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Compact Distributed RLC Interconnect Models—Part
I\V: Unified Models for Time Delay, Crosstalk, and
Repeater Insertion

Raguraman Venkatesaiember, IEEEJeffrey A. Davis Member, IEEEand James D. MeingLife Fellow, IEEE

Abstract—Using a new physical model for the transient response T .. — “ﬂe _ i
of a distributed resistance-inductance-capacitance (RLC) inter- ratio ™ ToF ty
connect with a capacitive load, novel compact expressions have . .
been derived for the 1) time delay, 2) peak crosstalk for coupled ;= driver output resistance R, 1)

lines, 3) optimum number and size of repeaters, and 4) time delay
for repeater-inserted distributed resistance—capacitance (RC) and . ) . .
RLC lines. These new models are used to define a design spacavhere the time-of-flight (ToF}; = L Vic is the time taken

that illustrates the tradeoff between the number of repeaters and by a signal travelling at the speed of light in that medium to

wire cross-section for specified delay and crosstalk constraints.  cover a distance equal to the length of the line. Interconnects
Index Terms—Crosstalk, delay effects, inductance, interconnec- With quite different line parameters such as length, size of driver,
tions, repeaters, RLC circuits, time domain analysis, transmission load and resistance, capacitance, and inductance per unit length
line theory. may yet have similar basis variables. Hence, their transient char-
acteristics will also be similar when represented using the nor-
|. INTRODUCTION malized ratios. These dimensionless ratios will be used in this

o . ] paper to describe interconnect properties such as time delay and
ARLIER work on distributed resistance-inductance-Casygsstalk.

pacitance (RLC) interconnect models [1], [2] is extended
ina companion paper [3] that descri_bes anew phys@cal model for Il. UNIFIED TIME DELAY MODEL
the transient output voltage of a distributed RLC interconnect
with a step input and a capacitive load. The inclusion of a load The voltage at the end of a finite line with a capacitive termi-
capacitance and wire inductance allows application of this modtion for timet < 3t is given by [3, (75)], and is rewritten as
to evaluate effects of repeaters in high-speed global wires. THWN in (2) at the bottom of the next page, where

~ characteristic impedance Z,

crosstalk models described in this work focus on modeling P B (B+VB?+4) o ~B(B-VB*+14)
state-of-the-art global interconnect structures, where one or!” = R ) = o
two signal interconnects are flanked by shielding power/ground B+ B+4
lines and sandwiched between ground planes [3, Fig. 2.]. _B+VB?2+44 N — B—-vB?+4
The comprehensive model for the transient response of adis- 2 ’ o 2
tributed RLC interconnect s derived in [3]. This model has been 4]
compared to H-simulation program with integrated circuit em- B = iz, 3)

hasis (HSPICE) simulations and is shown to have negligible . T . . .
grror foE a wide r)ange of line parameters. It has also bge% %Zg,lng the simplifications described in the Appendix, (2) can be
' %proximated as

tended to describe transient waveforms induced in two—coupl%
lines. The complete transient model can be expressed using VfSt (L, ) = Vg 27, (rt)/20
four normalized ratioshasis variable}y which are defined as *"™"" “Zy+ Ry

follows: % [1 - e‘<1/c"Z”>(t_tf)] uo(t —ts). (4)

R B line resistance _rL _ _ _ _ _
ratio = Characteristic impedance Z, Settingt = ¢ty in (4), Vyin (L, tg) = 0. This observation vali-
) dates the theory that the presence of a load capacitance prohibits
Cratio = load capacitance Cr the voltage at the end of the line from changing instantaneously.
line capacitance cL The 50% time delay, is calculated by solving
Viin(L, ta) = Vaa (5)
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The expression in (6) is an implicit equation for calculating
the 50% time delay. Some special cases and further simplifica-
tions of this implicit expression are considered in the following
sections.

A. Open Circuit Termination

The open circuit termination time delay ,. can be calcu-
lated by setting”, = 0 in (6)

2Z,

_ #%0 ( ’l“tdoc)/2l t —t >
Z+Rtre uo(doc f)_

()

L\.’JI»—k

The equality sign in (6) has changed to an inequality in (7) be-
cause the absence of a load capacitance does not prevent the
voltage from rising instantaneously. Thereforetat tq o,
Viin(L, td, 0c) > Vaa/2.

Fortq, . = t¢, (7) can be simplified to

rLlo_ o, 47,

— n{ -——— .

Zo - Zo + Rtr
Since the left side of (8) is always non-negative, the following
additional constraint is automatically imposed

Fig. 1.

(8)

1095

10

Normalized time delay (t, /t)

1
0.01

rLiZ =0
Io.
---- R/Z,=05 0 OHSPICE /
tr/zo"1 0 /'
--—-- RJZ,=2.0 A

1.00
Normalized load capacitance (C,/cL)

0.10

10.00

Normalized time delayt{/¢;) versus normalized load capacitance

taic =t +CrZ,In <

that can be simplified to

47,
3Zo - Rtr

(CL/cL) for different values of normalized driver impedande.£/Z,) for a
lossless line{L/Z, = 0).

) . (11)

Using a linear best-fit curve, (11) can be approximated as

Ry, < 37, )

tq 10 ~

ty +Cp (0-45Rtr + 0.25Zo)

12)

Equations (8) and (9) are the same conditions derived in [fHat can also be written using the “ratio notation” of (1) as

for ToF operation of a distributed RLC interconnect with an
open-circuit termination.

B. Lossless Line With a Load Capacitance

The time delay of a lossless lirig ;. can be calculated by
settingr = 0 in (6)

=

27,

__ %o (1/CLZo)(ta,1c—ty) . —ts) =
Zo + Rtr :| uO( dte f)

(10)

tq e
ty

~1+—

Cr
cL

R,
0.45
(0%

+ 0.25) .

Equations (12) and (13) give the time delay of a lossless line
(“Ic” line) with a load capacitance, and they are compared to
HSPICE simulations in Fig. 1.

C. Lossy RLC Line With Load Capacitance

1
2 The normalized time delay, computed using the complete
transient expressions in [3], is plotted against the normalized

(13)

Vfin(L7 tf <t< 3tf>
Zo
= Y 1) =

e(—rt)/Zl
Z + Rtr

Vaa

¢ 0o (i+1)/
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Fig. 3. Normalized time delay versus normalized line resistance for different
Fig. 2. Normalized time delay versus normalized line resistance fyglues ofR../Z, andC/cL for a step input.
R:./Z, = 0.5 and different values of';, /L, calculated using the complete

transient model of [3]. — . o
ransient model of [3] (It was implicitly assumed in [4] thaR,, = Z,; the modifica-

i ist in Fig. 2. showi | i lati tion in (21) has relaxed this assumption.) The actual time delay
In€ resistance in F1g. 2, showing an aimost inear relationsigh, 5 jine js equal to the RC delay if resistance dominates, or

bgtwgenl:tghe twcl;quantl_tles. fTher:efore,érli((a:t;'me delay expr(?SQ"equaI to the RLC delay if inductance dominates. Since every
sion in (13) can be rewritten for a lossy Ine as interconnect has a distributed inductance associated with it, the
td ric Cy rL Ry, . terms RC and RLC are only suggestive of whether the line is
ts =1+ oL <"7 Z, +0.45 Z, + 0'2‘)> (14) dominantly resistive or inductive. Hence, the more general case
or is the time delay model that will reduce to the RC delay if resis-
tae =t + Cp (vrL +0.45R,, +0.252,)  (15) '@nce dominates or to the RLC delay if inductance dominates.
’ The time delay of an interconnect is the greater of the RC and
wherexz(Cr /cL) is the magnitude of the slope of the curves ilRLC model delay i.e.,
Fig. 2.
To estimate the value of, consider the resistance—capaci-
tance (RC) delay model of [4] given by

td = max (lfd7 rlcs td7 rc) . (22)

Therefore, by comparing (20) and (21ihe unified expression
ta.re = 0.377rcL? +0.693 (RycL + rLCL + RiyCr) . (16) for time delay can be written as

For a highly resistive line, the distributed RLC line model shoult = max (tf, 0.377r¢L* + 0.693R;,cL)
give the same time delay as the RC line model, i.e., the models +0.693CL (rL + 0.65R;,. + 0.36Z,) . (23)

in (15) and (16) should converge to the same result. Assuming _ ) )
It can be interpreted from (23) that the time delay consists

of two parts: a) time for the signal to reach the load end of the
line, and b) time to charge up the load capacitandé;§g2. The
time for signal propagation through the interconnect is dictated
(18) by ToF for RLC lines and by time to charge up the distributed
line capacitance in RC lines. Therefore, in theak” function,

if ToF dominates, then the line behavior is inductive. Otherwise,
it is a resistive line. The time taken to charge up the load capac-
itance, given by the second half of (23), is the same for both RC

Comparing (18) and (19), it can be estimated that 0.693. and RLC lines. _ _
Substituting this value in (15) and simplifying gives the approx- USing the ratio notation of (1), (23) can be rewritten as

imate model for time delay of a distributed RLC line with load; , (

. _ TL Rtr
capacitance as E =max (1, 0.377 7 + 0.693 7 )

— 4
td7 rle = tf + 0.693C7, (T’L + 0.65R;, + 0.36Z0) . (20) +0.693 ﬁ <E - 0.65 Ry, N 0_36) . (24)
el \ Z, Zo

D. Unified Time Delay Model The normalized unified time-delay model (24) is plotted against

In order to get a unified time-delay model for RC and RL@he normalized line resistance for two different sets of values
lines, (16) can be modified as for Cr/cL and Ry /Z, in Fig. 3. It is easily deduced that the
new unified time delay model has the best matching to HSPICE
simulations compared to time delay models in [4] and [5]. For
0.1<rL/Z, <5,0<Cr/cL <0.1and0.25 < Ry,/Z, <

rL> 7, Cr>cL, and rL> R a7
(15) will reduce to

ta, e = xrLCL
and (16) will reduce to

td. e & 0.693rLC. (19)

ta re = 0.377TrcL? 4+ 0.693 Ry,.cL + 0.693CT,
X (rL+ 0.65Ry,. +0.36Z,). (21)
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5 T T r T L=3cm, h=47, C_=0.92fF, R =2354Q, Z =60.68Q
r=190.1Q/cm, c=1.1pF/cm, 1=4.05nH/cm
— Model : C,/cL=0.10, R,/Z =1.0 2.0
———- Model : C,/cL=0.01, R,/Z =0.1 s ® o HSPICE
4 e @ HSPICE ° 18 | New model
&--—-© Bakoglu [7]
——=—- Ismail [5]
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Fig. 4. Normalized time delay versus normalized line resistance for different

values ofR,,/Z,, C/cL, andT s/t for a ramp input. Fig.5. Normalized delay versus number of repeaters for a 3-cm-long line. The
new model has an error of about 2% when compared to HSPICE simulations,
which is much better than models in [5] and [7].

1, the error between the unified models of (23) and (24) and

HSPICE simulations is about 2%. minimum-sized repeater b, andC,, respectively. Using (20),

When the interconnect circuit is excited by a ramp inpyhe time delay (RLC model) of the line is given by
waveform with a finite rise timé};.., the unified model for the

50% time delay for RC and RLC lines is given by ta, vierep = K [%f + 0.693hC, (% + 0.65 % + 0.36Zo>} .
L 27)
£y = max (t £+ 0.15 = Thine, 0.377rcL? + 0.693RtTcL>
Zo Simplifying
+0.25 <1 + Zt> Thice ta.stevep = tf + 0.693C, (hrL + 0.65kR, + 0.36hkZ,) .
° (28)
+0.693C, (rL + 0.65R; + 0.367,) . (25)  Similarly, the RC time delay model for a repeater-inserted line

can be written using (21) as
WhenT,. = 0 (for a step input), (25) reduces to (23), as ex-

2
pected. The derivation of (25) is described in [6]. Using the ratig . .., = <0.377 rek + 0.693 R"CL)
notation, (25) can be written as k h

+0.693C, (hrL + 0.65kR, + 0.36hkZ,). (29)

4 L Triso L R v
Y _ max <1 +0.15 TZ— < 0.377 2 +0.693 )

7 7 7 7 Comparing (28) and (29)he unified time delay expression for
! o ? ? a line with repeaters can be written as
= RtT Trise
+0.25 (1 + Zo ) tf td, rep — Max (td, rlc_reps td, rc_rep) (30)
or
Cr (rL _ Ry, L2 RocL
+0.693 — (Z— +0.65 —= + 0.36> : 26) 4, ., = max <tf, 0.377 % 4 0.693 7c )
o o 7 1

The unified time-delay model for a ramp input (26) is plotted +0.693C, (hrL + 0.65kR, + 0.36hkZ,). (31)

against normalized line resistancé /7, for different sets of The “max” function in (31) can be used to distinguish between

line parametersin Fig. 4. The model in (25) has a 2% error wh : : -
compared with HSPICE simulations forl < rL/Z, < 5. filt RC and the RLC regions. Therefore, if the ToF for an in

N terconnect segment is greater than the RC charging time for its
0<Cp/eL <0.1,and0.25 < Ry, /Z, < 1. distributed line capacitance, i.e.,

rcL? R,cL
ll. REPEATERINSERTION MODELS 0377 —— +0.693 —— <t; (32)
. . or
Based on an analysis similar to [7], expressions for repeater I R,
insertion in distributed RLC lines are derived in this section. 0.377 w7t 0.693 % <1 (33)

the line behavior is inductive; otherwise, it is resistive, as is
borne out by thethax” function in (31).

Assume that: repeaters are inserted in a line of lendth The unified time-delay model in (31) is compared to the delay
and that the width of each repeatehiimes minimum feature models in [5] and [7] in Fig. 5, in which the normalized time
size. Also, let the output resistance and input capacitance adelay is plotted against number of repeaters for a 3-cm-long in-

A. Unified Time Delay Model for Repeater Insertion
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terconnect. The delay calculated by HSPICE simulations is also 80 . °°/°L=2;7SE'4‘ R°’Z:=38'8

shown in Fig. 5. The “knee” in the curves of Fig. 5 is the tran- .y &--—-0 Bakoglu [7]

sition from the RC to the RLC region, which is determined by g?O [ ———- Ismail [5]

the inequality in (33). In the region where RLC models areto £ 60 | New model -
be used, Bakoglu’'s models [7] severely underestimate the actual 3

delay, due to violation of ToF constraint. Ismail and Friedman’s o S0t

model [5] for time delay has a good fit to HSPICE simulations % 40

only at the extremities, since it is a curve-fitted model. The best &

fit to the HSPICE simulations is given by the new unified model e 301

for repeater insertion in RC and RLC lines, which has a max- § 20

imum error of about 2%. It is evident from Fig. 5 that the delay g 10 |

is minimized at the boundary between the RC and RLC regions. OQ

This is the “optimal” repeater insertion design, and it is investi- 0 0 20 20 50 30 100

gated in the next section. Normalized line resistance (rL/Z )

B. Optimal Repeater Insertion Fig. 6. Optimum number of repeaters versus normalized line resistance
. . rL/Z,. The smaller number of repeaters predicted by the new model reduces

It can pg mterpret.ed from .(31) that for a constant size of rgi blockage and repeater power dissipation.
peaters, itis not desirable to insert a greater number of repeaters
than necessary for ToF operation of the interconnect segments

C,/cL=2.79E-4, R /Z,=38.8

between each pair of repeaters. This is because adding morere- 300
peaters increases total time delay by increasing repeater delay ~ " &--—-0 Bakoglu [7]
without decreasing interconnect delay. Similarly, itis not desir- &’ 250 i ———- Ismail [5]
able toincrease the size of repeaters for a constant repeater count g i New model
once ToF operation is achieved for the interconnect segments. ‘@ 200 [\
Therefore, optimal repeater insertion would entail inserting just @ 5‘;
the sufficient number (and size) of repeaters to operate atthe @ 150 1
boundary of RC and RLC regionghis implies that the condi- o B
tion for RC and RLC regions of operation (33) should be satis- g 100 [\ Oxs_
fied in the equality, i.e., g ol T 6:-0.6.

rL R =

0.377 0.693 —~ = 1. 34 o
i, Yz, (34) 0 . - ' '
. 0 20 40 60 80 100
Solving (34) forh, one gets Normalized line resistance (rL/Z )
0.693kR
1= m (35) Fig. 7. Optimum size of repeaters versus normalized line resistabfg,,.

The smaller size of repeaters predicted by the new model leads to considerable
Substituting (35) in (31) and setting the derivative of tim&aving in on-chip repeater area.
delay with respect té& equal to 0 gives the optimum number . _ _ .
of repeatersk,,: ... Substituting this value in (35) gives thelf the repeaters are designed using the optimum RC models in
optimum size of repeatels, ;. ;1 (39), there is a possibility of violating the ToF constraint—in
L R which case the optimum time delay in (40) will underestimate
kopt, ric = 0.9513 7 and  hopt, rie = 1.1479 —2. (36) the actual delay of the line. The boundary condition for the va-

o o lidity of the repeater models is obtained by substituting (39) in
Substituting (36) into (31) gives the optimum time delay as (33), giving the following condition for optimum repeater inser-
rLR,C, tion

ta_opt,rie = 5 + 1.496 7 (37) Condition I: “If 1.332\/7IR,C,/Z, < 1 use optimum RLC

epeater insertion equations in (36) and (37); otherwise, use
ptimum RC repeater insertion equations in (39) and (40).”
Condition | implies that the number and size of repeaters that
td_opt,rie _ 1.0 + 1.496 L Co & (38) Wwill minimize total delay of the interconnect and its repeaters
ty Zo cL Z, is either the optimum RC design, or the optimum RLC design,
The optimum number and size of repeaters derived using Riepending on the line characteristics such as length and resis-

Using the ratio notation of (1), the optimum time delay in (3
can be written as

models in [7] are given by tance per unit length. For example, the optimal RLC design may
result in a greater delay compared to the optimum RC design
i ] 0.377rcL? and h [ Rsc for a long and highly resistive line, because of the delay of the
opt,rc — \| A cao D v opt,rc — (39) H H .
0.693R,C, Cor large number of repeaters required to achieve ToF operation for
and the corresponding optimum time delay is the interconnect segments. The optimum number of repeaters

and size of repeaters is plotted against normalized line resis-
ta_opt,rc = 2.5V Ro,CorcL?. (40) tancerL/Z, in Figs. 6 and 7, respectively. The new model ad-
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vocates a smaller optimum number and size of repeaters, which R
leads to considerable reduction in on-chip repeater area, repeater
power dissipation and via blockage. On the other hand, using v
the Bakoglu (RC) optimum size and number for the repeaters dd c
might result in a greater time delay, compared to using the RLC I I
optimum size and number of repeaters. - -
(@)
IV. CROSSTALK IN TwO COUPLED LINES

A novel combination of the distributed RLC line analysis for rL+0.65R,+0.36Z,
the transient voltage induced in the quiescent line, and a lumped
element circuit representation for the charge up of the load ca-

pacitance is used to derive a compact crosstalk model. Vﬁnua(t't}) C
For a simple RC charging circuit [Fig. 8(a)], the output |
voltage {/,) and 50% rise timetf; 5% ) are given by - ==
(®)
Vo(t) = Vaa (1 - 67(t/RC)> (41)
Fig. 8. (a) Typical RC charging circuit (b) equivalent circuit representation
and used for approximate crosstalk model.

Comparing (20) and (42), the transients induced in the quiesc<§rl1jtb5tltumg (47) in (45) gives the peak crosstek..

distributed RLC Ii'ne can be appr_oximated as an RC char.ging Vi ste = Viin — 0.5 Cp (rL + 0.65R,, + 0.36Z,) . (48)
of the load capacitance. The equivalent lumped element circuit ty

model of the quiescent RLC line can be represented by Fig. 8(b) ¢y distributed RC lines with a load capacitance, Sakurai [4]
where the effective impedance in the current path is provides the following expression for peak crosstalk

R=7rL+0.65R;. +0.367, (43) 1 1/2n
Vi,re = —K1Vaa ! (49)
and the magnitude of the voltage sourtg;f,) is equal to the pore 1427 1427
voltage induced at a point on the quiescent distributed RLC "Where
that is just before the load capacitance. This voltage can be mod- R o 1
eled asV;,s(v = L, t = ty), the voltage induced at = L in K, =-1.01 Mrrbrt+l (50)
an infinitely long quiescent line at = ¢; [2]. It is the differ- Rr + Cr +7/4
ence between the common and differential mode solutions to & R c
decoupled partial differential equation system. Thereftgeg, Rr=-"%2 Cr= L and n= Ce (51)
can be written as rL cL ¢
wherec, is the coupling or mutual capacitance per unit length.
Viin =Ving(z = L, t = tf) (Note that the negative sign in (49) is missing in the model in
o~ (rL/22F) = (rL/227) [4].) However, this expression is not very accurate for RC lines
=V < e i ) (44) with large load capacitance. In order to get a more accurate ex-
1+ zF 1+ z; pression, we will use the same method used to get the com-
Therefore, the voltage across the load capacitor of the quiesd@it crosstalk expression for RLC lines, but base it on Sakurai's
line can be written as models for RC lines. From this analysis, the new RC expression
P for crosstalk can be written as
Vo(t) = Vi |1 —exp| - S Rr+Cr+1
Q fin Cr(rL + 0.65R,, + 0.36Z,) Vi re = —0.58Vyq — L T T
(t—t)). @5 Br+ Cr +x/4
X Uo(t — t5).
" ! 1.04
Assume that the peak crosstalk occurs at #pcar, when P\ RrCr + Rr + Or + (2/7)2
the derivative of (45) with respect tois equal to slopés. It X
: N 1.04 1
was observed experimentally that the error is minima|.$tr= —exp|— 5
|0.5/t¢|. Solving ReCr + Rr + Cr + (2/m)? 1+ 20
, 0.05
Vy(t)| 0.5V — =20 (rL 4 0.65R,, + 0.36Z,) . (52)
= (46) ty

ot t
! The RLC (48) and RC (52) crosstalk models are unified by the
following condition:
tpeak = tf + Cr, (TL + 0.65R;, + 0.36Zo) Condition Il: “If L < Liyax, Voeak = Vp, tle, eIseVpeak =
max(V, iic, Vp,rc) WhereL,,. is the solution 0bV, ,1./0L =
% In ( Viin ) (47) 0" The normalized peak crosstalk is plotted against the normal-
§2 CL(rL+0.65R +0.36Z,)

ized line resistance for different values Bf,./Z, andCr,/cL

for tpeak gives
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Fig. 9. Normalized peak crosstalk versus normalized line resistance for P (k)

different values ofR,,./Z, andC /Z,. Fig. 10. Design plane—line resistance versus number of repeaters—for delay
<=1.2t; and peak crosstalk = 15% of V;,. For any particular number of
repeaters, there is a range of line resistances that satisfy the delay and crosstalk

in Fig. 9, which compares Condition Il with HSPICE simulaconstraints. The region of operation is enclosed by an envelope.
tions of a distributed RLC line, as well as with a lumped ele-
ment model similar to [8]. The error between Condition Il and
HSPICE is less than 10% for practical value§ df < rL/Z, <

L=3cm, h=30, C =27.6 fF, R,=78.4 Q, r=70 Q/cm

o
)
a

T r 1.6
oo Normallzed Peak Crosstalk

PN

= =2

5,0 < Cr/eL <0.1,and0.25 < Ry, /Z, < 1. i o o® ©®Normalized Time Delay | 45 §

2 020 F°® \n\ A:V,,=0.23V,, t,=1.05t, D

V. DELAY-CROSSTALK DESIGN SPACE § B B:V=012V 1121 114 §

] o o 9 -

Inserting repeaters in global interconnects can cause 1) ang 0.15 | 1 8 repestersi Ve [45% 1 6% | 13 3

increase inC', /cL for each interconnect segment by adding 2 hh 3

load capacitance and decreasing the line capacitance (becausgs_ ® e0®® *%12 e

the segment length is shorter than total wire length) and 2) — 0.10 oo’ ® ;

reduce propagation delay. By reducing wire cross-sectionalﬁ 00®® o B n\ 111 :3
area (increasing wire resistance), the inductive effects can‘é’i "'/A / "

be mitigated resulting in a decrease in inductive crosstalk. 005 "% 4 6 8 10 12 12 16 15 20

However, the higher line resistance causes propagation delay Number of repeaters (k)

to increase. An optimal c_omblnatlon of repeater insertion a%_ 11. Crosstalk and delay versus number of repeaters, for fixes
reduced wire cross-sectional area would decrease inductige Q/cm. Inserting eight repeaters (B) decreases crosstalk by 48% and
crosstalk and wiring area, while maintaining constant deldfjcreases time delay by 6%, compared to inserting two repeaters (A).

In fact, for a target delay and peak crosstalk, there is a range

of permissible wire resistances (cross-sectional areas) for each TABLE |
. . USING REPEATERSDECREASESCROSSTALK (AND INCREASESWIRING

number of repeaters (Fig. 10). The upper limit of each range, DENSITY) WITHOUT PENALIZING TIME DELAY
determined by the delay constraint, maximizes wiring density
and minimizes crosstalk, while the lower limit, determined by #ofrep + i Peak
the crosstalk constraint, minimizes propagation delay. Thus, driver r(@em) | Timedelay | . o talk
the specified design constraints on maximum permissible time
delay and crosstalk delineate a feasible region in the “per unit 1 48.9 1.2; 23.4%
length line resistance—repeater count” design plane in Fig. 10.

The other design decision that can be aided by Fig. 10 is deter- 9 203.5 121, 11.5%
mining how many repeaters to use to balance crosstalk and time ’ ' '

delay, if the interconnect geometries are fixed. