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Effects of Inductance on the Propagation Delay and
Repeater Insertion in VLSI Circuits

Yehea I. Ismail and Eby G. Friedmakellow, IEEE

Abstract—A closed-form expression for the propagation delay ~ Currently, inductance is becoming more important with faster
of a CMOS gate driving a distributed RLC line is introduced  on-chip rise times and longer wire lengths. Wide wires are fre-
that is within 5% of dynamic circuit simulations for a wide range  ,antly encountered in clock distribution networks and in upper
-c;f -R(f C loads. Itis srowndthat(;hier(or In the propagation gelay metal layers. These wires are low-resistance wires that can ex-
if inductance is neglected and the interconnect is treated as a .~/ @Y= 1 ' ' !
distributed RC line can be over 35% for current on-chip inter-  hibit significant inductive effects. Furthermore, increasing per-
connect. Itis also shown that the traditional quadratic dependence formance requirements are pushing the introduction of new ma-
of the propagation delay on the length of the interconnect for terials for low-resistance interconnect [9]. With these trends, itis
f:gegggs ao%pcr:%?g hi?:jl?ctlg]necag ?seaﬁggeigf: 2>S<p;ggtlé%|tatr:fehae\]7:°;soecoming more important to include inductance when modeling
profounc_i effecton traditi_onal high-performance integrated circuit on-chlp lnterco.nn_ect. Criteria to determine W_h'Ch ﬂets should
(IC) design methodologies. consider on-chip inductance have been described in [10]—[13].

The closed-form delay model is applied to the problem of  The focus of this paper is to provide an accurate estimation
repeater insertion in RLC interconnect. Closed-form solutions of the propagation delay of a CMOS gate drivindistributed
ﬁ.rehf’resemed for 'hnse”'”g repeaters '”TOR|L.C "”Escthat darle RLC line as well as to develop design expressions for optimum

ighly accurate with respect to numerical solutions. models . ; S . X
can create errors of up to 30% in the total propagation delay of a repeater '_”5?”'0” to mlnlmlze the delay of a signal propaga_tlng
repeater system as compared to the optimal delay if inductance along a distributed?LC line. Repeaters are often used to min-
is considered. The error between theRC and RLC models in- imize the delay required to propagate a signal through those

creases as the gate parasitic impedances decrease with technologinterconnect lines that are best modeled agid@himpedance
scaling. Thus, the importance of |nductan_ce in hlgh-performanc_e [14]-[19]. Thus, the objective of this paper is to highlight the
very large scale integration (VLSI) design methodologies will *. -~ .- ! L .

significance of increasing inductance effects in current VLSI

increase as technologies scale. o . e )
) ) ) circuits with respect to on-chip interconnect and repeater inser-
Index Terms—CMOS, high-performance, high-speed intercon- tion in RLC lines.

nect, propagation delay, VLSI. The paper is organized as follows. In Section II, a simple yet

accurate propagation delay formula describing a gate driving a
|. INTRODUCTION distributed RLC load is presented. In Section lll, the propa-

T HAS become well accepted that interconnect delay dorggtion delay formula is used to develop design expressions for

inates gate delay in current deep submicrometer very lar gtim_um_ repeater in_sertion to minimizg the propagatio_n delay
scale integration (VLSI) circuits [1]-[8]. With the continuous; ad|str|but§dRJ;C I|ne: Some conclusions are offered m_Sec-
scaling of technology and increased die area, this behaviof'%n IV. Practical industrial numbers are used to characterize the

expected to continue. In order to properly design complex cjmportance of inductance in current VLSI circuits in Appendix

cuits, more accurate interconnect models and signal propaAa-A mathematical proof of the expressions for optimum re-

tion characterization are required. Historically, interconnect h gater insertion in aikLC line is provided in Appendix B.
been modeled as a single lumped capacitance in the analysis
of the performance of on-chip interconnects. With the scaling
of technology and increased chip sizes, the cross-sectional area
of wires has been scaled down while interconnect length hasA simple yet accurate formula characterizing the propagation
increased. The resistance of the interconnect has thereforedalay of a CMOS gate driving aRLC transmission line is pre-
creased in significance, requiring the use of more accukéte sented in Section II-A. The closed-form solution for the prop-
delay models [5]. agation delay is shown to be within 5% error of AS/X0]
simulations for a wide range @tLC lines. In Section II-B, the
closed-form solution for the propagation delay is shown to ac-
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R, L, and C;

propagation delay on the length of an interconnect line is inve
tigated. It is shown that the traditional quadratic dependence
the propagation delay on the length of the interconnect for Vi
RC line tends to a linear relation as inductance effects increa

A. Propagation Delay Formula

A gate driving anRLC transmission line representation oi
an interconnect line is shown in Fig. B,, L., andC, are rig 1 A gate driving arRLC transmission line.
the total resistance, inductance, and capacitance of the line, re-
spectively. The line parametef?,, L,, andC, are given by ) L, 1 V1¥Cr
R, = RI, L, = LI, andC, = CI, respectively, wherek, L, TNy Op (7)
andC are the resistance, inductance, and capacitance per unit
length of the interconnect aridis the length of the line. The Where

conductance of the lin& is neglected since at current oper- o — Cr 8
ating frequencies the capacitive impedance dominates the par- =, )
allel semiconductor conductanc®,,. is the equivalent output R, |C,

resistance of the gate driving the interconnégt.is the input Cline = o> \/Lit 9)

capacitance of the following gate at the end of the interconnect . _ _ o

section. A minimum size buffer has an output resistafigand Using the above expressions, the impedance ratios describing

an input capacitanc€,. The input voltageV;, is a fast rising the transfer function in (1) become

signal that can be approximated by a step sighal, is the far p _ ——

output voltage at the end of the interconnect section. 0 — l/\/l + ﬁine V1+ CT%CT (20)
From the basic principles of a transmission lines [21], the 8 s T

