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Analysis of On-Chip Inductance Effects for
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Abstract—This paper introduces an accurate analysis of on-chip adoption of Copper as the very large scale integration (VLSI)
inductance effects for distributed RLC' interconnects that takes interconnect metal [4], [5], line resistances have decreased

the effect of both the series resistance and the output parasitic ca- further and as a result. inductive effects have become more
pacitance of the driver into account. Using rigorous first principle ’

calculations, accurate expressions for the transfer function of these prominent. H_ence, the tradltlonal_ lumped or d|str|bl_1tléd*

lines and their time-domain response have been presented for the Model of the interconnects, especially of the global wires, may
first time. Using these, a new and computationally efficient perfor- no longer be adequate since it can result in substantial errors in
mance optimization technique for distributed RLC interconnects  predicting both delay and crosstalk [6].

has been introduced. The new optimization technique has been em- Line inductance affects the circuit performance in two dis-
ployed to analyze the impact of line inductance on the circuit be-

havior and to illustrate the implications of technology scaling on tnctways. Firstly, it can affect the rise/fall time (slew rate) and
wire inductance. It is shown that reduction in driver output resis- ~ Signal delay/integrity through an interconnect. Traditional delay
tance and input capacitance with scaling can make deep submi- models of interconnects are based on Elmore delay [7] which
cron designs increasingly susceptible to inductance effects if global does not take into account the inductance of the interconnect. If

interconnects are not scaled. On the other hand, for scaled global the line inductance is “small enough,” the step response is very
interconnects with increasing line resistance per unitlength, as pre- :

scribed by the International Technology Roadmap for Semicon- similar to the step response obtal_ne.d by ignoring the inductance
ductors, the effect of inductance on interconnect performance ac- and therefore EImore delay predictions are accurate. However,
tually diminishes Additionally, the impact of the wire inductance as the line inductance increases beyond a certain value, the ac-
on catastrophic logic failures and IC reliability issues has also been tyal delay and Elmore delay diverge and one needs to compute

analyzed. signal delay by accurately modeling line inductance.
Index Terms—nductance, ITRS roadmap, optimal buffering, Secondly, a VLSI interconnect can be viewed as a lossy dis-
RLC transmission line. tributed RLC transmission line with a characteristic impedance
of Zo = /(r+sl)/(sc) wherer, [, andc are the line re-
|. INTRODUCTION sistance, inductance, and capacitance per unit length respec-

tively, ands is the complex frequencyw). If the series output
impedance of the driver and the input impedance of the receiver
OR deep submicron interconnects (DSM), on-chip irare equal ta&Z,, then according to the transmission line theory,
ductive effects arising due to increasing clock speed$iere are no reflections present in the system. However, in a
increasing interconnect lengths, and decreasing signal nectical VLSI circuit, the input impedance of loads is almost
times are a concern for signal integrity and overall interconnesxtclusively capacitive. Also, the driver size is typically opti-
performance [1], [2]. Inductance causes overshoots and umized for delay minimization and its output impedance may
dershoots in the signal waveforms, which can adversely affewit necessarily be equal &,. Therefore, in such systems, line
signal integrity. For global wires inductance effects are more seductance may give rise to reflections which result in over-
vere due to the lower resistance of these lines, which makes #fwots and undershoots in voltage waveforms. Voltage over-
reactive componeriwL) of the wire impedance comparableshoot may cause reliability concerns in the circuit, whereas un-
to the resistive compone(R), and also due to the presence oflershoot will, in the best case, cause glitches and, in the worst
significant mutual inductive coupling between wires resultingase, cause false transitions at the output of a gate. Glitches in-
from longer current return paths [3]. Furthermore, since tlieease the dynamic power dissipation, while false transitions
global wires are the farthest from the substrate, they are moah cause logic errors and severe timing violations. Therefore,
susceptible to large variations in the current return path aids not only important to precisely compute the inductance of
therefore large variations in the inductance. With the rece¥t Sl interconnects, but it is even more critical to analyze their
impact on circuit performance and its optimization.
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ICs containing several layers of densely packed interconnect
the wire inductances are sensitive to even distant variations
the interconnect topology [12]. Secondly, uncertainties in the
termination of neighboring wires can significantly affect the
signal return path and the return current distributions and thert
fore the effective inductance. Although the effective wire induc-
tances in complex three—dimensional (3-D) interconnect struc
tures can be obtained by rigorous electromagnetic field solvie_rs

[10] [12] the results are at best approximate for real high-pel’l-g' 1. Equivalent circuit of a driver—interconnect-load segment.

