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A Global Interconnect Optimization Scheme for
Nanometer Scale VLSI With Implications for
Latency, Bandwidth, and Power Dissipation
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Abstract—This paper addresses the critical problem of global
wire optimization for nanometer scale very large scale integration
technologies, and elucidates the impact of such optimization on
power dissipation, bandwidth, and performance. Specifically, this
paper introduces a novel methodology for optimizing global in-
terconnect width, which maximizes a novel figure of merit (FOM)
that is a user-defined function of bandwidth per unit width of chip
edge and latency. This methodology is used to develop analytical
expressions for optimum interconnect widths for typical FOMs for
two extreme scenarios regarding line spacing: 1) spacing kept con-
stant at its minimum value and 2) spacing kept the same as line
width. These expressions have been used to compute the optimal
global interconnect width and quantify the effect of increasing the
line width on various performance metrics such as delay per unit
length, total repeater area and power dissipation, and bandwidth
for various International Technology Roadmap for Semiconduc-
tors technology nodes.

Index Terms—Bandwidth, critical inductance, delay per unit
length, global interconnect optimization, interconnect power
dissipation optimization, International Technology Roadmap for
Semiconductors (ITRS), optimal buffering, technology scaling.

1. INTRODUCTION

ITH aggressive scaling of CMOS technology, gate

delay, and local wire delay decreases rapidly [1].
However, the delay of global interconnects increases with
technology scaling [1]-[4] because the global interconnect
lengths tend to increase with scaling. Repeater insertion is
generally used to reduce the delay of long global interconnects
[5]. However, with aggressive scaling of global interconnect
dimensions to meet the increased connectivity demands in a
high performance system-on-a-chip (SoC), the interconnect
delay per unit length of optimally buffered minimum sized
global wires is also increasing with technology scaling [6].
Therefore, global interconnects tend to limit the performance
of high-performance SoCs.

Manuscript received February 24, 2003; revised September 23, 2003. This
work was supported in part by the University of Illinois and by the University
of California-MICRO program. The review of this paper was arranged by Editor
R. Singh.

M. L. Mui and A. Mehrotra are with the Coordinated Science Laboratory,
University of Illinois at Urbana-Champaign, Urbana, IL 61801 USA (e-mail:
manmui @uiuc.edu; amehrotr@uiuc.edu).

K. Banerjee is with the Department of Electrical and Computer Engineering,
University of California at Santa Barbara, Santa Barbara, CA 93106 USA
(e-mail: kaustav@ece.ucsb.edu).

Digital Object Identifier 10.1109/TED.2003.820651

In order to achieve improvement in performance, designers
tend to use wires which are wider than minimum-sized global
interconnects prescribed by the technology. Increasing the width
of the interconnect proportionally reduces its resistance per unit
length and also increases the line capacitance per unit length.
However, for global interconnects in nanometer technologies,
where the aspect ratio of wires is approximately 2-2.5, the in-
crease in width results in a reduction in the resistance—capac-
itance (RC) time constant of the line and therefore improves
delay per unit length [7]. However, these “fat” wires take up a
lot of routing resources and using fat wires can adversely affect
the wireability of the chip. For further improvement in perfor-
mance, the spacing of global interconnects can also be increased
which, to some extent, offsets the increase in line capacitance
due to increasing line width. However, this increase in spacing
will further degrade the wireability of the chip. Furthermore, the
delay per unit length for wide wires may degrade due to induc-
tance effects as well. Therefore, in determining the wire widths
at the global tier, the number of interconnects per unit chip edge
should also be taken into account along with the delay per unit
length. For instance, the ratio of the number of interconnects per
unit chip edge and the delay per unit length, which represents
the rate of data transfer per unit chip edge, can be a useful metric
to optimize.

