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A Power-Optimal Repeater Insertion Methodology
for Global Interconnects in Nanometer Designs
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Abstract—This paper addresses the problem of power dissipa-
tion during the buffer insertion phase of interconnect performance
optimization. It is shown that the interconnect delay is actually
very shallow with respect to both the repeater size and separation
close to the minimum point. A methodology is developed to calcu-
late the repeater size and interconnect length which minimizes the
total interconnect power dissipation for any given delay penalty.
This methodology is used to calculate the power-optimal buffering
schemes for various ITRS technology nodes for 5% delay penalty.
Furthermore, this methodology is also used to quantify the relative
importance of the various components of the power dissipation for
power-optimal solutions for various technology nodes.

Index Terms—Buffer insertion, delay optimization, leakage
power, low-power design, power modeling and optimization, RC " 05 05 sls
interconnects, repeaters, short-circuit power, very large-scale
integration (VLSI).

Fig. 1. Normalized delay per unit length as a function of buffer size and
interconnect length for 180-nm top layer metal.

. INTRODUCTION

S very large-scale integration (VLSI) circuits continue t@ong global- and semi-global-tier interconnect networks, espe-
be scaled aggressively past the 180-nm technology nodgilly in high-performance designs. For example, it has been re-
performance of these ICs is being increasingly dominated pyrted that around 40%-70% of the total power consumption
the global interconnects [1], [2]. With technology scaling, moreould be due to the clock distribution network [6], [7].
and more functionality is being integrated on-chip which re- |n general, the repeaters are optimally sized and separated
sults in an increase in the die size in spite of the reduction {§ minimize the interconnect delay. However, since these opti-
minimum feature size [1]. As a result, the number of long mally sized repeaters are quite large450 times the minimum
global lines and the length of these global lines increases Wifyed inverter available in the relevant technology for global-tier
technology scaling. Since the delay of a long unbuffered linges [8]) and also dissipate a significant amount of power, the
is quadratic in its Iength, |0ng interconnects are divided |nt0t@ta| power dissipation by such repeaters in |arge high_perfor_
number of segments with repeaters or buffers. The delay of gfance designs can be prohibitively high. However, as shown
optimally buffered line is linear in its length [3]. However, forin Fig. 1, the interconnect delay is actually very shallow with
large high-performance designs, the number of such repeat@spect to both the repeater size and separation close to the min-
can be prohibitively high [4]% 10° for sub-100-nm designs) imum point. Since, all global interconnects are not on the critical
and can take up significant fraction of active silicon and routir&th, a small delay penalty can be tolerated on these noncritical
area [2]. Additionally, as the total chip capacitance (dominat@gterconnects and there exists a potential for large power savings
by interconnect network capacitance), operating frequency, afdusing smaller repeaters and larger inter-repeater interconnect
leakage current increases with scaling, total chip power dissipgngths.
tion is increasing rapidly [1], [5]. A significant fraction of the  gome previous work can be found in the literature, which at-
total chip power dissipation arises due to the loading causedtg}hpt to address the issue of optimizing the repeater design for
reduced delay and power [9], [10]. However, these analyses ei-
Manuscript received January 30, 2002; revised May 16, 2002. The reviewtbier ignore the leakage power [9], or ignore both the leakage
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(a) Schematic representation. (b) Equivalent RC circuit.

Fig. 2. Interconnect of lengthbetween two identical inverters.

their proposed optimization techniques and therefore, they are 1.
not very suitable for integration in a CAD tool flow.

In this work, we develop a methodology to estimate the
repeater size and inter-repeater interconnect length which mini-
mizes the total interconnect power dissipation for a given delay
penalty. We use this methodology to find the power-optimal
buffering schemes for various ITRS technology nodes for a given
delay penalty. Furthermore, we use this methodology to show
the relative importance of the various components of the power
dissipation for various technology nodes. We show that for a
given delay penalty, the relative power saving increases as the
technology scales. This is shown to be due to the fact that leakage , .
power dissipation becomes the dominating component of the 6 08 1 12, 14 16 18 2
total power dissipation, and therefore reducing the repeater size
and the number of repeaters results in large power savings.

