and used to define inductive effects. Hence in this work
we use only a second order Padé expansion. The sec-
ond order transfer function given by (1) and discussed
in [6,7] can be critically damped, overdamped and un-
derdamped when b% —4b;, is equal to, greater than, or
less than zero respectively. The response of an over-
damped system is very similar to an RC line whereas
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for an underdamped system, the behaviour is signifi-
cantly different from an RC line, i.e., inductive effects
are significant. Since b; and b, are functions of 4 and k
and b, is a function of /, it has been shown [6] that for
optimum values of /# and k where interconnect delay
is minimum for a given line inductance, a value /..,
can be obtained for which the system will be critically
damped [6]. If line inductance is less than /., the sys-
tem will be overdamped where as if line inductance is
greater than /., the system will be underdamped.

lerie =

bf r’c’h* rch® rel®
7T T T RS(CP -‘rCL) 2 (Rsc]’l-‘rCLrh)T — R5CPCLr]’l

41
L +Crh

As pointed out earlier, the self, mutual and loop in-
ductance of an interconnect is not just a function of
geometry but also depends on the current return path
which is a function of input vectors. Therefore, in this
work we consider a conservatively large range of line
inductances which include variations in the self, loop
and coupling inductance of the interconnect.

Figure 2 plots the critical inductance as a function
of [ for various technology nodes with unscaled global
lines, while Fig. 3 plots the critical inductance as a func-
tion of / for various ITRS technology nodes with scaled
global lines. Recall that the system is overdamped if
I <l It can be observed from Fig. 2 that the fraction
of line inductance [ which is less than [.; decreases
if global tier metal lines are not scaled with technol-
ogy. On the other hand, Fig. 3 shows that /.;, increases
with technology scaling for ITRS, and / < /.,;; for an

. (nH/mm)

crit

A L L

=y

0 2 4 6 8 10
line inductance (nH/mmj)

Fig. 2. Criticalinductance as a function of line inductance for various
technology nodes with unscaled global lines.
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Fig. 3. Critical inductance as a function of line inductance for various
ITRS technology nodes.

increasingly large range of /. This implies that induc-
tive effects are diminishing with technology scaling. It
can therefore be shown that [7] the range of line induc-
tance (/) values which are less than the corresponding
I,y determine whether inductive effects are important
for a given interconnect tier in a given technology.

III. Proposed Scaling Scheme

In this work, a new scaling scheme for global tier lines
for the ITRS technology nodes is proposed where in-
ductive effects are kept constant with scaling [8]. For
simplicity, the aspect ratio of global tier lines is same
as that specified by the ITRS.! Interconnect pitch is
assumed to be twice the interconnect width for all
technologies. Interconnect capacitance was extracted
using FASTCAP [9]. Repeater resistances and capaci-
tances were extracted from SPICE simulations as fol-
lows: A five stage ring oscillator was simulated to
compute the delay of each stage. Each identical stage
consisted of an inverter followed by an RC interconnect
of known resistance and capacitance per unit length.
The inverter size and line length was varied to find 41,,;,,.
and k,p;,. which minimized the stage delay per unit
length. With these three simulated quantified (fopr,.,
koptpe and Topy,.) inverter series resistance r; and out-
put and parasitic capacitances (co and c,) were back
calculated. Using these parameters, optimum values
of h and k which minimize the RLC delay per unit
length for various line inductances [ were numerically
computed. This in turn yielded the critical inductance

Table 2. Global tier line widths and aspect ratios (line thickness/line
width) for constant inductive effect scaling. Aspect ratios are the
same as suggested by ITRS roadmap.

Tech. (nm) Width (nm) Aspect Ratio
180 525 2.2
130 460 2.5
100 425 2.7
70 400 2.8
50 380 2.9

for each value of /. For each technology, global tier
line widths were varied until the [..;; vs [ plot coin-
cided with the 180 nm technology case. The proposed
line widths and aspect ratios are shown in Table 2. It
can be noted from Table 2 that interconnect widths re-
duce as the technology scales but not aggressively as
the ITRS scaling. Additionally, since the interconnect
dimensions are comparable to the mean free path of
electrons in Cu, surface scattering starts having a non-
negligible contribution to the resistivity compared to
the contribution due to bulk scattering [10,11]. There-
fore the resistivity of Cu interconnects needs to be ap-
propriately increased. According to [10] the resistivity
of a thin film of metal p can be expressed in terms of
bulk resistivity pg as

Po 3 1—e*
P - Za- —d
0 2k( p)/ <x3 xS) 1— pe* *

where k =d /Ay, d is the smallest dimension of the
film (in our case, the width), A, is the bulk mean
free path of electrons and p is fraction of electrons
which are elastically reflected at the surface. For Cop-
per, p = 0.47 and A, = 421A at 0°C [11]. Further-
more, since the thickness of the barrier material for
Copper interconnects is not scaling with technology
scaling, the effective area through which the current
conduction takes place is reducing, therefore the effec-
tive resistivity of the interconnect is increasing [12].
The cumulative increase in resistivity of global tier lines
due to these two effects for ITRS technology nodes is
shown in Table 3. Similarly, the effective increase in
resistivity for the metal line widths shown in Table 2
is also calculated. These modified resistivity values are
used throughout the paper.

Figure 4 plots the critical inductance (/) for global
tier lines for various technology nodes with the pro-
posed scaling. It is clear that critical inductance values
for all the technology nodes are almost same for a given



Table 3. Resistivity ratios for the global tier metals for various ITRS
technologies. All dimensions are in nm. Barrier thickness of 10 nm
assumed for all technology nodes.