This paper introduces a new methodology for determining the
optimum width of global interconnects for a given technology,
which maximizes a user-defined figure of merit (FOM), which
is a known function of delay per unit length and the rate of data
transfer per unit chip edge. As a first step, we develop semi-an-
alytical expressions for line capacitance per unit length as a
function of line width and spacing. Using these models, in Sec-
tion Il we obtain the functional dependence of delay per unit
length of an optimally buffered interconnect online width. This,
in turn, results in the functional dependence of the given FOM
on the line width which is analytically optimized to yield the
optimum interconnect width. We carry out this optimization for
various FOMs and various International Technology Roadmap
for Semiconductors (ITRS) technology nodes for two extreme
scenarios: 1) Interconnect spacing is kept at its minimum, and
2) interconnect spacing is kept equal to the interconnect width.
The optimization results indicate that the rate of data transfer per
unit chip edge is very close to optimum when the line width is
minimum as prescribed by the ITRS. However, in order to opti-
mize a different FOM, line width needs to be increased. We also
quantify the improvement in delay per unit length, total repeater
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Fig. 1.

area and power dissipation and the degradation in the per unit
width bit transfer rate for this optimum width compared to min-
imum width lines. We show that these improvements are fairly
insensitive to technology scaling.

II. METHODOLOGY

Consider a uniform interconnect of resistance 7 per unit
length and capacitance c per unit length buffered by identical
repeaters as shown in Fig. 1. Assume that for a minimum
sized repeater, the input capacitance is cg, the output parasitic
capacitance is ¢, and output resistance is rs. Therefore for a
repeater of size k, the total output resistance Ry, = (r5/k), the
total output parasitic capacitance C}, = c,k and the total input
capacitance is C, = c¢yk. If the line segment is of length ~ and
the repeater size is k, then the time-constant of that segment is

(8]

s 1
T =rs(co+¢p) + %’ch + rhkeco + irch2

and the latency or the delay of that section is 7 log 2. Now con-
sider a long interconnect of a given length L which is uniformly
buffered with inter-buffer interconnect length h. Therefore the
total number of segments is L/h. The total delay through that
line is given by

L
delay = 7 x 17log2 N

where 7/h is the delay per unit length which is given by

T 1
= ETS(CU +cp) +

T s
h k

Note that optimizing the delay of the interconnect of a fixed
length is equivalent to optimizing 7/h. This delay per unit
length is optimal when

2rs(co + ¢p)
hopt = HTP kopt =

and is given by

T 1 c
— =2/rscorc | 1 —l1+2)].
(h)opt " COTC( + 2 < + CU))

Note that this optimal delay per unit length is a function of inter-
connect parameters  and ¢ which in turn are a function of inter-
connect width W and spacing S. In the present study we are not
explicitly considering cross-talk. The effect of cross-talk would
be to change the value of ¢ depending on whether the neigh-
boring interconnects are quiet or are making a transition. For

1
c+rkcy + §Tch.
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Fig. 2. VLS interconnect cross section (not to scale).

global interconnects, this assumption is somewhat justified be-
cause long global interconnects would be properly shielded to
yield predictable delays and therefore ¢ can be assumed to be a
function of interconnect geometry only.

Earlier studies for quantifying the optimal buffering schemes
for optimal delay per unit length [5] always considered min-
imum sized global wires. However, for further improvement in
performance, the designers have a option of increasing the wire
width and/or spacing. This increase in W for a given S will
result in a decrease in line resistance per unit length r and an
increase in line capacitance per unit length c. However, the de-
crease in r is much more than the increase in ¢ and therefore the
optimal delay per unit length will decrease. However, increased
pitch (P = W + S) will imply a decrease in wireability of the
chip. Some previous work such as [9] can be found in the lit-
erature on wire sizing for delay and power optimization. How-
ever, these authors considered a discrete set of wire widths and
also neglected both the leakage and the short-circuit power in
their power estimations. Wire width optimization has also been
considered by [10], and [11]. However, as pointed out in the
next paragraph, the model for interconnect technology in [10]
is not realistic and the metric for optimization in both these ap-
proaches is also not flexible and is not applicable for a wide
variety of design characteristics and hence their optimization re-
sults may not be meaningful. Furthermore [11] do not provide
any model for the interconnect delay and power dissipation and
therefore their formulation is not very transparent.

We will consider two scenarios. In the first case, line width
can be changed but the line spacing S is kept constant at Sy, . In
this case, increasing the wire width will not strongly degrade the
wireability of the chip. In the second case, the line spacing will
be kept the same as line width for all W's. The second case is a
less popular option for designers but will act as a limiting case.
We assume that the line thickness 7" and the interlayer dielectric
thickness 7}, s (Fig. 2) cannot be changed. This is in contrast
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with [10] where it was assumed that W = T = T;,, = S
and can be arbitrarily varied, which is not realistic, since, for a
given process technology and a given layer, 7" and T}, s typically
cannot be changed by the designers while they are free to choose
any W > Wy, and S > Spin.