N

Z

AN

transfer function of a lossy transmission line with a source 2 _ 2R7(line (11)
impedancez, and a load impedancer,, Vou.(s)/Vin(s) is 2 2Cline
given by 1+ P I+Cr
Vout () where
‘/m(s) Rtr
Ry = . 12
2 T Rt ( )

<ﬁ + 1) <ZO + 1) 4 <§ _ 1) <ZO _ 1) e~ Referring to the transfer function in (1), (5), (10), and (11), the
AL 20 AL scaled transfer function in terms gfis a function of only three
(1) variables:(jiu., Rz, andCy. The canonical number of vari-
ables to characterize the scaled transfer function in terms$ of
% three. There are numerous ways to select the three variables
that characterize the scaled transfer function. Three variables are

wherev and z, are the propagation constant and the charact
istic impedance of the line and are given by

T, R, chosen to simplify the process for determining the 50% delay
o=\ (2) point, which is the target of this analysis. Thus, the three vari-
tR ables,(, Ry, andCy, are chosen to describe the transformed
vl = s\/L,C; 1+ T’ (3) transfer function, where
Sl
. Ry, /Ci Ry +Cr+ RrCr+05
For a CMOS gate driving another CMOS gate at the end of the (= ?t L—t S Z T 2 £l 2
line, z, = Ry andzy, = 1/sCy,. A time scaling is applied by t V(L+ T)r
substitutingt’ /w,, for eacht where = Cline Ry + Cr + RrCr + 05 (13)
1 (1+Crp)
Wn = T.(Cr + CL)' (4) The variablesR andCy, characterize the relative significance

of the gate parasitic impedances with respect to the parasitic
From the characteristics of the Laplace transform, the complieerconnect impedances. Increasiig andCr demonstrates
frequencys is substituted bw,,s’. With this time scaling, the that the gate parasitic impedances further affect the propagation
variablesy, =g, andzy, are transformed t¢’, =, andz} , respec- delay. To clarify the process for selecting the third variaple
tively, which can be evaluated by substitutings’ for eachs the transfer function is expressed as a series in the powers of

and are s’. The exponential functions in the transfer function in (1) are
, 2 replaced by a series expansion, resulting in (14), given at the
1 — 5 line bottom of the next page. The first few terms of the series ex-
Yyl = \/1+ v1+Cr (5) pag
V1+Cr s’ pansion in powers of are given in (15), also at the bottom of

L, 2line the next page. The third variab{ds the coefficient ofs! in the
I /
%0 =/ O_T\/l + 5 1+Cr ®)  denominator of the transfer functiogq.is chosen as the third
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variable since the 50% delay is primarily dependent on the ¢ ¢, 3
efficients ofs! in the denominator and the numerator [22]. This
characteristic is used to reduce the number of variables that .
fect the propagation delay from three to drg. Note that the
three variablesRy, Cr, and(, are not independent singes
a function of R and Cr. Note also that (14) and (15) show
the first terms of the series expansion of the transfer function 1.3
powers ofs’ and do not represent any truncation in the transfe
function. The coefficients of powers ef are functions of only
the three variabledi, Cr, and(, for any power as described
by (2), (5), (10), and (11).

For a unit step input function, the output voltage wave
form Vo (#) = L£7H(1/s)*Vow(s')/Vin(s))} is also a
function of the three variables,, Ry, and Cr. The scaled 0
50% propagation dela)t;d can be calculated by solving
Vout (t;)da ¢, Rp,Cr) = 0.5 which means thaf;)d is only a Fig. 2. Comparison of the accuracy of (18) to AS/X [20] simulations of the
function of {, Ry, andCr. Thus, the propagation delay of antime-scaled 50% propagation del#y, of an RLC' transmission line with a

: ; ; : source resistanc®&;,. and a load capacitanegg;. The propagation delay is
RLC line with a source resistande,,, and a load capacnanceIolotte d versug for different values of?y andChy.
Cr. has the form

0 1 2

For the curve withR; = 1 andCy = 1, the same procedure

is used, but withR,,, = 50 © andCy, = 1 pF. For the curve

with Ry = 5andCy = 5, Ry, = 250 Q andCp, = 5 pF.

The scaled propagation delqyi is dimensionless sinee, has The specific values of the parameté#?;, L,, C;, R:., and

the units of 1/time. Note that this solution is a characteristic @f;,) used in the simulations shown in Fig. 2 are not important

an RLC line and that no approximations have been made &s long as the required ranges(of Ry, andCy are satisfied.

deriving this result. For the cases where the output response crosses the 50% point
As described in (16), the same value of the scaled 50% deksgveral times due to severe ringing, the propagation delay is

t;d results in many different transmission line configurationsalculated based on the final crossing which represents the

driven by a step input supply with a source resistance andvarst case delay. Note in Fig. 2 that the propagation delay

load capacitance. The value ¢f, remains constant as longis primarily a function of{. The dependence ofiz and Cr

as R;, Ly, C,, Ry., andCp scale such that, Rr, and is fairly weak. This characteristic does not imply that the

Cr are constant. Thus, simulations are used to characterie@nsistor driving the interconnect and the load capacitance has

t;d as a function off, Ry, andCr based on the parametersa weak effect on the propagation delay sirncéncludes the

Ry, Ly, Cy, Ry., andCy. The resulting expression f(tg,d effects of R and Cr as given by (13). Only the extra effect

is guaranteed to correctly characterize any combination of toé R and Cy that is not included in{ is neglected. Note

parameterd?;, L., Cy, R;., andCyp. AS/X [20] simulations also that this effect is particularly weak in the range where

of the time-scaled 50% propagation detgy of a gate driving Rr and Cr are between zero and one. This range is most

(¢ R, Or)
S

(16)

an RLC transmission line as a function ¢f Ry, andCy are

important for global interconnect and long wires in current

shown in Fig. 2. The simulations depicted in Fig. 2 for the curnvdeep submicrometer technologies. Thus, the propagation delay

with Ry = 0 andCp = 0 are performed with?, = 50 Q,
C, = 1pF Ry, = 0,andCp = 0, and L, is varied to vary.