Fig. 3. Setofs/s.p andl/l,,, values for whichr /1 = 1.05 (7/1)

opt*

Il. PRELIMINARIES
It should be pointed out that effect of line inductance on the

delay of the interconnect segment has not been included in the
above expression. In other words, we considered the intercon-
UGect segment as an RC element and not an RLC element. This
has been done due to the fact that it has been shown in [13]
and [14] that the effect of line inductance reduces with tech-
nology scaling for minimum sized global interconnects. It has
also been shown in [13] and [14] that global line widths need
be increased by a large factor (#$before inductive effects

Consider a uniform interconnect of resistancegper unit
length and capacitaneeper unit length buffered by identical
repeaters, as shown in Fig. 2. Assume that for a minim
sized repeater, the input capacitanceyisthe output parasitic
capacitance is,,, and output resistance ig. Therefore, for a
repeater of size, the total output resistandg,, = r,/s, the
total output parasitic capacitancg = c,s and the total input
capacitance i€, = c¢gs. If the line segment is of lengthand o
gheeﬁ:zrée:;e:hsgzﬁmli tgﬁfgrt:r? cge;)ae);veé éﬂatthsée?nngﬁ? tavr\:gl(;ztli[ﬁcome important. Therefore, RC delay is used throughout this
waveforms crossing 50% of their full-swing value is given b apgr. . ) o
7log, 2, where the time constantis [3] It_ is widely belle_ved that the total power d|SS|pa_t|on due to
optimum repeater insertion scheme can be excessive. As shown
in Fig. 1, the minima of- /1 is very shallow both with respect to
s and!. For this example, if the repeater sizg(1¥2)s,,; and
the interconnect length id2, the delay penalty is only 25%.
Therefore, in practice the repeater size is smaller tagnand
the interconnect length is larger th&ag; in the hope that power
dissipation of such a configuration will be small with minimal
impact on delay.

We would therefore like to quantify the reduction in power

1
T=rs(co+¢cp) + sl +rlsco + 51”612
s

and the delay per unit length is given by

1 \ 1
log, 2% = log, 2 <77‘S(Co +c,) + Toe + rsco + 57"0[) )
s

This delay per unit length is optimal when [3]

2ra(co + ¢) — dissipation when repeater sizes smaller_tl%ya and intercon-
lopt = | ————% Sopt = 4/ — nect lengths larger thdp,; are used for a fixed delay penalty. It
re Tco is obvious from Fig. 1 that for a given value(@f/1) > (7/1),,.
and there is a family of values of and/ which satisfy this equation

which would be the closed curve formed by the intersection of
T 1 cp the surface of solutions in Fig. 1 with a plane parallel to the
(j)opt = 2y/rscore (1 T4/ 3 <1 + g)) : s-l axis. As an illustration, Fig. 3 shows the set of solutions for
which 7/l = 1.05(7 /1), i.e., a delay penalty of 5%. From
Note that minimizing the 50% delay per unit length is equivaletiis family of solutions, we would like to select the one which
to minimizing /1. gives the minimum total power dissipation for the line.
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FA B. Leakage Power
o The average leakage power of a repeater in a long buffered

1.64 interconnect is given by
1.44
Pleakage :VDDIIeakage
&z 1.2 1
g’ :VDDg(Ioﬂan + IoHpr)
a1 : 1
0.8 , =Vbps (Lott, Wpsin + Lott, Wpin) 8
08 where
— _ Ticakage leakage current flowing through the repeater;
[/ A /% Lg, (I.g,) leakage currentper unit NMOS (PMOS) tran-
sistor width;
Fig. 4. Normalized power dissipation per unit length for a 5% delay penaity Wy, (W) width of the NMOS (PMOS) transistor;
as a function 0k /scp andl/lop:. o width of the NMOS (PMOS) transistor in
Wprmin) minimum sized inverter.
For a long interconnect of lengthwhich is buffered several The factor 1/2 is included because, in a long buffered intercon-
times the total power dissipation is nect, on an average, half the inverter will have input of one, i.e.,
the NMOS transistor will be ON and the leakage current will be
L determined by the PMOS transistors, while the other half of the