It has been shown that with ITRS scaling scheme, the min-
imum sized global interconnects are becoming increasingly re-
sistive and the inductive effects are decreasing rapidly [12]. It
was also shown that inductive effects on delay may become sig-
nificant only if line widths are greater than 10 W ,;,,. Therefore,
initially we will assume that inductance effects can be ignored
for the purpose of delay and power dissipation calculation and
verify for the computed optimum line widths whether this is in-
deed the case or not.

Let ) denote the bandwidth, i.e., the rate at which bits can be
transmitted across a unit length of interconnect in a given chip
edge or width. The rate at which bits can be transmitted per unit
length by one interconnect is inversely proportional to the delay
per unit length, i.e.,

rate bit of transmission o<

S| =

We assume that the lines are always optimally buffered for a
given line width. Therefore

1

(%)opt .

The number of such lines present in a given chip edge is

rate bit of transmission o<

chip edge
metal pitch

and metal pitch = W + S. Therefore

1

1/)0( m

The aim of a global interconnect design scheme is to have a large
1) while having a small delay per unit length. As an example, an
appropriate FOM to maximize can be

v
[k

for some i € IT. Larger values of 4 would imply more impor-
tance to delay per unit length at the expense of the rate of bit
transfer per unit width. In our study we carry out the analysis
for 2 = 0, 1, and 2. In other words

1
w+5)[()

FOM =

i+1°
0pti|

Line resistance per unit length r is inversely proportional to line
width W

Line capacitance per unit length c is also a function of W, i.e.,
¢ = ¢(W). Using the above, the expression for the optimal delay
per unit length in terms of W can be written as

T _ 1 Cp
(ﬁ)(,pt”vmom (” 5( +a)>

et (o a2V

(W)

=k
w
where k is a constant for the given metal layer. Therefore

it1

W —=
(W + S)kit1 (e(W)) &

FOM =

Setting the derivative of this with respect to W to zero, it follows
that Wo,¢ satisfies the following equation

Ozi—l—l

dW

) . (1)
Wopt

Note that the optimum width is only dependent on line capac-
itance and line spacing. The optimum delay per unit length for
this optimum line width is given by

(7). =

As expected, as Wt increases, the delay decreases and asymp-
totes to a constant value for large values of Wo.
The interbuffer interconnect length can be written in terms of

interconnect width as
) o Wopt ]
) c(Wopt)

Wopt T c(Wopt

(Wopt + S) <C(Wopt) - Wopt dC(W) ‘ )
Wopt

dS
_C(Wopt)Wopt (1 + -

dW

¢(Wopt)
Wopt '

2rs(co + ¢,

hopt =

As the optimum line width increases, the interbuffer intercon-
nect length increases initially and then asymptotes to a constant.
This implies that for a given line length, the number of repeaters
reduces. The buffer size is given by

rsc¢(Wopt) /
co—pp X C(Wopt)Wopt~

WeoptT

kopt =

The repeater area of a single interconnect is proportional to kopt
and is inversely proportional to hopt, i.€.,

kopt

repeater area of a single interconnect o<
opt

The total repeater area for a given metal layer is the product of
the number of interconnects and the repeater area of a single
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interconnect. The number of interconnects on a metal layer is
inversely proportional to the pitch. Therefore

c(Wopt)
Wopt + S

kopt
hopt (Wopt + S)

Power dissipation per unit length for a single line is given by
[13]

Atotal X

P ko ko To
- =K1 < Pt (co+ Cp) + C) +fi2} Pt -l—l*i:’,]'fopt—pt

hopt Lopt hopt

2
K1 = aVDchlk

Ko = %VDD (Lo, + 2Io,) W,

Mmin
ti3 = aVppWh i Ishort circuit/fetk 108, 3-

Here, Vpp is the power supply voltage, f. is the clock fre-
quency, « is the switching factor (or activity factor), which is
the fraction of repeaters on a chip that are switched during an
average clock cycle, Iog, (Lo, ) is the leakage current per unit
NMOS (PMOS), W, _.. is the width of the NMOS transistor in
minimum sized inverter, and /, short circuit is the per unit width
short circuit current. We assume o = 0.15, Ishort circuit =
65 pA/pand V;, =V, = (1/4)Vpp. The total power dissi-
pation per unit length in global interconnects of a given layer is
the product of the above quantity with the number of global lines
which is inversely proportional to W, + S. The total power
dissipation can be expressed as

Ptotal 1 1 Cp
W, 1+4/=(1+—
L Wt K1c( pt)( + 2( +00>>
W,
L eWop)
2¢o(co + ¢p)
[1 c
X <1 + . 5 <1 + é)) c(I/Vopt)‘|
c(Wopt)
Wopt +S

Note that this has the same form and the dependence of total
repeater area on line width. Therefore increasing the line width
decreases both total repeater area and power dissipation by the
same amount.

We now consider the following two cases separately.

1) Minimum-spaced lines.

2) Line spacing is the same as line width.

A. Minimum-Spaced Lines

In an interconnect system, the technology determines
the interlayer dielectric thickness, the metal line thickness,
minimum metal width and the minimum spacing at a given
metal layer. For higher performance or throughput, one can
increase the line width in order to decrease the line resistance.
However, in order not to severely limit the wireability of the
chip, the wires should be minimum spaced. This is specially
true for deep submicron technologies where the designs are
mostly wire-limited at the global tiers. Since the aspect ratio
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of minimum sized global interconnects is two to three, the
interlayer dielectric thickness is 2-3 times larger than the
minimum inter-wire spacing on a given metal layer and the
adjacent metal layers are orthogonal to each other [1] it implies
that Ciptralevel 18 typically much larger than Cpierievel (Fig. 2).
Therefore, increasing the line width without changing the
spacing is not going to significantly increase the interconnect
capacitance. For instance, as shown in Fig. 3, for the 130 nm
technology, if the global line width is increased from Wi, to
4W Lin, the interconnect capacitance per unit length increases
only by 22%. This is due to the fact that the parallel plate
component of Cipterlevel to the upper and lower metal layers,
which is proportional to line width, is a small fraction of the
total line capacitance for a minimum sized wire (Fig. 2).
Line capacitance per unit length c can be written as

(W) =cqo+ W

where ¢, represents the total fringing capacitance and sidewall
capacitance which is independent of W and ¢, W represents the
parallel plate capacitance to the top and bottom layers. Also
S = Winin. Therefore from (1)

O Con AT

WOpt - 2 Cp

Note that for 4 = 0, the FOM is the rate of bit transfer per unit
width itself. Therefore for minimum spaced lines, the rate of bit
transfer per unit width itself has a maximum for a particular line
width given by the above expression. This is in sharp contrast to
the findings in [10], where it was reported that ¢) asymptotes to
a fixed value as width decreases.

B. Line Spacing Equal to Line Width

This case is similar to the previous one except that the line
capacitance is given by
Ce
w

where the first term represents the constant fringing capaci-
tance, the second term represents the parallel plate capacitance
to top and bottom layers of metal which is proportional to the
width and the last term represents the parallel plate capacitance
to the neighboring wires which is inversely proportional to the
spacing. Also S = W. For this case, from (1)

S+ (5)

/
2¢y,

c=c, + W+

2 .
+ dicec)
Wopt - .

For ¢+ = 0, the optimum width is zero, which means that the
FOM which is also the rate of bit transfer per unit width keeps
increasing as W reduces and should be kept minimum sized for
maximum ).

III. PARAMETER EXTRACTION

We used FASTCAP [14] to extract the capacitance per unit
length for global interconnects for ITRS2001 technology nodes
up to 45 nm. For both cases, (i.e., when lines are assumed
to be minimum spaced and when line spacing is equal to
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Fig. 4. FASTCAP simulated and fitted data for ¢ as a function of W for
130-nm global line with S = W.

line width), capacitance per unit width was extracted using
FASTCAP for a dense three layer interconnect mesh and c,,
¢, ¢, ¢; and c. were obtained by curve fitting. Figs. 3 and 4
show the FASTCAP and the curve fitted values for the 130 nm
technology node. It can be observed that the line capacitance
model fits the FASTCAP simulated data very well. Similar
agreement was obtained for other technology nodes.