P . P : P
Tech. w " (thin-film) % (barrier) [%]eﬁf
180 525 1.0162 1.0487 1.0657
130 382.5 1.0224 1.0663 1.0902
100 280 1.0308 1.0914 1.1250
70 195 1.0448 1.1351 1.1859
50 137.5 1.0646 1.2003 1.2779
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Fig. 4. Critical inductance as a function of line inductance for various
ITRS technology nodes with the proposed global tier interconnect
scaling scheme.
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value of line inductance over a very large range of line
inductances. This implies that inductive effects are also
very similar for all the technology nodes with the pro-
posed scaling.

IV. Performance Comparisons

We now compare optimized interconnect performance
of the proposed scaling scheme for global wires with
the ITRS and the unscaled cases for various technol-
ogy nodes. The line inductance is fixed at 1 nH/mm.
Figure 5 shows the optimum interconnect length be-
tween two inverters (%) for minimum delay per unit
length for the three cases for all technologies. It can
be observed that £, is largest for the unscaled case
and smallest for the ITRS case. Also note that £, de-
creases sharply with technology scaling for the ITRS
case, whereas for the proposed scheme and the un-
scaled case, it does not change appreciably. Figure 6
shows the optimum driver size for the three cases for
all technologies. Once again, a trend similar to the /,,,
case is observed.

Figure 7 plots the optimized delay per unit length
for the three cases for all technology nodes. The delay
per unit length is the smallest for unscaled case and is
the maximum for the ITRS case. It is instructive to note
that for ITRS, the optimum interconnect delay per unit

optimum interconnect length
between two buffers (mm)

unscaled [_]

proposed scaling []

ITRS [

180 130

100 70 50

Technology Node (nm)

Fig. 5. Optimum interconnect length between two buffers (,,,) for various technology nodes for global tier interconnects which are (a) unscaled,
(b) scaled using the proposed scheme in Table 2 and (c) scaled according to ITRS specifications.
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Fig. 6. Optimum buffer size for various technology nodes for global tier interconnects which are (a) unscaled, (b) scaled using the proposed

scheme in Table 2 and (c) scaled according to ITRS specifications.

length increases with technology scaling. This is due
to the fact the global tier interconnect dimensions are
scaled very aggressively which dramatically increases
line resistance. For the unscaled case and the proposed
scaling of global wires, optimum interconnect delay
per unit length decreases with technology scaling.

Note that while the optimum buffer size for ITRS
reduces with scaling, A, also reduces which increases
the number of buffered segments for an interconnect
of a given length. Figure 8 plots the total repeater area
(i.e., number of repeaters x area of one repeater) in an
optimally buffered 4 cm long global tier interconnect

200
unscaled [__]
proposed scaling [
ITRS [l
150 |-
100 |~

optimum delay per unit length (ps/mm)

1 I H_I H—I H—I H—l
0
180 130 100 70 50

Technology Node (nm)

Fig. 7. Optimum delay per unit length for various technology nodes for global tier interconnects, assuming a line inductance of 1 nH/mm, which
are (a) unscaled, (b) scaled using the proposed scheme in Table 2 and (c) scaled according to ITRS specifications.
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Fig. 8. Total repeater area for an optimally buffered 4 cm global tier interconnect for various technology nodes which is (a) unscaled, (b) scaled
using the proposed scheme in Table 2 and (c) scaled according to ITRS specifications. Repeater area is in terms of the area of the minimum

sized inverter in the corresponding technology.

for all technologies. It can be observed that total re-
peater area is smallest for unscaled lines and largest
for the ITRS lines. Additionally, the total repeater area
in terms of the area of the minimum sized inverter in the
corresponding technology does not change appreciably
across technologies.

Finally, since the minimum wire width (pitch) for
the global lines increases as a result of this scaling
methodology, there may be some concern regarding the
wireability of the chip without increasing the number
of metal layers or chip area. However a recent anal-
ysis of chip wireability optimization has shown that
the semiglobal and global tiers may not be packed to
the maximum [12]. Consequently, higher tiers are actu-
ally routed within a larger than required area. Since the
wire delay per unit length will decrease with increas-
ing wire width it is also possible to re-route some of
the global wires on the semi-global tier without violat-
ing the maximum allowable length (or delay) for that
tier. Hence, the increased wire width resulting from
this scaling methodology can be accommodated both
in the global and the semiglobal tiers. Furthermore, this
scaling scheme can be applied only to the performance
critical paths of a chip where the susceptibility of per-
formance to delay variations due to inductance effects
is the highest. For non-critical paths, the ITRS based
scheme may be used in order to save routing resources.

V. Conclusions

In conclusion, a new global interconnect scaling
scheme for deep sub-micron technology nodes is pro-
posed which ensures that the inductive effects remain
constant across technology nodes. It has been pointed
out that for unscaled global lines, inductance effects
increase as technology scales, while for the scaling
scheme proposed by ITRS, interconnect becomes ex-
tremely resistive and inductance effects diminish with
scaling but the performance, specifically delay per unit
length, degrades with scaling. The effect of the pro-
posed global interconnect scaling scheme on optimized
driver size, interconnect length, delay per unit length
and total buffer area is quantified and compared with
unscaled and ITRS cases. It is shown that the proposed
scaling scheme improves delay per unit length without
changing inductive effects and buffer area consumption
with scaling.

Note

1. This can be easily extended to the case where the interconnect
thickness is kept the same at ITRS for each technology node and
the width is varied.
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