is primarily a function of¢, which collects the five parameters
that affect the propagation delai;, L:, C;, Ry, andCyp,

AS/X is used to determine the 50% delgy; for each value into a single parameter. The time-scaled propagation d(;jgiy

of L;. The result is multiplied by,, in (4) to determinet;d.

is considered as a function of ontyin the range wherdiy

V;)llt(s ) 1
= (14)

Vin(s') Zs (v'n? Zs | %o ('

1 1 jatd / e

< +Z,L>< +5r + Z(,)+Z,L (YD + 5+
/
%Ut(S)) - 0.5+ Cr 1 R2 4+ C2 + (RpCr)? (15)
" 1+2¢s + | ——— +16¢2 1 - Lot : 2.
+2Cs +< 1+Cr +16¢ < (RT+CT+RTOT+O.5)2>>S +
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TABLE |
COMPARISON OFt,,4 IN (18) TO AS/X SIMULATIONS CHARACTERIZING THE PROPAGATION DELAY OF A GATE DRIVING AN RLC' TRANSMISSIONLINE. C; = 1 pF
AND Ry, = 25 Q. THE SHADED ROWS REPRESENT THESIMULATED CASES SHOWN IN FIG. 3

& B C,=0.1 C,=05 C,=1.0
" | R £(13) (18) AS/X | Emor | ¢13) | (18) | AS/X | Ermor | £(13) | (18) | AS/X | Emor
({s) (s (ps) (ps)

1.89 131 134 [ 22% | 262 | 213 | 214 | 05% | 336 | 314 | 311 | 1.0%
01 |3 1.19 133 135 15% | 166 | 213 | 216 | 14% | 212 | 314 | 313 | 03%
8 0.94 138 137 | o7% | 131 | 714 | 218 | 18% | 168 | 315 | 316 | 03%
10 0.84 142 138 29% | 117 | 216 | 219 | 1.4% | 1.503 | 315 | 320 | 1.6%
2 0.61 53 51 39% | 0.80 71 71 | 00% | 099 96 98 2.0%
05 L3 0.34 76 77 13% | 050 | 92 95 | 31% | 0.62 14 | 17 | 25%
0.31 95 96 1.0% | 040 | 112 | 115 | 2.6% | 049 134 | 140 | 42%
10 0.27 106 107 09% | 036 | 124 | 126 | 1.6% | 0.44 146 | 152 | 3.9%
2 0.45 49 49 00% | 057 60 61 | 1.6% | 0.69 75 78 3.8%

10 LS 0.29 75 76 13% | 036 88 88 | 0.0% ] 103 | 108
8 0.23 95 95 00% | 028 | 110 | 110 | 00% | 034 128 | 131 | 23%
10 0.20 106.. | 106 0.0% | 025 124 | 121 | 24% | 031 143 144 | 07%

andCr are between zero and one and the propagation delay ighe parametef can be used to characterize inductance ef-

given by fects more accurately and comprehensively than the figures of
, merit developed in [10]-[13]. To better explain this point, note
e tpd(C) (17) that¢ can be rewritten as
p ~~ .
Wn
1 Rt Rtr TC;,
Approximating the time-scaled propagation detgyas a func- (= 2T O | 220 t .t Tf (19)

tion of only one variable allows simple one-dimensional (1-D)

curve-fitting methods to be applied to determine an expressi\%ereZm — /—Lt/gt is the characteristic impedance of a loss-
describing the 50% delay. A curve-fitting method is used to Mifsgs transmission linec, = Cp(R,+ Ry, ) is the time constant
imize the error whedir andCr are between zero and one agyy charging the load capacitan€g, through the gate and wire
shown in Fig. 2, resulting in the following expression for th‘?esistances, and, = /L.C, is the time of flight of the sig-
50% propagation delay: nals propagating across the transmission line. Thus, (19) charac-
terizes three different factors that determine inductance effects
in RLC lines. The first factor is the total line resistanBe as

. . . compared to the lossless characteristic impedance of the line
ASIX [20] simulations of the propagation delay of &L.C Zo. If the ratio of the total resistance of the line to the loss-

transmission line as comparedig in (18) are shown in Table I. s . .
less characteristic impedance increases, inductance effects can

Note .that the solution exhibits h|gh_ accuracy (the maximuliit, neglected. The second factor is the ratio between the driver
error is 4.6% and the average error is 1.65%) for a wide range .

) . Sistance?,,. and the lossless characteristic impedance of the
of interconnect( R;, L., andC,) and gate impedances?,, .. ; . )
i s line. If this ratio increases, inductance effects can be neglected.
and 0y). Values of¢ are calculated and listed in Table | for he last factor is the ratio between the time required to charge
the simulated cases, which varies from 3.36 to 0.20. Thus, 9 9

simulation data listed in Table | include those cases with hiq through the gate and wire resistances to the time of flight of

. : : e signals propagating across the line. If this ratio increases, in-
inductive effects where the response is underdamped and over-

. . : Uctance effects can be neglected. The three factors are collected
shoots occur (smalf) and those cases with low-inductive ef-

fects where the response is overdamped (Ia)gEquation (18) in the single metria which is sufficient to characterize induc-
. P . b 9&q tance effects exhibited by @iLC line and includes the effects
characterizes the propagation delay accurately for any set of

rametersi,. Ly, Cy, Ry, andCy, for which By andCy are Bf'the driver output resistance ar_ld th(_a load capacitance. The
: same three factors are characterized in [12] by three separate
in the range between zero and one and any valug éfctu-

ally, (18) suffers high errors only in the region whe?e and inequalities that have to be simultaneously satisfied for induc-