Device parameters were extracted using SPICE simulation
similar to [12]. A five stage ring oscillator with a given length of
global interconnect of width W ,;,, in between each stage was
simulated. The interconnect length A and inverter size k were
varied to obtain the minimum stage delay per unit length. 7,
co and ¢, were calculated from these values of kopt, hopt and

(T/h)opt-

IV. RESULTS

The methodology outlined above was used to optimize global
interconnect width for maximum FOM for ITRS 2001 tech-
nology nodes up to 45 nm. Device models were found to be
extremely unreliable at 32 nm and 22 nm nodes and therefore
were not included in this study. NMOS and PMOS off currents

TABLE 1
TECHNOLOGY AND EQUIVALENT CIRCUIT MODEL PARAMETERS
FOR TOP LAYER METAL FOR DIFFERENT TECHNOLOGY
NODES BASED ON THE ITRS 2001

Tech. node (nm) 130 90 65 45

width (nm) 335 | 230 | 145 | 103
thickness (nm) 670 | 482 | 319 | 236
Lins (1) 63 | 47 | 39 | 29
& 33 | 28 | 25 | 21
¢, (fF/mm) 207 | 181 | 165 | 143
cp (FF/u?) 0.057|0.071 [ 0.103 | 0.116
¢' (fF/mm) 70.95[58.24| 65 | 52.08
'y (fF/u?) 0.053 | 0.065 | 0.057 | 0.072
c. (fF) 0.046 | 0.029 | 0.015 | 0.0098
ry (kQ) 6.23 [ 9.04 | 96 | 132
co (fF) 133 1.1 [1.03] 09
¢, (fF) 332|204 | 122 | 06
Vpp (V) 1.1 1 07 | 0.6
Loy, (uA/p) 2 | 356 | 20 | 355
Ly, (uA/p) 134 | 2.38 | 13.4 | 23.83
fon (GHZ) 1.68 | 3.99 | 6.73 | 11.51
TABLE II

RATIO OF OPTIMUM INTERCONNECT WIDTH FOR
VARIOUS TECHNOLOGY NODES WITH W, ;.

Tech. S= Wiin S=w
node (nm) | i=0 i=1 i=2 i=1 i=2
130 0.86208 | 3.28286(7.53422|2.80179|5.09633
90 0.86485[3.32698 | 7.69269|2.88095 | 5.16434
65 0.86421|3.31664| 7.65540|3.57768 | 7.37231
45 0.87332(3.47002 | 8.21825| 3.60953 | 7.17473

were estimated similar to [15]. The relevant technology param-
eters are shown in Table 1. Sy,;, was assumed to be equal to
Wnin across all technology nodes.

Table II shows the calculated optimum width as a ratio of
W hin for various technologies for all cases. Note that for min-
imum spaced lines the optimum value of W which maximized v
is approximately 13% less than W,;,, for all technologies. This
is clearly not feasible, however, as shown in Fig. 5, v is only
0.3% lower at W = Wy,;, than the optimal value. This was
also found to be true across all the technologies considered.

Also note that for all cases, the optimum interconnect width
is less than 8.5 Wy,,;, so inductance effects are not significant.
To further verify this, Fig. 6 plots the critical inductance (see
Appendix) as a function of line inductance for minimum width
and 7.5 X minimum width global line for 130 nm technology
node. As pointed out in [12], if line inductance is less than
lerit then the interconnect system is overdamped and inductive
effects are negligible. From Fig. 6, we observe that even for
W = 7.5 Whin, the interconnect is overdamped for most prac-
tical range of line inductance values (0 < [ < 2 nH/mm). How-
ever, this may not be true for 7z > 2.

Further, note that W /Wmin values are similar across all
technology nodes when line spacing is kept minimum for : = 1
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TABLE 1II
RATIO OF OPTIMUM DELAY PER UNIT LENGTH AT W = W,
WITH OPTIMUM DELAY PER UNIT LENGTH AT W = Wi,
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TABLE 1V
RATIO OF TOTAL REPEATER AREA AT A GIVEN LEVEL AT W = W ¢
WITH TOTAL REPEATER AREA AT A GIVEN LEVEL AT W = Wi,

Tech. S=Wiin S=w
node (nm) i=1 i=2 i=1 i=2
130 0.55750 | 0.36437 | 0.26696 | 0.16250
90 0.55134 | 0.35767 | 0.25407 | 0.15654
65 0.55277 0.35922 | 0.19353 | 0.10618
45 0.53217| 0.33705 | 0.18770 | 0.10612
TABLE V