formance VLS circuits due to the uncertainties in provldlngcaling the global interconnects with technology. Additionally,

valid models of the local physical and electrpmagnetic envirome impact of wire inductance on catastrophic logic failure and
ment formed by the orthogonal and parallel interconnects. Alﬁ% reliability issues has also been analyzed in Section VIl
accurate estimation of effective inductance values requires de- '

tails of the 3-D interconnect geometry and layout, technology
information such as metal resistivity, insulator dielectric con-
stant, etc., and of the current distributions and switching activ-

rdx Idx rdx Idx
N Vo (%)
1

cdx C

<

Il. TIME-DOMAIN RESPONSE OF A
DRIVER—INTERCONNECFLOAD SEGMENT

ities of the wires, which are difficult to predietpriori. More- ~ Consider a uniform line with resistance, capacitance, and in-
over, at high frequencies the line inductance is also dependéigtance per unit length of ¢, andl, respectively, driven by
on the frequency of operation. a repeater of resistandgs and output parasitic capacitance

However, as pointed out earlier, it is extremely crucial t6'p, and driving an identical repeater with load capacitafige
quantify the impact of inductance on the performance of globéfig. 1). For a given technology, let the output resistance, output
interconnects and its optimization using repeater insertigpgrasitic capacitance, and input capacitance of a minimum sized
which in turn determines the chip performance. Furthermoref&peater be;, c,, andeo, respectively. Therefore, if the repeater
is of the utmost importance to understand the degree by whisht times larger than a minimum sized repeates, = r, /k,
future DSM technologies would be impacted by interconne€tr = c,k andCp = cok. For this analysis it is assumed that

inductance effects. the repeater resistance and output parasitic capacitance are con-
stant throughout the output voltage transition range.
B. Scope of This Study The ABCD parameter matrix for a uniforlRLC transmis-
In this work, the transfer function and the time-domaif " line of length: is given by (shown in Appendix):
response of a realistic driver—interconnect—load configuration cosh(0h) Zo sinh(6h)
have been presented based on a rigorous analysis [20], [21] in {ZLO sinh(6h)  cosh(6h) }

Section Il. It is shown in Section Ill that the driver resistance

and output parasitic capacitance have a significant effect on #{gere

waveform and delay and must be included for accurate analysis r + sl
of a realistic driver—interconnect—load structure. Based on the Zo =
new delay model, a novel methodology for optimum repeater

insertion for a distributedRLC interconnect is presented in&"

Section IV. Unlike pr_evious' s_uc;h gttempt;, our approach is 6 — m

based on the analytical minimization of interconnect delay

per unit length. We show that optimum repeater sizes aiitierefore, the ABCD parameter matrix of the configuration in
interconnect lengths can be efficiently computed for givelig. 1 is given by the equation shown at the bottom of the page.
technology and interconnect parameters. In Sections V and Vhe input—output transfer function [20] is given by (1), shown
we use this methodology to compute the optimum buffer sizasthe bottom of the next page.

and interconnect lengths for a wide range of line inductancesThe step-response of this system is given Wy{s) =

for the ITRS technology nodes. We also show that reductionih/s)H(s) in the Laplace domain. The denominator in (1)
minimum-sized driver output resistance and input capacitancan be expressed as an infinite power seriesand in theory

with device scaling is primarily responsible for increasing suhe time-domain response can be computed. However, this
ceptibility of VLSI designs to inductance effects (Section VIIomputation is analytically intractable. Kahng and Muddu [22]
and that these effects can be mitigated to a large extent siyggested using a second-order Padé expansion of the transfer

SC

1 Rg 1 0 cosh(6h)  Zysinh(6h) 1 0
0 1 sCp 1 Z%Jsinh(Qh) cosh(6h) sCr 1

_ [ (14sRsCp)[cosh(0h)+sCr Zg sinh(0h)]+ g—j sinh(0h)+sCRgs cosh(6h) (14+sRsCp)Zgsinh(6h)+ Rgs cosh(6h)
N sCp[cosh(6h)+sCp 7 Sinh(Qh)]—i—ZL0 sinh(6h)+sCr, cosh(8h) sCp Zo sinh(6h)+cosh(6h)
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functiont in order to_ compute the two-pole time-domair ‘ — cecond order
response of the following form: - - third order
1.2} . : -—-- fourth order

vo(t) = Vo[l + a1 exp(s1t) + az exp(sat)]

for appropriates;s anda;s. Some fitting parameters were intro-
duced in [23] to modifyu;s ands;s in the above expression in _ogh-
order to get better matching with SPICE output. 2
A rigorous time-domain expression for the output of ;e 06l
distributed RLC interconnect with a driver of arbitrarseries
impedance is derived in [24]-[27}ithout explicitly requiring
the computation of the Laplace-domain transfer functiol
However, for a practical driver, the capacitance from output |
ground cannot be modeled as a series impedance, and there
the expression that they derived cannot be easily adapted fc
realistic scenario. It is shown in Section Il that the output pa % 05 y 15 2
asitic capacitance of the driver has a significant impact on tl _ time (ns)
signal delay. Moreover, their delay expression involves BeSSF|e|. 2. Second-, third-, and fourth-order response of the driver and
functions and cannot be easily used for driver and mterconngﬁ;%monneCt structure of Fig. 1.
optimization for delay minimization which we present later.