. . . tance effects to be importahiThe difficulty with this approach
Ry are high and] is low. This case can only occur for unrea-: ; :
sonably high values of the inductance per unit length of the Iir|]sethat certain cases exist where each of these factors separately

tested for inductance effects would predict that the line would

as compared to the resistance and capacitance per unit len er inductance effects while actually the line would suffer no

of the line. Such a case does not exist in a practical VLSI Clr Juctance effects due to tiembinedeffect of the three fac-

(?u't' So the delay moqlel is therefore accurat(_a for any practlci(a)lrs. The single metri¢ introduced here accurately models the
line and gate. Alternatively, as the load capacitance and gate re-

sistance increase (increasifig: andCy), ¢ increases. Note in combined effect of these three factors, which is represented by

Fig. 2 that the error for high is low (below 5%). 2The load capacitor metric in [12] is different from the metric introduced here.

tpa = (7297 £ 1.480) Jwp. (18)
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Fig. 3. Circuit simulations comparing &L C' interconnect model to aRC' interconnect model for the shaded cells in Table I. The métiic(13) is shown
within each individual graph.

the addition in (19). Simulations comparing B4.C to anRC  which can be rearranged into
interconnect model for the shaded cells in Table | are depicted
in Fig. 3. Note that the error due to neglecting inductance is intpd(BC) = 0.3TR,C, +0.74(R, Cp + Ry Gy + Ry O ) (22)

significant for¢ > 1.5. Note also that the effect of the rise timéy gt the similarity of this expression to the expressions for the
o_f the input S|gnal_on the S|gn!f|ca|jce of inductance is not COBtopagation delay of a distributgel” line in [5] and [16]. Thus,
sidered here, but is characterized in [13]. the general expression for the propagation delay of a CMOS gate
driving an RLC interconnect described by (18) also includes
B. Comparison to aizC' Model the special case of aRC interconnect. Note also that the term
The propagation dela, in (18) can be rewritten as 1.48C/wy, in (18) ist,q(RC). Thus, (18) can be viewed as the
traditional RC' delay plus a correction term representing the ef-
pgct fects of inductance. _ _
tpu = € +0.74R,C(Ry + Cr + RrCr+0.5). (20) | The error er_wcountered when neglectmg the _mdu_ctance of an
Wy, interconnect line and treating the line as A line is quan-
, ) tified by the expressiotit, (RLC) — tpq(RC))/t,a( RLC).
To examine how accurately the closed-form solution of t%d(RLC) is given by (18) and,,,( RC) is given by1.48¢/w,,.
propagation delay of aiLC transmission line in (20) char- 1o percent error with these expressions is
acterizes the special case of a distributd line, (20) is

evaluated when inductance becomes negligible. As given by 100¢~29

[} —
(4) and (13)w,, — o0 and¢ — ~o aslL; — 0 and thus JRErTor = =291 11 .48¢" (23)

<1,33

Note that the error is only a function gf Equation (23) and
tpa(RC) = 0.74R,Cy(Rr + Cr + RyCr + 0.5) (21) AS/X simulations are plotted in Fig. 4. The closed-form solu-
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100 important since it describes the propagation delay characteris-
tics of a distributed® LC line without the distortion of the gate
impedances. In this case, the propagation delay in (18) can be

expressed as

% Error

50 — tpd — /LO(62.9(Oéasyml)l~351 + 0,740éa_syn112) (24)

where

R /C

] aasym = 5 f (25)

¢ tasym IS the asymptotic value at high frequencies of the attenua-
tion per unit length of the signals as the signals propagate across
Fig. 4. Equation (23) as compared to AS/X simulations describing the errarlossy transmission line. This expression is given in [13] and
bet\ﬁeeh a)d%;C_transmisskT line TOdSI and @ C transmission Iine model. has the dimensions of nepers/cm [21].
B, =300, C.=1pREr = Cr =05, andL, is varied to var. For the limiting case wherd. — 0, (24) reduces to
0.37RCI2. This expression is the same formula for the prop-
agation delay of a distribute®C' line as described in [1],
tion in (23) accurately anticipates the error in the propagati¢s], and [16]. Also note the well-known square dependence
delay due to neglecting inductance and can be treated as a usgifiuthe length of the wire. For the other limiting case where
metric to determine when inductance should be included in @ — 0, the propagation delay is given By/LC. Note the
interconnect model. Note also that the error is less than 1% fgfear dependence on the length of the line. The solution for
¢ > 1.5, permitting theRC' model to be applicable with min- the limiting case wher&k — 0 is explained by noting that a
imal error for¢ > 1.5. However, for small (¢ < 1), the distributed RLC line with zero resistance is simply a lossless
error rapidly increases (the error is 30% for= 0.5). Induc- transmission line. For a lossless transmission line, the speed at
tance should be included within the interconnect model to mawyhich a signal propagates is
tain sufficient accuracy for smafl. Low-resistance wide wires
(and thus low) are frequently encountered in clock distribu- 1
tion networks and certain critical global interconnect (such as v= ﬁ
data busses). More accurdté.C' models are required for these

global interconnect lines particularly since accuracy is of gré@he time of flight of the signals across a lossless transmission
importance for these nets. Typlcal'valu_es of line parameter_s e is l/v = IVIC [21]. Thus, for a lossless transmission
0.254:m CMOS technology are given in Appendix A for dlf-”ne, the propagation delay (in the caseRy. = 0) is Iv/LC,
ferent line widths and lengths. Note that lines of widths 2.4 angh.h is the physically-based minimum limit for the propaga-
7.5 um have a value of significantly less than 1.5 for almostyjqn, gelay of anRLC line. This agreement between the general

all wire lengths. These dimensions are common widths of gloq?é|ay model in (18) and ahC transmission line demonstrates
wires which can therefore exhibit significant inductance effectg, ;¢ ihe limiting case of aiiC line can also be accurately de-
This characteristic demonstrates that large errors can be encQiiiineq by (18).