Pinc: Prooacr:_Prccacr . . . . . .
: M1 repeat [ - repeat inverters will have input of zero, i.e., the PMOS transistor will

. . be ON and the leakage current will be determined by the NMOS
wheren = L/I is the number of repeaters for that line. For A ansistor Usualyl,s. ~ Lg. and the width of the PMOS
fixed L, we therefore seek to MiNiMizBepeate: /1 in order to transistor is two to thFee timesp larger than the NMOS device in

m'lr:]!m'zf tr;]e totatlhpower dlssdlpat_lont._ it int an inverter. In this study, we will assume thigf, = I, and
ig. 4 shows the power dissipation per unit interconne — oW throughout. This implies that

length for the curve shown in Fig. 3. The power dissipation is "™ ftmin
calculated using (3) derived in the next section. It is obvious 3
from this figure that a optimum value of repeater sizand Prearage = §VDDIoﬂ’n Wiin s
inter-repeater interconnect lengtlexists for which the delay

penalty criteria is met and power dissipation is minimum.  For long-channel devices, this used to be negligible but for
nanometer technologies, this can be significant.

. M ETHODOLOGY Thesubthreshold swing, which is defined as the change in

o o .. Vgg for the drain current to change by ten times, is given by
The power dissipation of a repeater shown in Fig. 2(a) is giveqi]

by [15]
dlog(Ip)\ ' kT
— I - S=|—=—= = —log.(10)(1 1
Prepeater switching + Pshort—c1rcu1t + Pleakage~ < dVGS q Oge( )( + 7) ( )
The various components of the total power are expressed as {ghere
lows. k  Boltzmann’s constant;
o T temperature;
A. Switching Power q electron charge.
The switching power of a repeater is given by v > 0 can be treated as a process-dependent fitting param-
eter. The subthreshold current at a given technology node can
Pswitching = OZ(S(CP + CU) + lc)VD2D.fC1k be Compu‘:ed as
Where Ioﬂ- — 105180 10(‘4180 7‘/3)/5 (2)
Vpp power supply voltage;
fax  clock frequency; wherel,g,,, andV,,,, are the leakage current and threshold
« switching factor (or activity factor), which is the frac-voltage, respectively, at the 180-nm technology node; End

tion of repeaters on a chip that are switched during as the threshold voltage at the given technology node. This in-
average clock cycle. dicates that, for a given temperature, as the threshold voltage
a can be taken as 0.15 [15]. Note that as the repeater size isdeereases adtps = 0 V, the subthreshold current increases
duced and the inter-buffer interconnect length is increased, ponentially. Assuming a die temperature of @) the sub-
a given line length the intrinsic repeater power dissipation réireshold swing is taken to be 100 mV/decade [11]. The sub-
duces whereas the switching power due to total line capacitaieeeshold leakage current per unit width{) of NMOS and
remains unchanged. PMOS transistors for all technologies is given in Table I. Note
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TABLE | Vop
TECHNOLOGY AND EQUIVALENT CIRCUIT MODEL PARAMETERS FORTOP
LAYER METAL FOR DIFFERENT TECHNOLOGY NODESBASED ON THEITRS.
¢ WAS OBTAINED USING FASTCAP [17]

Vin Vout

Tech. node (nm) || 180 | 130 | 100 70 50 I(t)

width (nm) 525 | 382.5 | 280 | 195 |137.5 —

height (nm) 1155 | 1033 | 756 | 546 | 399

tins (nM) 7699 | 6664 | 6022 | 5571 | 4116 (a)

€ 3.75 | 3.1 1.9 1.5 | 1.25 CMOS

r (kQ/m) 36.3 | 60.1 | 103.9 | 206.6 | 401.3 inverter.

¢ (pF/m) 269 | 240 | 154 | 125 | 106

Lope (mm) 3.33| 25 | 222 | 1.32 | 1.06 . Viny Vout Vi

Sopt 174 | 151 | 110 | 82 | 53 2720 - Vot

VDD—Vt,, S S Y
() ot (ps/mm) | 49.5 | 58.8 | 56.3 | 67.4 | 67.0 v
opt T T Y e M

7y (kQ) 8 | 95 | 10 | 158 | 125 tn :

co (fF) 19| 17 | 15 | 13 | 12

¢ (F) 48 | 35 | 25 | 1.5 | 0.75 1)

Vop (V) 1.8 | 15 | 1.2 | 09 | 06 : :

Ipeak """""" v .

Vi (V) 0.45 | 0.375 | 0.3 |0.225 | 0.15 5 :

L. (nA/u) 0.2 | 1.13 | 6.33 | 356 | 200 AN :

for (GHz) 12| 16 | 20 | 25 | 3.0 — 1, <—

A . . 1t d t forms.
that as the repeater size is reduced and the inter-buffer inter (b) Voltage and current waveform
connect length is increased, the leakage power per repeaterlgﬂe—s_ Voltage and current waveforms of a CMOS inverter.
creases, as well as the total number of repeaters inserted along
the line decreases. Therefore, this results in large savings in ) ) _
leakage power dissipation. is approxlmately 65¢A/um across all Fechnologles. Assummg
at the input waveform is a single time-constant exponentia
that the input f gle t tant exp tial

C. Short-Circuit Power andV;, = Vi, = (1/4)Vpp

This power dissipation is incurred when the NMOS and
PMOS transistors in an inverter are simultaneously ON. ¢» =7 log, (
Consider the inverter shown in Fig. 5(a). The input and output 1
voltage waveforms are shown in Fig. 5(b). letdenote the = [rs(co +¢p) + Ts el + rlsco + —rcﬂ} log, 3.
time for the input voltage to rise fro;, to Vpp — V;,. Note § 2

that, in general, the short-circuit current not only depends Qflye that as the repeater size is reduced and the inter-buffer

the shape of the input waveform, but also depends on the OUtggeérconnect length is increased, the rise tinéncreases and
waveform, which, in turn, depends on the parasitic output & refore, the short-circuit power dissipation for one repeater

interconnect capacitance and output resistance. Approximatmgy increase.

the short-circuit current waveform by a triangular wave [16], Therefore, the total power can be written as
the energy dissipated due to the short-circuit current pulse
during a low-to-high transition is

Vop — V4,

Vi > =r7log, 3

n

Prepeater = k)l(S(Cp + CO) + lC) + k23 + k3ST (3)

1
E_n,= §t1’IpeakVDD- where

Assuming symmetric high-to-low and low-to-high transitions k1 = aVip fen
i i -Cir- 3

bo_th at the_lnpgt and output of the inverters, the total short-cir ks = Voo log. W,

cuit power is given by 2 '

kS = aVDD an;n Ishort—circuit fclk loge 3.
Pshort—(‘,ir(‘,uit :atrVDDIpeakfr,lk

=t Voo W 8 Tanont —cirenit feil If the fractional delay penalty to be toleratedfisthen

T T
wherea is the same switching factor as in the switching power T =(1+7) (7)
expression. It has been empirically observed from SPICE sim-

. 1 Ts 1
ulations tha-t[peak =W, SIshortfcircuit Where]shortfcircuit :77”5(60 + Cp) + ;C +rsco + 57‘0[ (4)

Mmin

opt
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TABLE I
POWER PER UNIT LENGTH OPTIMIZATION RESULTS FOR5% DELAY PENALTY
FORVARIOUS ITRS TECHNOLOGY NODES

tech. node (nm) | 8/op; | I/lope | P/Pope | £/ E]‘M
180 0.6676 | 1.2518 | 0.9082 0.7255
130 0.6766 | 1.2660 | 0.9144 0.7223
100 0.6929 | 1.2988 | 0.8839 0.6805
70 0.7150 | 1.3415 | 0.8048 0.5999
50 0.7394 | 1.3893 | 0.7589 0.5462
or
r
r=(1+f) (—) l.
l opt
Therefore
’
Prepeater :kl(s(cp + CO) + lC) + kZS + k3(1 + f) (T) sl
opt
=k1(s(cp + co) + lc) + kos + kisl (5)
where
’
K= k(14 1) (7)
l opt
and
Pre peater S S
% =k (7(0p+co)+c) +k27+k~gs. (6)

Setting the derivative of this with respect4do zero we have

d Prepeater k k
0 kg ta) kg

ds l l
3 {kls(cp + cp) kzs}

dl
— =0.

12 2 | ds

2005

1
g Piuitching O]
;% Rsho:mc;‘m?ii
g_ 0.8 1 leakage B8
2
T 0.6 1
)
3
2 04 -
E
g 02+
<
<
& 0 _J % g*ﬁi

130 100 70 50
Technology nodes

180

Fig. 6. Relative contributions of the three components of overall power
dissipation for 5% delay penalty for various technology nodes.

IV. RESULTS

The methodology outlined in the last section was used to
optimize power for global tier interconnects for ITRS tech-
nology nodes for a 5% delay penalty as an illustrative example.
The ITRS technology parameters are shown in Tablg,lcg,
¢py And Ighore—cireuit Were obtained by SPICE simulations.
I at 100°C was taken to be 0.2A/um for the 180-nm
technology node [11] and, as indicated in Section Ill, was
estimated for other technology nodes using a subthreshold
swing of 100 mV/decade at that temperature [11].

The power optimization results are shown in Tables flso ¢
is the new repeater size as a ratio of the delay optimal repeater
size,l/lopt is the new interconnect length between successive
repeaters as a ratio of the delay optimal interconnect length,
P/P,, is the power dissipation of singlerepeater as a ratio
of the power dissipation of the delay optimal repeater, and
P/t] (P/),,, is the power dissipation per unit length as a ratio
of the power dissipation per unit length of the delay optimal
case. From the table, it is obvious that for optimal power
dissipation at a given delay penalty, the repeater size needs

dl/ds can be calculated by differentiating (4). Therefore, wi be reduced and the interconnect length between successive

have the following three nonlinear equations to solve:

kl(cp + Co) k2 ’ kls(cp + Co) k28 dl
B2 g (2 T ) 20 B

Tt N

1 T 1 T
77"5(00 +cp) + S ¢ + rsco + §Td —(1+f) (7)0pt =0
1 rs(co+¢p)] di rsC
[27“0 B 7 T~ 3 =0
()

repeaters needs to be increased. The total power savings
increase as the technology scales. This is due to that fact that
leakage current,g increases substantially with scaling and
therefore reducing the repeater size results in large savings in
total power dissipation.

This fact is further illustrated in Fig. 6 which plots the
relative contributions opswitchinga Pshortfcircuit: andPleakage
as the technologies scale. It can be observed that leakage power
starts dominating as the technology scales. Also note that the
short-circuit power is also nontrivial across all technology

with three unknowr, s, anddl/ds, out of which we only are nodes. Therefore, short-circuit power needs to be considered in
interested inl and s. This can be solved numerically usingany power optimization.

Newton-Raphson. As indicated in Tables | and Il, the inverter With this basic framework, various power optimization alter-
sizes in the buffered interconnects are very large. A typicahtives can be compared. For instance, a naive approach would
minimum-sized VLSI gate will not be able to directly drivebe to minimize the power dissipation of individual repeaters in-
this inverter while still meeting the delay constraint. Thereforstfead of minimizing the repeater power per unit length. For this
intermediate inverters need to be introduced between ttase, (5) needs to be used instead of (6) in the set of the non-
minimum sized gate and the interconnect buffer [16]. The ratiimear equation (7). The results of this optimization are shown in
of the sizes of successive inverters is typically four in order fEable Ill. Comparing these results with Table II, we observe that
minimize the propagation delay [16]. In our analysis, we ignoiiépower dissipation of one inverter is minimized, thewer-op-

the power dissipation of these intermediate inverters becatiseal inter-repeater interconnect lengthis smaller than the

this will be a negligible fraction of the total power dissipatiordelay optimal lengtl, .. Therefore, even though the power dis-

for long interconnects.

sipation of one repeater is smaller than that in Table Il (column
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TABLE I TABLE V
POWER MINIMIZATION OF INDIVIDUAL REPEATERS RESULTS FOR5% DELAY RESULTS FORMINIMIZATION OF ONLY SWITCHING AND LEAKAGE
PENALTY FOR VARIOUS ITRS TECHNOLOGY NODES POWER PER UNIT LENGTH FOR5% DELAY PENALTY FOR VARIOUS
ITRS TECHNOLOGY NODES
tech. node (nm) | s/sopt | Ulopt | P/Pop | £/ [£]
opt P[P
tech. node (nm) | s/s, 1/l P/Pyy | =/ |5
180 0.6820 | 0.7776 | 0.6984 | 0.8982 (um) | 9/5op | Ylont | P/Popt | T/ [Flope

130 0.6857 | 0.7764 | 0.7000 | 0.9016 180 0.6967 | 1.3160 | 0.9580 | 0.7280

100 0.6682 | 0.8112 | 0.6967 | 0.8589 130 0.7053 | 1.3287 | 0.9628 | 0.7246

70 0.6474 | 0.8992 | 0.6740 | 0.7496 100 0.7134 | 1.3415 | 0.9145 | 0.6817

50 0.6241 | 0.9140 | 0.6007 | 0.6721 70 0.7257 | 1.3625 | 0.8179 | 0.6003

50 0.7412 | 1.3926 | 0.7607 | 0.5462

TABLE IV
RESULTS FORMINIMIZATION ONLY OF THE SWITCHING POWER PER UNIT TABLE VI
LENGTH FOR5% DELAY PENALTY FOR VARIOUS ITRS TECHNOLOGY NODES RESULTS FORMINIMIZATION OF ONLY SWITCHING AND SHORT-CIRCUIT
POWER PER UNIT LENGTH FOR5% DELAY PENALTY FOR VARIOUS
tech. node (nm) | s/sopt | /lopt | P/Pope | £/ [ﬂ% ITRS TECHNOLOGY NODES
180 06967 1.3160 | 0.9580 0.7280 tech. node (nm) S/Sopt l/lopt P/Popt ?/ [%] opt.

130 0.7053 | 1.3287 | 0.9628 | 0.7246 180 0.6668 | 1.2499 | 0.9068 0.7255

100 0.7134 ] 1.3415 | 0.9145 | 0.6817 130 0.6733 | 1.2573 | 0.9082 | 0.7223

0 0.7257 | 1.3625 | 0.8179 | 0.6003 100 0.6795 | 1.2656 | 0.8621 | 0.6812

50 0.7412 | 1.3926 | 0.7607 | 0.5462 70 0.6797 | 1.2525 | 0.7585 | 0.6056

50 0.6952 | 1.2836 | 0.7121 0.5548

4), since the number of repeaters for a given line length is larger
for this case, the total power dissipation (or equivalently power

dissipation per unit length) (column 5) is higher than that in — 180 m
Table ” (0K R L L AL LR LRI ERIEER SRR ERCLRSETEERIERILE OO 130 nm |
.. . . . . § == 100

Similarly, the effect of ignoring short-circuit power and 0.8 % S z0mm [
leakage power on the optimization can be quantified. For this 0.7} R - 500m | |
purpose, it is instructive to review the form of (6) which is £06
repeated here for convenience £ o5l

Pre eater 5 )

peat: — kl (f(cp 4 CO) + C) + k2§ 4 kés O g4k
l l ) l ~
R ~ short—circuit 03
switching leakage

0.2
Note that both the switching and leakage power terms are of the

form

s 0 5 10 15 20
fi+ fa 7 delay penatty (%)

) ) ) Fig. 7. Power per unit length as a function of delay penalty for various
wheref; andf, are constants. Therefore, if short-circuit powetechnology nodes.

term is negligible compared to the other two terms or is ignored,
optimizing driver size and inter-buffer interconnect length farechnology nodes. Similarly, ignoring short-circuit power also
power per unit length is equivalent to optimizing for switchingesults in errors when short-circuit power is nonnegligible,
or leakage power per unit length alone. specially for 180-nm to 100-nm technology nodes. For 70-nm
Table IV shows the optimization considering only the&nd 50-nm technology nodes, however, the optimum power per
switching component of the power dissipation. However, theit length with and without considering short-circuit power
power dissipation is calculated considering all three compis- almost the same for 5% delay penalty. From Fig. 6, it can
nents: switching, leakage and short-circuit, usirepd/ values be observed that short-circuit power is negligible for these
from the (incorrect) power optimization. Similarly, Table Vtechnology nodes at 5% delay penalty. However, if the allowed
shows the optimization considering only the switching andelay penalty is increased, the rise time will increase which
leakage component of the power dissipation. Notice that Ereases the short-circuit power.
explained above, all the entries in these two tables are idenfig. 7 shows the power per unit length as a function of
tical. This also highlights the importance of considering théelay penalties for various technology nodes. As expected,
short-circuit power in the optimization process. Table VI showB/l/(P/l).p+ reduces as the delay penalty increases. Note
the optimization considering only the switching and short-cithat the incremental reduction if/l/ (P/1),,. is high for
cuit component of the power dissipation. Comparing thesenall values of delay penalty and starts decreasing as the delay
results with Table I, it can be observed that ignoring leakageenalty increases. Also note that the curves for 180-nm and
power results in large errors in power optimization at futurg30-nm technology nodes are very similar. However, for a

(=)
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given delay penaltyP/l/ (P/l)Opt reduces as the technology [11] V. De and S. Borkar, “Technology and design challenges for low power

i ic i i and high performance,” iRroc. Int. Symp. Low Power Electronics and
is scaled beyond 130 nm. This is entirely due the leakage Design 1099, pp. 163168,

power. From Fig. 6, it can be observed that for.bOth 189":‘”]12] K. Nose and T. Sakurai, “Analysis of future trend of short-circuit power,”
and 130-nm technology nodes, leakage power is a negligible IEEE Trans. Computer-Aided Desigrol. 19, no. Sept., pp. 1023-1030,

; iccinati 2000.
portion of the overall power dISSIPatIOD Whe_reas_ for Othe'_'[13] K. Banerjee and A. Mehrotra, “Accurate analysis of on-chip inductance
technology nodes, it becomes progressively significant and is effects and implications for optimal repeater insertion and technology
the dominant fraction of total power dissipation for the 70-nm scaling,"Proc. IEEE Symp. VLSI Circuitpp. 195-198, 2001.
[14] ——, “Analysis of on-chip inductance effects for distributetdCinter-

and 50-nm technology node. connects,lEEE Trans. Computer-Aided Desigvol. 21, pp. 904-915,
Aug. 2002.
V. CONCLUSIONS [15] A.P.Chandrakasan and R. W. Brodersen, “Sources of power consump-

tion,” in Low Power Digital CMOS Design Norwell, MA: Kluwer,
In conclusion, we have developed a methodology for choosing _ 1995. i - _
th t . d int ter int t th f 6] J. M. Rabaey, Digital Integrated Circuits: A Design Perspec-
.e repea er. Size Z?.I’l 'n.er.'repe‘?' er interconnec eng g 0r'a” tive. Englewood Cliffs, NJ: Prentice-Hall, 1996.
given global line which satisfies a given delay penalty criteriaandi7] K. Nabors and J. K. White, “FASTCAP: A multipole-accelerated 3-D
minimizes the total power dissipation. Using this methodolo capacitance extraction prograntEE Trans. Computer-Aided Design
P P . 9 . 9 vol. 10, pp. 1447-1459, Nov. 1991.
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