RATIO OF ¢ AT W = W, WITH » AT W = Wi,

Tech. S=Whin S=w
node (nm) i=1 i=2 i=1 i=2
130 0.77437 | 0.51588 | 0.69079 | 0.48676
90 0.77194 | 0.51182 | 0.68864 | 0.48941
65 0.77251 | 0.51276 | 0.63537 | 0.41626
45 0.76423 | 0.49902 | 0.63947 | 0.42785
TABLE VI

RATIO OF OPTIMIZED FIGURE OF MERIT AT W = W,

WITH FIGURE OF MERIT AT W = Wi,

Tech. S=Wain S=w
node (nm) | j=1 i=2 i=1 i=2
130 1.2841 | 2.4998 | 1.3370 | 2.995
90 1.2892 | 2.5327 | 1.3662 | 3.1264
65 1.2880 | 2.5250 | 1.4443 | 3.9203
45 1.3053 | 2.6399 | 1.4760 | 4.0317

Tech. S=Wain S=Ww

node (nm) | i=1 i=2 i=1 i=2
130 0.60304 | 0.45428|0.51668 | 0.40311
90 0.598770.4495310.50405| 0.39565
65 0.59976|0.45064 | 0.43992| 0.32586
45 0.58546(0.43478|0.43324 | 0.32576

and 2, while they increase with technology scaling when line
spacing is equal to line width. Also note that we have not in-
cluded the trivial and infeasible result W, = 0 for S = W
and 1 0. Also for S = Wy,in and ¢ = 0, the FOM (¢)
at W = Wy, is only 0.3% lower than the optimal value at
W = W,y which is approximately 0.87 Wiy,. In the fol-
lowing series of results (shown in Tables III-VI) we always re-
port the ratio of performance metrics at W = W,,; and the
corresponding value at W = W,,;,. Therefore we will exclude
7 = 0 case for S = W,,;, from now on.

Table III shows the optimum delay per unit length at W =
Wopt as a fraction of the optimum delay per unit length when

W = Whin- As expected, increasing the width of the wires re-
duces the delay per unit length significantly. Note that when the
line width is increased from Wyy;, to ~ 3 Wiy, (corresponding
to ¢ = 1 for both cases in Table II), the delay improvement is
significant. However, as the line width is increased further to
~T7—8 Whin (corresponding to ¢ = 2 for both cases in Table II),
the incremental improvement in delay is not as significant. This
is expected since

)
W

()

and as W becomes very large, the line capacitance is dominated
by the parallel plate component of Cipteriayer, i-€., (W) o< W.
Also note that the relative improvements in delay are not very
sensitive to technology scaling.

Table IV shows the total repeater area for all interconnects at
the global tier when W' = W, as a fraction of the total repeater
area for all interconnects at the global tier when W = W ;.
As pointed out earlier, this fraction is also the ratio of the total
power dissipation of all repeaters at the global tier when W =
Wopt and the total power dissipation of all repeaters at the global
tier when W = W ;... It can be observed that as the line width is
increased (as ¢ increases as per Table II), the total repeater area
(and power dissipation) decreases dramatically, even though the
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size and therefore the area (and power dissipation) of a single
repeater increases. This is due to the fact that the wider wires re-
sult in a large increase in optimal interbuffer interconnect length
and also fewer number of interconnects at a given tier. Therefore
the total repeater power dissipation reduces dramatically.

Table V shows the rate of bit transfer per unit width v at
W = Wype as a fraction of ¢ at W = Wy;,. As indicated
in Fig. 5 1 peaks at W = 0.87 Wy, and is only 0.3% lower
at W = W,¢. Therefore if the primary goal of the design is
to maximize v, then minimum sized, minimum space wires as
prescribed by the ITRS should be used. However, if the delay
needs to be improved, then wire width should be increased at
the expense of 1. Note that the ratio of ¢ with W = W,; and
W = Whin is fairly insensitive to technology scaling.

Table VI shows the ratio of the optimized FOM when W =
Wopt and the FOM when W = W,,;,,. If this ratio was very
close to 1, it would imply that the above-mentioned optimiza-
tions were not significantly improving the user-specified FOM
and therefore were not very useful. However, in Table VI we find
that these ratios are very different from 1, indicating a nontrivial
improvement in the FOM at W, compared to W,,;,, which fur-
ther emphasizes the utility of these optimizations. Also note that
except for the second case with ¢ = 2, the improvement in FOM
at the optimum width is fairly insensitive to technology scaling.

V. CONCLUSION

In conclusion, we have developed a new methodology for
optimizing global interconnect width which maximizes a user-
specified FOM, which is a function of the data-rate per unit chip
edge and interconnect delay per unit length. Using this method-
ology we have developed expressions for optimum interconnect
widths for typical FOMs for two extreme scenarios regarding
line spacing: 1) spacing kept constant at its minimum value and
2) spacing kept the same as line width. We have used these
expressions to compute the optimal global interconnect width
and quantified the effect of increasing the line width on delay
per unit length, total repeater area and power dissipation and
bandwidth. As expected, an increase in the line width decreases
the optimal delay per unit length (i.e., decreases latency), total
buffer area and power dissipation, but severely degrades the
rate at which bits can be transmitted per unit chip edge, i.e.,
bandwidth. We also observed that in most cases, the relative
increase in the line width (from Wi, to W), the relative
improvement in delay per unit length, total repeater area and
power dissipation, and the relative degradation in the datarate
per unit chip edge are fairly insensitive to technology scaling.
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Fig. 7. Equivalent circuit of a driver-interconnect-load segment. The
interconnect is uniform with resistance, capacitance and inductance per unit
length of r, ¢ and I respectively.

This work will have significant implications for signaling and
design optimization for global interconnects in future nanome-
terscale technologies.

APPENDIX
CRITICAL INDUCTANCE

Consider a uniform line with resistance, capacitance and in-
ductance per unit length of r, ¢, and [, respectively, driven by a
repeater of series resistance R and output parasitic capacitance
Cp, and driving an identical repeater with load capacitance C,
(Fig. 7). For a given technology, let the output resistance, output
parasitic capacitance and input capacitance of a minimum-sized
repeater be 7, ¢, and cg respectively. Therefore if the repeater
size is k times the size of a minimum sized repeater, Rg = 7 /k,
Cp = cpk and O, = cok. The transfer function derivation is
outlined here from [12] for completeness. The ABCD param-
eter matrix for a uniform RLC transmission line of length A is
given by [12]

cosh(0h)  Zysinh(6h)
ZLO sinh(#h)  cosh(6h)
where
7o = r+ sl
se

s is the complex frequency jw, and

0 =+/(r+sl)sc

Therefore the ABCD parameter matrix of the configuration in
Fig. 7 is given by the equation shown at the bottom of this page,
and the input-output transfer function is given by the first equa-
tion shown at the top of the next page. The step response of
this system is given by V,(s) = (1/s)H(s) in the Laplace do-
main. However, computing the response in the time domain is

1 Rs
0 1

1 0
SCP 1

cosh(6h)
A sinh(9h)

Zysinh(0h)
cosh(6h)

1
SCL

o e 2l Il

0
1

|

(14 sRsCp)[cosh(6h) + sC1.Zy sinh(6h)]

+2%2 sinh(6h) + sCp Rs cosh(6h)

(1+ sRsCp)Zysinh(6h) + Rg cosh(fh)

sCp [cosh(0h) + sCp, Zy sinh(6h)]

—I—ZLO sinh(6h) + sCr, cosh(6h)

sCpZysinh(6h) + cosh(0h)
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1

[1+ sRs(Cp + Cp)] cosh(6h) + [% ¥ 5CLZ0 + 8 RSCPCLZO] sinh(6h)

2
b r2c?ht

rch’

Lo — i Rs(Cp+Cp) 5 — (Rsch + Crrh) ”3},” — RsCpCrrh
crit —

bt 4 Cph
analytically intractable. The above transfer function is therefore REFERENCES

approximated by a second order Padé approximation as
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The 50% delay T is given by

52 exp(s17) + o exp(sa7) = 0.

05— —
S2 — 81 S2 — S1

This transfer function can be used to calculate the 50% delay
[16]. Long VLSI interconnects are typically broken 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
h can be numerically optimized to give minimum delay per
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tive effects are significant. Since b; and b, are functions of h
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optimum values of h and k where interconnect delay is min-
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as if line inductance is greater than [, the system will be un-
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