tered in current VLSI circuits if inductance is neglected. AS/X the traditional quadratic dependence of the propagation

simulations of CMOS gates driving copper intgrco_nnect |i”9d%|ay on the length of aRC line approaches a linear de-
from a 0.25xm CMOS technology are shown in Fig. 5. Théyegence as inductance becomes more significant. According

simulations in Fig. 5 compare the two cases of modeling an iy (24)  the parameter that describes this dependence on the
terconnectline as aRLC transmission line and as &C trans- interconnect length s As described in [8], [10], and
asym- ’ ’

mission line for several driver widths and line dimensions. TPIQ3] signals propagate across a transmission line in two pri-

errorin_the propagation_delay_ due to neg_lectin_g inductance GMAry modes. The first mode is the propagation mode in
be as high as 58% for wide drivers and wide wires. What makg$ich the signals travel at a constant velocity across the

these errors even more serious is that neglecting inductance gnd 44 the delay is linear with the length of the intercon-
using an/tC’ model rather than aR LC' model always results in hoct The second mode is the diffusion mode in which the

u.nderestir.nating thg propagation delay. Thus, VLS! circuits d@rgnals diffuse through the line and the propagation delay
signed using aitC’ interconnect model may not satisfy the asi” g adratic with the length of the interconnect. When there
signed performance targets despite a worst case analysis being, attenuation aasym = 0), the signals propagate purely

applied in the circuit design process while maintaining safefy o propagation mode as in the case of a lossless trans-

factors. mission line, and, therefore,,;  I. When the attenuation
is large (aa.sym > 1), the signals propagate primarily in the
diffusion mode as in the case of & transmission line and
An interesting special case occurs when the gate parasitic itherefore, ¢,,q 2. Thus, aasym describes the dependence
pedances$Cy, and R,,.) are neglected. This case is particularlpf the propagation delay on the interconnect length. This

(26)

C. Dependence of Delay on Interconnect Length



ISMAIL AND FRIEDMAN: EFFECTS OF INDUCTANCE ON THE PROPAGATION DELAY AND REPEATER INSERTION

L50

1.00

0.50

0.00

350

3.00

2.50

1.50

100

0.50

0.60

3.00

2.50

2.00

L50

1.00

0.50

0.00

3.00

2.50

2.00

150

1.00

0.50

0.00

T T
l =1 mm i
w  =09um -
h =150
error = 11.4%
| | | I |
0.00 20.00 40.00 60.00 80.00
@) Time (ps)
E I T ] ]
L ) =2mm
w  =335um |
i B =150
- error =22.2%
L l" | | | ]
0.00 100.00 200.00 300.00
© Time (ps)
T T T T T T
i l =6 mm
L w  =335pum
h =150
r error = 29% 7
[ ! ! ] i ! 1]

0.00 100.60 200.00 300.00 400.00 500.00 600.00

© Time (ps)
T T
1 = 10 mm
w  =335um -
h =300
error =41% 7
I L 1]
0.60 0.80 1.00
) Time (ps)

2.60
2.40
2.20
2.00
180
166
140
120
Loe
.80
0.60
0.40
0.20
0.00

3.00

2.50

2.00

150

1.50

1.00

0.00

) =2mm
w  =335pum |
h =150 B
error = 9.2% B
] L I L
00 50.00 100.00 150.00
Time (ps)

r ) =4mm
L w  =335um |
h =150
- error = 28% 1
L 1 | i
300.00 400.00
Time (ps)
I =10 mm
nd w  =335um
o =150
r error = 24% 7
L | A
0.00 0.20 0.40 0.60 0.80 Leo
® Time (ps)

T I

! =10mm -
w  =225um |
h =600
error = 58% 7
L L L]
0.60 0.80 1.00
Time (ps)

201

Fig. 5. AS/X simulations of a CMOS gate driving a copper interconnect line based onh2ZBMOS technology. The lines are modeledRS lines and as
RLC lines, and the two models are compared to characterize the effects of neglecting inductance. The witeviéditjthy, and the size of the driving CMOS
inverter as compared to a minimum size inveftare shown in Fig. 5(a)—(h). The percent error at the 50% delay point between the two models is also shown.

behavior is illustrated in Fig. 6. Note that f@f..ym > 1,

rate which can have a profound effect on determining an
the dependence ohis quadratic for all practical purposes.optimum strategy for driving an interconnect line such as
For aasym < 1, the square dependence is far from accuepeater insertion [14]-{17] and transistor sizing [18], [19].
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2 T T T = The closed-form solution for the propagation delay in (18) is
tpa (NS) 7| used to characterize the delay of the repeater system shown in
7 Fig. 7 as described in Appendix B [see (42)—(46)]. The resulting
v expression is partially differentiated with respecktandk and

- / the two derivatives are equated to zero. The resulting two equa-
- Otagym =0 e — tions are solved numerically for the optimum valueshodind
s k (hopt andkop). The values of' (17, r) andk/(Ty,r) are
S found using (31) and (32) as

. '/_/ _ h
_//// ’ M(T _ opt 34
| | (Tr/R) RO (34)

0 0.5 1 1.5 2 ftCO
Interconnect length I (cm) k(T = fopt 35
(Tr/r) R, (35)

Fig. 6. Dependence of the propagation delay on the length of the interconnect 2RyCy
1 ignoring the effects of the gate impedances. The curves represgent = . o )
0,0.5, 1.0, and1.5 starting from the top curve. ' andk’ as functions of 7, r are plotted in Fig. 8. The intercon-

nect and device technology parameters used to generate Fig. 8
[1l. REPEATERINSERTION FOR ANRLC INTERCONNECT areR, = 100 Q, C, = 1 pF, Ry = 1500 , andCy = 2 fF,
andL, is varied to varyl’, ,r. Onceh’ andk’ are characterized

an interconnect line into shorter sections [14]-[19], thereby ras functions off’;,/ based on any interconnect and technology