Recall that a lumpe®LC circuit with one inductance and B3RS 2c2plht
one capacitance has a two-pole transfer function. Therefore, the + (Bsch + Cprh) { I }
two pole approximation effectively ignores the distributed na- ' Tch2 :2 2Rt
ture of the RLC interconnect. Therefore, for better accuracy, + (Crlh + RsCpCrrh) { = }
higher order terms also need to be considered [21]. In this work, o
we consider a fourth-order Padé expansion of (1), i.e., + RSCPCL“’C"?"
) 3!
H(s) ~ (2)  The Laplace-domain step-response can be expressed as

14 sby + 52by + 53b3 + stby

where

. h2
by =Rs(Cp + CL) + % + Rsch+ Crrh
2! for appropriate residueg/{s) and poles4;s), and the time-do-

2 2 a2
by _leh” e e + Rs(Cp + CL)“’L main step-response, which is the inverse Laplace-transform of
2! 4! b 2! (1/s)H(s), can be calculated as [21]
+ (RSCh + CLTh) 3! + (CLlh + RSCPCLTh) Uo(t) —_ Vb [1 + dl exp(slt) + dQ exp(SQt)
Ar3hs 262r Rt lch?  r2cht
b =S 4 2+ Rs(Cr O |+ T s exp(sst) + da exp(sat)].
Ich?  r2c2h4 Fig. 2 compares the output voltage of the interconnect system
+ (Rsch + Crrh) { a1 + ,—,} in Fig. 1 for a 3.3-mm-long minimum-width metal 6 line for
B2 ) 180-nm technology node (ITRS 1999) with= 36281 2/m,
4 (Cplh + RsCpCrr h)7” + RsCpCyLlh c = 269 pF/m,l = 4 pH/m, which is driven by an inverter
2P 3 9 4 which is 174 times larger than the minimum sized inverter in
by = ”ht + 3c*r2Ih® 4+ ¢ h that technology using a second-, third-, and fourth-order Padé
4! 6! 8! approximation of (1). Note that output waveforms of these three
Arehs | 2ctrint approximations are significantly different and will lead to dif-
+ Rs(Cp +CL) + pproxi gniticantly .
6! 4! ferent time delays. In Fig. 2, it can be noticed that the 60% delay
ITheir driver—interconnect configuration did not include and included a IS 'de_r!t'cal for.the.three cases. However, th|§ IS tr_ue onIy for the
driver inductance. 5 in series withR s. specific combination of parameters chosen in this example and
Vo(s)
H =
(s) Vi)
1
= 1)

[1+ 5Rs(Cp + )] cosh(6h) + | £ + sCp.Zo + 52 RsCpC Zo| sinh(6h)
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Fig. 4. Long interconnect broken up into buffered segments.
0.8F _
go 0.6 | resistancér,/krh) is between 0 and 1. Furthermof@p is not
>° considered in their formulation which seriously compromises
0.4l 1 the validity of the curve-fitted parameters.
We now present a new approach [20] of optimizing repeater
0.2t e gjizes and interconnect lengths which does not suffer from the
/ — ;sfig; 82: gpjgso id limitations of the approach of [28], [29]. In our approach the
0 EERE 7T RS;O,C o 1 delay (3) is directly solved using numerical techniques for any
- = 7 values off without any curve fitting with circuit simulation re-
0% 0.5 K 15 2 sults.
time (ns) For a step input, th¢ x 100% (where0 < f < 1) delay,r,

Fig. 3. Step response of the driver and interconnect structure for three caéle'g" U(T) - fVO) is the solution to the foIIowmg.

1) Rs andC'p the same asin Fig. 2; ) = 0;and 3)Cr = 0 andRg = 0.
Other parameters are same as those for Fig. 2. 1—-f+ Z d; exp(s;7) = 0. (3)
i

is not true for any other combination or for other delay frad=or given values of;s ands;s, the above equation can be solved
tions. It should be noted that the delay is not a smooth functitamerically (for instance, using Newton—Raphson method) to
of [ for a fourth-order response. Therefore, if a fourth-order reompute the value of.

sponse is used for delay computation and optimization, the re<Consider a long interconnect of length In order to mini-
sulting optimum interconnect lengths and driver sizes may algtize its delay, the line is broken up into buffered segments of
not be smooth functions éf However, the magnitude of the re-lengthh, each of which is driven by a buffer of sizeand has a

sultingkink is very small as will be illustrated later. delayr (Fig. 4). The overall delay of the line is given by
L
Ill. EFFECT OFDRIVER CHARACTERISTICS ONTIME-DOMAIN total delay = T
RESPONSE

Therefore, in order to minimize the total delay, we seek to min-
imize thedelay per unit length-/A4. Setting the derivative of
8§Iay per unit length with respect toandk to zero we have

Driver resistanceks and output capacitaneg, have a sig-

have either considered ideal drivers, i.e., ignored lidshand

Cp[23] or ignoredCp [22], [24]-[27]. Ignoring Rs leads to a]—T or T
: ; ; . = =0= —=— 4
large errors in delay expressions and interconnect length opti E oh _ h
mization for delay minimization cannot be performedif = ar or
0. Ignoring Cp also introduces nonnegligible errors in delay ﬁ =0= o= (5)

computation ifCp is comparable t&y, and line capacitance. o _ _
For DSM technologies, the parasitic output capacitance is aifferentiating (3) with respect tb andx and using (4) and (5)
tually larger tharC;, and therefore must also be accounted foV/€ get

Fig. 3 shows that the step response as well as the delay for dis- ad. 9s: T
tributed RLC lines are significantly affected iRs or Cp are 0=g1 = Z [ahz +d; <Ta—}: + E31>:| exp(s;7) (6)
ignored [21]. i
ad; Js;
IV. PERFORMANCEOPTIMIZATION METHODOLOGY g2 Z {ak T 316} P (5i7) )

Ismail and Friedman [28], [29] presented empirical formulas Equations (6) and (7) can be numerically solved to obtain
for finding the optimum buffer size and interconnect length t9.| a5 of buffer Sizdiy and interconnect length, .
minimize the delay in an interconnect of a fixed length. A ich minimize the dleig)? per unit length [20]. We Iugéa the
empirical expression for the 50% delay, which was obtainggb1on_Raphson method for this purpose and observed that
by curve-fitting circuit simulation results, was minimized, and,nyergence is achieved in less than six iterations in all cases.

optimized values of repeater size and interbuffer interconnegie computation steps involved in each Newton iteration are as
length were plotted. Using these plots, empirical formulas f@g);ows.

optimized values of repeater size and interconnect length wer
obtained using curve fitting. However, the delay formula is ap-
plicable only if the ratio of total line capacitance to load capac-
itance(ch/cok) and the ratio of source resistance to total line 2The expressions of, andd; are fairly tedious and are omitted for clarity.

e1) Find¥;s, s;s, andd; s and their derivatives w. r. i and
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2) Computer by numerically solving (3).
3) Computey; » using (6) and (7) and their derivatives w.r. 5|

t. h andk.
4) Solve 141

BEE-E 4
o ol LAk 92 2.0

Therefore, this entire optimization step is extremely efficien 1+
Note that the only approximations in the above optimizatio
steps are:

1) use of (2) instead of (1) for the transfer function; 0.8f
2) constant-, andc, for the entire voltage range.

0.9

0.7 : . )
0 2 4 6
line inductance (nH/mm)

oo+
—y
(=]

V. RESULTS AND DISCUSSION , _ o
Fig. 5. hoptp; o/ Moptne @S @ function of line inductance for 180-nm

We now apply our optimization technique to the top-levéfcnoo9y-
metal interconnects for 180-, 130-, 100-, 70-, and 50-nm
technology nodes as per ITRS specifications [30]. To obtairherefore, the optimum repeater sizg,, . and interconnect
the interconnect capacitance per unit lenght, full 3-D capa¢éngthh .. is given by
tance extraction of dense wiring networks was performed using
FASTCAP [31]. Here, we summarize our results for the 180-nm
technology node and point out the salient characteristics of our hopt e, =
performance optimization solution. The effect of technology
scaling will be addressed in Section VI.

It should be pointed out that a real VLSI interconnect is not
an isolated line as shown in Fig. 1 but is embedded in a Iarg
multilevel interconnect system. Therefore, a significant amoull - v ffer of size: is given b
of coupling, both capacitive and inductive, can exist between inY optrc 1S G y
terconnects. Typically, interconnects on one layer of metal are
routed in one direction, and on the neighboring metal layers in- — 2 1 2¢
terconnects are routed in orthogonal direction. Therefore, there Toptne = 2rs(coFp) { 1+ cotep )
is minimal capacitive coupling between interconnects on adja-
cent metal layers. Additionally, lines on one metal layer coupiote thatro,,,.. is independent of andc and, therefore, the
only to their two nearest neighboring lines. The effective line caviring level. Thus, it can be treated as a technology parameter.
pacitance can therefore change due to Miller effect dependingn general, for a given technology;, ¢p, andeg cannot be
on the switching activity on these two nearest neighboring linesasily determined. Moreover, andc, are voltage dependent.
Since the aspect ratios of interconnects in DSM technologiesTiserefore, for this study, we finkl,: .. andkop: . . by SPICE
typically greater than one, effective line capacitance can vagimulations. These simulations also providg; . .. Using the
by as much as¥. However, as pointed out earlier, since magabove equations.,, ¢p, andey can be then determined for that
netic fields have much longer spatial range compared to elecigigrticular technology. Furthermore, for the simulations, we used
fields, line inductance values are sensitive to switching activitigsring oscillator, and hence the frequency of the ring oscillator
even in distant lines and therefore experience much larger vatias used for the analysis presented in this paper at a given tech-
ation and uncertainty in effective line inductance. In our expefiology node.
iments, for simplicity we have assumed that line capacitance iswe now show the effect of including line inductance in the
fixed and concentrated on variations in line inductances. Theaggtimization as derived in Section V. It should be noted thst
results can be easily modified to incorporate variations in lingot a fixed parameter for a given technology and metal layer but
capacitance as well. depends on the current return path and varies substantially with

First consider the case of optimum repeater insertion by cdnput vectors. However, a worst case number for line inductance
sidering only the line resistance and capacitance and optimizinga dense 3-D interconnect array can be determined as follows:
the Elmore delay. The total Elmore delay of interconnect dffie line inductance would be greatest if the current return path
length L (Fig. 4) is given by is through the substrate. Let this inductancd hg.. We have
carried out delay minimization fdr < I < l;,,x.

Fig. 5 plots the ratio of the optimum interconnect length
hopt,,, . and the interconnect length optimized for Elmore
delay, hops,,... Fig. 6 plots the ratio of the optimum buffer

2rs(co + ¢p)
re
TsC

ko pt = .
Plro 7o

?thhermore, the delay of one segment of lenfgth . . driven

Ts

k

>

: 1
(cpk + cok) + %ch + rheok + 57‘ch2 .

tElmore =
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2 4 6 8 10
line inductance (nH/mmy}

4 6
line inductance (nH/mm)

Fig. 8. Ratio of delay of aRLC line with h = hopi ., andk = kopi s

Fig. 6. Kk, ko , as a function of line inductance for 180-nm y :
g sirpe/Rorire and delay corresponding to= hqpty,, ., andk = kopep,, ., as a function of

technology.
9y { for 180-nm technology.
1.9 : .
TABLE |
1.8r 1 TECHNOLOGY AND EQUIVALENT CIRCUIT
17l ] MODEL PARAMETERS FORTOP LAYER METAL FOR DIFFERENT TECHNOLOGY
: NODESBASED ON THEITRS 19991;,,; IS THE INSULATOR THICKNESS BELOW
18l THE TOP LAYER METAL AND ¢,. IS THE DIELECTRIC CONSTANT OF THE
¢ : INTER-LAYER INSULATOR
& 15l .
< Tech. node (nm) | 180 | 130 | 100 70 50
AN ] width (nm) 525 |382.5 | 280 | 195 | 1375
g 19 1 height (nm) 1155 | 1033 | 756 | 546 | 399
1.2F 1 tins (D) 7699 | 6664 | 6022 | 5571 | 4116
11+ 1 €r 3.75 | 3.1 1.9 1.5 | 1.25
4D | r (k§2/m) 36.3 | 60.1 | 103.9 | 206.6 | 401.3
08 . . ‘ . ¢ (pF/m) 269 | 240 | 154 | 125 | 106
0 2 4 8 8 10
line inductance (nH/mm) Imax (nH/mm) 9.2 | 109 | 135 | 179 | 188
Boptpe (mm) 333 | 25 | 222 | 1.32 | 1.06
Fig. 7. Ratio of optimum delay per unit length7/h)opty, ., and
(T/R)opt 4. @s afunction of line inductandefor 180-nm techn}zallgé)(/. Koptao 174 | 151 4 110 82 53
Toptpe (1S) 0.165 | 0.147 | 0.125 | 0.089 | 0.071
size kopt,,, . and the buffer size optimized for Elmore delay, s (k) 8 95 10 ) 158 | 125
Eopt .- These plots also corroborate the observations made ¢ (fF) 19 | 1.7 1 15 | 13 | 12
in [2] that with increasing line inductande the RLC' inter- ¢, (fF) 48 | 35 | 25 | 1.5 | 075

connect increasingly resembles an ideal LC transmission line
and the delay becomes progressively linear with interconnect
length. Thereforeh,,,,, . increases as the line inductance ighat value ofl. Therefore, it is useful to determine the increase
increased and.,,, . reduces and asymptotes to a value fan the interconnect delay for a given buffer size and interconnect
which the driver output impedance is equal to the characteristéngth as the line inductanéés varied and compare it with the
impedance of the line. Fig. 7 plots the ratio of optimized®LC-based optimum delay for the corresponding valuek of
interconnect delay per unit length with and without considerins an example, suppose the driver size and interconnect length
line inductance as a function &f As expected, the optimized are chosen to b&,:,. . andhe,,, ., respectively, i.e., without
interconnect delay per unit length increases as line inductarcamsidering line inductance. For nonzérthe RLC delay per
increases. unit length of this line would be greater than the RC delay. If
As discussed earlier, in a realistic scenario, it is very difficultvere known beforehand, one could optimize the driver size and
to predict the effective interconnect inductance because the daterconnect length to potentially get a lower interconnect delay
rent return path varies a lot for different input vector patterns. Ager unit length(7 /)yt ., ., @ compared to the unoptimized
aresult, it is difficult to target a specific value of the line inducease. Fig. 8 plots the ratio of these two delays as a function of
tancel and optimize the buffer size and interconnect length fér For the 180-nm technology the worst case increase in delay
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1
line inductance {(nH/mm) line inductance {nH/mm)