/ /
ducing the total propagation delay. Applying the same idea ?arametersh andk’ can be used in (31) and (32) with any other

the general case of d&LC line, repeaters are used to divide th mterconnect and technology paramet@s, Ci, Li, Ko, and
). Curve fitting is employed to determine a function that ac-
interconnect line intd sections as shown in Fig. 7. The buffers
curately characterizés,,, andk.p;. These functions are
are each uniformly the same size @ntimes larger than a min-

Traditionally, repeaters are inserted i@’ lines to partition

imum size buffer. The buffer output impedangg. is Ry /h and RoC, 1
the input capacitance of the buffét;, is 2.Cy. The total propa- °ort =\ R,Co [1+0.16(17,5)%024 (36)
gation delay of the repeater system is the sum of the individual
propagation delays of thie sections and is a function éfand and
k for a given interconnect line. The values/oind% at which R,C, 1
the total delay patotal is @ minimum is determined by simulta- kopt = 4/ 5RoCo T 1 018(T,, n P (37)
neously solving the following two differential equations: 00 ’ L/R
Ot patotat(h, k) These closed-form solutions are highly accurate with an error
oh =0 (27) in the total propagation delay o_f the repea_ter system of less than
Ot pasorar(hs k) 0.05% as compargd to numerical anaIyS|§. These formulas can
ok =0. (28) therefore be considered exact for all practical purposes.

) i i Upon examination of (36) and (37)p: andkqp, are equal
For the special case of aC line (L; — 0), the solution for hopt (RC') andkp, (RC) in (29) and (30) for the special case

these equations is of an RC impedance wheré, — 0 (or I,z — 0). A plot
RoC, of kopt based on both aRC model and arR LC model versus
hopt (RC) = R.C, (29) Tr,/r is shown in Fig. 9. Note that the error between the two

cases increases @y, r increases. This behavior is understand-
R,C, . : o .

. (30) able since inductance effects are more significarit’ag; in-
2RoCo creases (which increases the error of negleciing Also note
These equations are the same as described by Bakoglu in [1#flat asI’;,  increases (or the inductance effects increase), the

Solving (27) and (28) for the general case offahC' line is  number of section,,,; decreases. This behavior is intuitively
analytically intractable. However, as described in Appendix Binderstandable by referring to the results of Fig. 6 and noting

kopt (RC) =

hopt @andkqp:, for an RLC line have the form thatT7,, r can be expressed as
e 1 RC
hopt = SR, 31 _
pt RtCO ( T/R) ( ) TL/R = 2aasynl ROOO . (38)
Fop, = 1/ 5 Ro Ty, R) (32) Note that aswasyn decreases]y, g increases. As shown in

Fig. 6, the dependence of the propagation delay dRad’ line
whereh/(17,,r) andk’ (1., r) are error factors that account foron the length of the interconnect is linear whegp,., = 0 (i.e.,

the effect of the inductance afg,r is very high inductive effects) and quadratic whefym — oo
(i.e., no inductive effects). In general, the dependence of the
L i i i .
Tin = /Ry 33) propagation delay of a®LC' line on the length of the inter

RyCy~ connect is bounded between a linear and quadratic relationship
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Fig. 7. Repeaters inserted in &7.C' line to minimize the propagation delay.

h ’opt(Tl/R)

05 [~ ~

| |
0 5 10 Tum 0 5 1o T

(@) (b)

Fig. 8. Numerical solutions of (27) and (28) and (36) and (37) foi(g) and (b)k.,s, respectively. Numerical solutions are shown by the solid line while (36)
and (37) are shown by the dashed line.

O T T T T 1T T T 11
Ko RC,
4 2R,C, Ipdiotal - —
(% Increase)

20

2 | RC neglecting 10

L
0 1t Tir
01 2 3 4 5 6 7 8 910
0 0 3 10 Fig. 10. The increase ih,atota1 if inductance is neglected as a function

of Ty ;r. Numerical solutions are designated by the solid line while (40) is
designated by the dashed line.

Fig. 9. The number of sectiors,; that minimizes the propagation delay of
anRLC lineasafunction of ;. , . The cases where the inductance is neglected

and where the inductance is included are considered. Note that the error bet . .
the two cases increases i, increases. "fictuding inductance based on (36) and (37)figg. andop,
respectively, is

100 - [ (*pdtota — (pdtota
vincrease 100 Lo ne — (paomrze] g

depending on the value @f,,.. The improvement achieved (tpdtotal) RLC
by partitioning the line into shorter sections in the&” case is
primarily due to this quadratic dependence of the propagati
delay onl. In the other extreme case whetgs,, = 0, the

propagation delay is linear withand therefore no speed im- hopt and kopy in (36) and (37), respectively, int6,qiotal.

provement is achieved by dividing the line into shorter sectio he resulting solution is a function df,,» only and can be

Actually, adding repeaters in this case would only increase tQS uratelv aporoximated b
total propagation delay because of the additional gate delay of y app y

tﬁ)dtotal)RC is calculated by substituting the solution for
opt (RC) and ko (RC) in (29) and (30) into¢patotal-
(tpatotal) rLc 1S Calculated by substituting the solution for

the repeaters. Thus, as inductance effects increase, the optimgm 30

number of repeaters inserted to minimize the total interconnedt/ncrease= s .

delay decreases. <1 + =2 4 9360870 4 1046—4TL/R>
The percent increase ;a1 Caused by neglecting induc- Ti/r

tance and treating aR..C line as anRC line as compared to (40)
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The percent increase if}qi0ta1 OVer theRLC case is plotted TABLE I

in Fig. 10. Note that(tpdtotal)RC is Iarger compared to INTERCONNECTPARAMETERS FORDIFFERENTLINE WIDTHS [12]

(tl)dtotal) rrc as 1y,r increases. Fofl’, /R = 3, tpdtotal Width (um) | R(@em) | L (@Hem) | C (pFlem)

increases by 10%. F(T.L JR = 9, tpdiotal INCreases by 20%. 09 494 775 173

ForTyr,r = 10, tpdtotal iNCreases by 30%. 1.8 248 3.70 1.85
The total area of the buffers in the repeater system is given by 24 76 5.30 2.60

ARLC = hopt : kopt : Amin andARC = hopt(RC) kopt(RC) y 7.5 35 3.47 5.16

A for the RLC and theRC case, respectively ..., is the

area of a minimum size buffer. The percent area incréadé ) ) o )
is characterized by00 - (Arc: — Arpc)/ArLc and is of the transistors results in an overestimation of inductance

effects. This behavior can be understood by noting that a
transistor in a CMOS gate operates partially in the linear re-
%AI =100{[1 + 0.18(17,r)*]"* gion an_d partially in the satur_ation region during switching.
L+ 0'16(TL/R)3]0.24 ~ 1. (41) _In the linear region, the tran3|st9r can be acc_urately approx-
imated by a resistor. However, in the saturation region, the
transistor is more accurately modeled as a current source with

The percentareaincrease o » = 3is 154%and foll;, 5 = & pa.raI.IeI high resistance. The Theyenin gquivalent of ?his
5 is 435%. Thus, neglecting inductance not only increases tHECUit is a voltage source with a high resistance in series.
total delay of the repeater system, but significantly increas&gis high resistance in series with an interconnect line over-
the buffer area as well. This trend is expected since treating fifées the series resistance and inductance of the line. Thus,
interconnect as aikC line and neglecting inductance require$h€ interconnect appears predominantly capacitive when the
more repeaters. These extra repeaters add to the total delaytEesistor operates in the saturation region and the effect of
buffer area without reducing the line delay because inductariBéuctance (and resistance) is negligible. If the transistor op-
makes the dependence of the delay on the length of the int@f@tes in the saturation region during the entire switching
connect subquadratic. Although the effect of inductance on th&e. there is very small error due to neglecting inductance
power dissipated by the repeater System has not been quan(ﬁﬁ.d reSiStance). Since the transistor Operates partlally in the
tively characterized in this paper, it is expected that considerifigear region and partially in the saturation region, the met-
inductance in the interconnect model would result in a repeatt§s Presented in this paper represent worst case inductance
system that consumes less power due to the decreased buffePHECtS.
pacitance and width.

As described in Appendix Al > 3 is common for a
wide range of on-chip interconnect affg,r approaches ten [V. CONCLUSIONS
for wider interconnects commonly seen in a typical 0.2B-
CMOS technology. Thus, the propagation delay of a repeaterClosed-form solutions for the propagation delay of a
system can increase in a standard u25-CMOS technology CMOS gate driving a distributed?LC load are presented
by up to 30% and the buffer area by up to 15 times if induthat are within 5% of AS/X simulations. It is shown that
tance is neglected. Note also that, r increases a&,Cy de- neglecting inductance can cause large errors (over 35%) in
creases. This relation means that as the gate delay decreakespropagation delay for current on-chip interconnect. It is
inductance becomes more important. Thus, the effects of inda¢so shown that the traditional quadratic dependence of the
tance in next generation design methodologies will become fysropagation delay on the length of the interconnect &dr
damentally important as technologies scale. lines tends to a linear dependence as inductance effects

This trend can be explained intuitively by examining the spéacrease. This behavior is expected to have a profound
cial case of a line with large inductance effects. As discusseffect on future high-speed CMOS technologies.
before, the minimum total propagation delay can be achievedClosed-form solutions are presented for inserting repeaters
for such a line by not inserting any buffers independent of theto RLC' lines that are highly accurate with respect to
intrinsic speed of the technology. If inductance is ignored and anmerical solutions. The process of inserting repeaters into
RC model is used for such aline, the number of buffers that afL.C lines increases the propagation delay by up to 30%
inserted will increase as the buffers become faster since thérénductance is neglected as compared to applying a dis-
is less of a penalty for inserting more buffers. Thus, the ditdbuted RLC impedance model of the interconnect. Thus,
crepancy between the buffer solutions based o®&nhand an incorporating inductance into the impedance model of the
RLC model (zero buffer area for dominant inductance effectsjterconnect is of crucial importance for estimating and min-
increases as faster buffers are used. In general, the buffer areame&ing the propagation delay of on-chip interconnect. This
quired to minimize the total propagation delay based o®&h importance is expected to increase as the gate parasitic im-
model increases more rapidly when the devices become fagiedances decrease and as technologies increase in speed.
as compared to aR LC model. Future work includes using more accurate gate models, de-

Finally, in estimating the effects of inductance on the rdermining delay formulas folRLC trees and characterizing
peater insertion process, an equivalent linear resistor is uskd effects of inductance on the repeater insertion process
to model the nonlinear CMOS transistors. This linearizatidn tree structured on-chip interconnect.
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TABLE Il
¢ AND T’y /g FORDIFFERENTLINE WIDTHS AND LENGTHS IN A CURRENT 0.251:m CMOS TECHNOLOGY

Line width | Buffer 4
(um) width -
h Line length (mm) Tir
2 4 6 8 10
40 1.327 1.770 2.235 2.702 3.171
0.9 80 1.299 1.790 2.272 2.750 3.226 1.096

120 1.397 1.930 2.443 2.930 3.422
240 1.743 2.426 3.015 3.562 4.087

40 1101 | 1337 | 1.600 | 1.870 | 2.143
18 80 | 0936 | 1200 | 1473 | 1749 | 2.026 | |13¢6
120 | 0940 | 1233 | 1519 | 1.803 | 2.085
240 | 1082 | 1456 | 179 | 2.104 | 2.407
40 | 0752 | 0800 | 0.87L | 0949 | 1.029
24 80 | 0498 | 0554 | 0628 | 0707 | 0788 | 50957

120 0.429 0.491 0.568 0.648 0.732
240 0.390 0.473 0.560 0.647 0.733

40 1.118 1.151 1.206 1.268 1.332
75 80 0.647 0.683 0.739 0.801 0.865 3.525
' 120 0.497 0.535 0.592 0.654 0.719
240 0.362 0.410 0.470 0.535 0.600
APPENDIX A load capacitanc€; = Cyh. Thus, the total propagation delay
INDUSTRIAL VALUES FOR( AND 17/ of the repeater system is
For a current 0.2%:m CMOS technology, experimentally b = ke tra(Gsecs Brsec; CTsec) (42)
measured interconnect parametgis L, andC') are provided pdtota Wnsec
in [12] for different line widths and are listed here in Table llwhere R, andCr, are
These line parameters are used in this paper to evafuate k R
Ty, r for different line geometries as shown in Table Ill. The Rrpsec = L R, (43)
data listed in Table Il also include the effects of the driver O
output impedance and the load capacitance amd 17,/ . h Crsec = k‘hg- (44)
represents the size of the driver and the load gates (assu;%ed ¢
. . . .. . (. andw, are
to be of equal size) and is with respect to a minimum si
buffer. ThUS,RtT = Ro/h and Cr, = hCy. Note thatTL/R is o Ry /Oy Rrgec + Crsec + BrsecCrsec + 0.5
H : sec — ~71. - " (45)
independent of the length of the wire. Note also that the values 2k V L, VA +Cr)
of ¢ are significantly less than one for common width wires k
which implies that significant errors in the propagation delaynsec = 77— —F——F——- (46)
LtCt 1 + C(Tsec

will be incurred. The values indicated .me/R demonstrate The solution for the general case of B4.C' interconnect is in
that large errors can be encountered in the repeater mserttllg')g form of

process if alRC model rather than aR LC model is used.

RyC,
h=y] ot n (47)
1,Cy
APPENDIX B RO
OPTIMUM REPEATERINSERTION IN RLC LINES ko= 22 (48)
2R000

As shown in Section II, the propagation delay of a CMOGherep andi’ are error factors due to the existence of induc-
gate driving a single section of interconnect with parametersof, -« and approach one as the inductance approaches zero. Sub-

R, C,, anq Lt has th.e fqrm given_ by (16). If repeaters are ingtituting these values far andk into (43)—(46), the variables
serted to divide the line inté sections and each repeatethis Rp,, Crs, (5, andw,,, are

times greater than a minimum size inverter, the total propaga- %

tion delay of the system is the summation of the propagationfirsec = Wi (49)
delays of each of the sections. Since the delay of each section Ii’k’

is equal, the total delay can be expressed,asa1 = ktpds, Creec = —— (50)
wheretpds is the propagation delay of a single section. Each V2 .
section has interconnect parameters equatttt, C,/k, and Cooe = 1 ) Rrsec + Crsec + RrsecCrsec + 0.5
L, /k. Since each repeaterfigimes larger than a minimum size T V2K TR (1 + Creec)

buffer, each repeater has an output resistdtice= Ry /h and a (51)
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[15] L. P. Ginneken, “Buffer placement in distributed RC-tree networks for
minimal Elmore delay,” inProc. IEEE Int. Symp. Circuits SysMay
. 1990, pp. 865-868.
= \/LtCt \/(1 + CTSGC) (52) [16] H. B. Bakoglu, Circuits, Interconnections, and Packaging for
VLSL Reading, MA: Addison-Wesley, 1990.

wnsec

WhereTL/R is given by [17] V. Adler and E. G. Friedman, “Repeater design to reduce delay and

Substituting (49)-(52) in (42), the total propagation delay ha?lg]

power in resistive interconnectlEEE Trans. Circuits Syst. INol. 45,
L /R pp. 607—616, May 1998.

t/ . (53) [18] S. Dhar and M. A. Franklin, “Optimum buffer circuits for driving long
RyCy uniform lines,” IEEE J. Solid-State Circuitsvol. 26, pp. 32—-40, Jan.
1991.

C. J. Alpert, “Wire segmenting for improved buffer insertion,”Rroc.

Tr/r=

the form IEEE/ACM Design Automation Copflune 1997, pp. 588-593.

— ./ . ro [20] AS/X User’s GuidelBM Corp., NY, 1996.
fpdiotal LCo- f(' K Ty m)- (54) [21] L. N. Dworsky, Modern Transmission Line Theory and Applica-

Determining the values of’ and #’ that minimize the total tions New York: Wiley, 1979.
propagation delay requires the simultaneous solution of the fol22l W. C. Elmore, “The transient response of damped linear netwodks,”

Appl. Physicsvol. 19, pp. 55-63, Jan. 1948.

lowing two differential egua/-tionS: [23] E. WeberLinear Transient Analysis New York: Wiley, 1956, vol. Il.
an’
Of(h KT,
M =0. (56) Yehea I. Ismail received the B.S. degree in elec-
k! tronics and communications engineering (with

Thus, the optimum number of sectiohs,, and the optimum
repeater size.,, to minimize the propagation delay of &1L.C
interconnect are only functions @,z and are

honors) from Cairo University, Cairo, Egypt, in
1993, the Master's degree in electronics from
Cairo University (with distinction) in 1996, and the
Master’'s degree in electrical engineering from the

RoC, University of Rochester, Rochester, NY, in 1998.
Nopt = . h’(TL/R) (57) He is currently working toward the Ph.D. degree in
R,Cy the area of high-performance VLSI IC design at the
R,C, e University of Rochester.
Eopt = .k’(TL/R). (58) He was with the IBM Cairo Scientific Center
2Ry Cy (CSC) from 1993 to 1996 and IBM Microelectronics, East Fishkill, NY,

Note that this solution is characteristic of BLC line and that during the summers of 1997-1999. His primary research interests include
no approximations have been made in deriving this result. interconnect, noise, and related circuit level issues in high-performance VLSI
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