Fig. 9. Roptre/hoptrne as a function of line inductance for various Fig. 11. Ratio of optimum delay per unit lengtliy/7)op: s, ., and
technology nodes. (7/R)opt . @s afunction of line inductandeor various technology nodes.
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Fig. 12. Ratio of RLC delays per unit length of an interconnect with=

Fig. 10. koptp, o /Foptn @s @ function of line inductanckfor various fioptr. andk = kopig., and withh = hopip; . andk = kopig; . asa
technology nodes. function of! for various technology nodes.

over the optimizedRLC case is 8%. Therefore, even if the line?Ptimal RLC delay per unit length to optimal RC delay per
inductance were known precisely, in the best case, there wol[dt length becomes closer to one as the technology scales even

be a meager 8% improvement in the delay per unit length [26010Ughlmax IS increasing as the technology scales. Similarly,
as shown in Fig. 12, th&LC delay per unit length penalty in-

curred by using the RC optimum repeater size and interconnect
VI. EFFECT OFTECHNOLOGY SCALING length decreases with technology scaling. Another way of visu-

We now consider the effect of inductance with technolog§/izing the same phenomenon is to use the concept of critical
scaling. Various technology parameters are shown in Table | dRguctance. For illustration purposes, consider the second-order
are based on ITRS data. Note thahcreases dramatically with @PProximation of the transfer function in (1), i.e.,
scaling as the line dimensions of the top level metal layers also 1
scale. Figs. 9-12 plot the ratiosify.,, . andhope ..., kopt .. H(s)~ T b 1 lps?
andkopt .. (7/M)opt,,, . ANA(T /h)opt .. » and the ratio o LC
delay per unit length of an interconnect with= h.,;,.. and This second-order system gitically damped overdamped
k = kopty., and RLC delay withh = hgpi,, . andk = andunderdampedvhen’? — 4b, is equal to, greater than, or
koptr, . @s @ function of, respectively, for various technologyless than zero, respectively. The response of an overdamped
nodes. For all these figures, note that effect of inductance system is very similar to an RC line, whereas the response of
performance is reducing as the technology scales [21]. Thisais underdamped system can be considerably different from an
best illustrated by Fig. 11 where we observe that the ratio BIC line. Sinceb; andb, are functions ofr andk andb, is a
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Fig. 13. Critical inductancé.,;; as a function of line inductanddor various

technology nodes.

function of [, ath = hgpe,,, . and

can be obtained for which

i

h=hopt n 1 k=kopt 1

—4 bo

|h:hoptRLC 7k:koptRL o A=lorit

k

optrrc?

a valuel = I

=0

i.e., the system will be critically damped,;; is given by (8)

6 8
line inductance (nH/mm)

Fig. 14. Delay per unit length for five different line widths for 100-nm
technology node as a function of line inductance.

each of these line widths. As expected, for very small values of
[, the delay of the wider lines is much smaller buf asreases,

the advantage of using wider lines diminishes as the difference
between the delays per unit length for different line widths re-
duces.

VII. | NDUCTANCE EFFECTS INUNSCALED GLOBAL LINES

shown at the bottom of the page, where .
A. Effect of Technology Scaling

bt =bt|hmhopey, o k=
h =h
k =k

oPtRIC

Earlier technology scaling predictions, such as NTRS [32],
proposed that the metal lines on the topmost metal layer should
not be scaled with technology. The main motivation behind this
approach was to make sure that delay of these global lines does
Fig. 13 plots this critical inductance as a functionloRecall notincrease and adversely affect performance. However, line in-
that the system is overdamped i& I..;;. We find thatl.,;; in- ductance was not accounted for in these predictions. With tech-
creases as the technology scales. From Fig. 13, it can alsanbéogy scaling and increasing clock speeds, the inductive com-
observed that the overdamped criteridr ;) is being sat- ponent of the line impedance becomes the dominant factor of
isfied for a bigger range of line inductances as the technolothe overall line impedance and can adversely affect the perfor-
scales, which also implies the diminishing effect of line induanance with scaling. To investigate this phenomenon further, the
tance with technology scaling [21]. experiments of Section VI were repeated with the dimensions of

The above analysis has been carried out assuming that gtabal lines fixed at values corresponding to the 180-nm tech-
width of the topmost metal layer is the minimum width prenology, i.e., width of 525 nm, height of 1155 nm, distance from
scribed by the ITRS data. However, to reduce signal delay isubstrate of 7.7:m, and dielectric constant of the interlayer di-
terconnects, which are wider than the minimum width, are oftetectric of 3.75. Similar to Fig. 12 in Section VI, Fig. 15 plots the
used in high-performance design. For these lines, the resistarate of delay per unit length of aRLC' line with b = Ay, .
per unit length is smaller and therefore inductive effects can kendk = k¢, . and theRLC delay withh = hqpe,,, . and
come significant. As anillustration, consider the top layer metal= k.., . as a function of. In sharp contrast to Fig. 12, this
in 100-nm technology node. Five different metal widths are comatio increases with technology scaling indicating the increasing
sideredwmin, 2%Wmins 4Wmin, 8Wimin, ANA16wnin. hopt .. @and  importance of inductance effects and the need for taking the line
kopt .. @re recomputed for each of these widths. Fig. 14 plotsductance into account for performance optimization. This fact
the RLC delay per unit length as a function bivhen an inter- is further corroborated in Fig. 16 which plots the critical induc-
connect of length., . is driven by a buffer of sizé,;,. . for tance as a function of line inductance for different technologies

opt 7.

oPtrrc”

i
4

r2c?nt
41

Rs(Cp+Cr)

2!

rch?

rch’

— (Rsch + Crrh) 5

— RscpCLTh

lcrit =

ch?
31

T + Crh

(8)



912 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 21, NO. 8, AUGUST 2002

voltage

— input
- - output

10 11

1 ) I L 1 1
4

6
line inductance (nH/mm)

10

time (ns)

Fig. 15. Ratio of delay correspondingto= h

oPt s

andk = kope ., and

delay corresponding th = h

oPt R ¢

andk =k

opt g1 @S afunction of for

various technology nodes with unscaled global lines.

Fig. 17. \oltage waveform at the input and output of an inverter in a five-stage

ring oscillator withl = 1.8 nH/mm.
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variogig- 18. Voltage waveform at the input and output of an inverter in a five-stage

Fig. 16. Critical inductance as a function of line inductance for S ) .
ring oscillator withl = 2.2 nH/mm.

technology nodes with unscaled global lines.

with unscaled global lines. It can be observed that for unscalVO tage waveform at the input and output of an inverter in this
Y ' i g oscillator obtained from SPICE simulation. The line capac-

e e e o ol 3 835Umed 0 be 18 T et cven hovgh
of 1 [20] 'ﬂggut waveform _shows a S|gn|f!cant a_mount of overshoot ar_1d
' undershoot, the inverter output is relatively “clean.” However, if

lisincreased, the undershoot can become large enough to cause
the inverter to switch and since this inverter is a part of a ring

The decrease if.;; with technology scaling for unscaledoscillator, the false switching propagates throughout the chain
global lines implies that the driver—interconnect—load structuaad the period of oscillation becomes very small. Fig. 18 shows
is underdamped for a large range of line inductance. As pointted voltage waveform at the input and output of an inverter in
out earlier, the step response of an underdamped systemthis ring oscillator with a line inductance of 2.2 nH/mm. Note
hibits overshoot and undershoot. This overshoot and undershibwait with a small increase ify the period of oscillation is less
can cause catastrophic failures both in terms of device life—tirttean half of the corresponding period for= 1.8 nH/mm. To
degradation and errors during the operation of the logic circuitBustrate this phenomenon further, Fig. 19 plots the period of

1) Logic Failures: As an illustration of this phenomenon,oscillation as a function line inductance. Aroung 2 nH/mm,
consider a five-stage ring oscillator in the 100-nm technolodkie period drops sharply indicating the onset of false switching
node in which each stage consists of an inverter ofkige .  in the circuit. A similar behavior was observed for a five-stage
driving an interconnect of length,, .. Fig. 17 shows the bufferedRLC line which was excited by a square wave at one

B. Catastrophic Failures Due to Inductance



BANERJEE AND MEHROTRA: ANALYSIS OF ON-CHIP INDUCTANCE EFFECTS FOR DISTRIBUTERLC INTERCONNECTS 913

35 ' ' ' ' rAz  [Azx ig
V1 V2
1 cAz
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It was shown in [35] that if interconnect rms and peak current
densities increase beyond a certain limit, interconnect reliability
can be affected due to increased Joule heating and electromigra-
tion of the wire. We, therefore, investigated the effect of line in-
ductance on interconnect reliability. Fig. 20 plots the peak and
i | rms current densities in the interconnect for the five-stage ring
oscillator as a function df It can be observed that the peak and
rms current densities do not change appreciablyrageases to
0.5, p > 3 1 5 the point of catastrophic logic failure. Therefore, the intercon-

line inductance (nH/mm) nect reliability does not degrade as the line inductance varies.

period of oscillation (ns)

Fig. 19. Period of oscillation for the five-stage ring oscillator as a function of
line inductance. VIII. CONCLUSION
4 ‘ . . In conclusion, this paper has introduced an accurate anal-
— ook ysis of on-chip inductance effects for distributed C intercon-
-~ Jms nects. Unlike previous works, the effect of both the series resis-
tance and the output parasitic capacitance of the driver has been
taken into account. Using rigorous analysis, accurate expres-
sions for the transfer function of these lines and their time-do-
main response have been presented for the first time. It is shown
that complete driver characteristics must be included in the anal-
ysis of distributedRLC interconnect structures for accurately
computing their delay. Furthermore, an optimal repeater inser-
tion scheme for distributed® LC' interconnects has also been
presented using a novel performance optimization technique.
_ |  Most importantly, the degree of impact of inductance on in-
1 S ~..-----4 terconnect performance has been analyzed in detail for future
DSM technologies based on the ITRS. Contrary to conventional
05 s s s wisdom, it is shown that the effect of inductance on interconnect
0 05 line inducta,lce (nH/mm) 15 2 performance will actually diminish for scaled global intercon-
nects. However, if global interconnects are not scaled with tech-
Fig.20. Peakandrmsinterconnectdensities versus line inductance for 100/0logy, inductance effects become increasingly dominant and
technology top-level metal using SPICE simulation. can even lead to catastrophic logic failures and reliability con-

cerns.
end with the other end connected to an identical repeater. There-

fore, this behavior is not an artifact of the ring oscillator configu-
ration. However, for the 180-nm technology node, this phenom-
enon is not observed for< [ < 9 nH/mm. This again indicates
that designs in 100-nm technology will be more susceptible toFor various reasons it is desirable to derive the ABCD param-
inductance effects as compared to the 180-nm technology g&ers of a uniform distribute&LC" line of resistance, capaci-
signs. tance, and inductance per unit length-of, andc and lengthL.

2) Reliability Failures: As shown in Figs. 17 and 18 theFirst consider a small element of lengix as shown in Fig. 21.
voltage at the repeater input is greater thasy, due to over- For this circuit
shoot. Since this voltage is applied at the gate of an MOS tran-
sistor, this can cause oxide reliability problems [33], [34]. In vy =v2 + (1 + sl)Awiz
current technologies the supply voltage is limited by the elec- 11 =l + voscAx
tric field that can be reliably sustained in the oxide. In DSM |:U1:| B [ 1 (r + SZ)AQ;} [Uﬂ B [Uﬂ

3.5

w

s (10° Alcm?)
ms [N
N o

kandJ

J
_Deal
2]

T

.

APPENDIX
ABCD PARAMETERS FOR AUNIFORM RLC' LINE

technologies, the supply voltage is also scaling with gate oxide scA\x 1
thickness in order for the oxide electric field to stay below some

critical value [34]. Hence, if the gate voltage is greater thigm  The advantage of ABCD parameters is that the ABCD parame-
due to overshoot, device reliability can degrade rapidly due ters of a cascade of two linear systems is the product of ABCD
gate oxide wear out. parameter matrices of the individual systems. Therefore, for an

1] 12 2
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_ 1 [\/6 \/EHx/EHx/_) f(1+x/_
Tovab VP Vb [ VB(1 - Vab)r -
1 Ve - Vabye \/5[(1+\/a_) — (1= Vaby] ] -
2 ﬁ[m\@ (1—\/%)"} (1+Vab)" + (1 = Vab)" |
1 e a0 A[aeh) - (1)) .
T2 oety] aeen) -0ty o
RLCline of lengthL with each section of length«, the overall REFERENCES

ABCD parameter matrix is #A|

| 1 (7’+31)Aa:}

wheren = L
scAx 1 "= Az

v [2]
We need to find the limit of the above matrix as— co. 3]
The above limit can be computed in the following manner.
Let E be diagonalized a& = WAW ~! whereA is a diagonal
matrix of eigenvalues of, and W is the eigenvector matrix.

ThenE™ = WA"W L. The matrixE can be diagonalized as  [4]

H ﬂ: a1 b{\\/g _\/\%} [1+0\/E 1_0\/_()} -
Vatb
2% ) -
Wab Vb —Va
where
a I(T + SZ)A./L' [7]

b =scAuz.
[8]

Therefore,£™ can be written as (A1), shown at the top of the [g)
page. Let

ZO :\/E = r + Sl [10]
a Sc
6=\ (r+slsc= \g_a_b = @. [11]
Substituting these in (A1), the expression 5t becomes (A2), [12]
shown at the top of the page. Using the identity
[13]
3 T n
R (1 + E) = exp(2) [14]

it follows that the ABCD parameter matrix for a distributed [15]
RLC transmission line of length is given by

Zo sinh(6L) } [16]

[ cosh(6L)
cosh(6L)

ZLO sinh(6L)
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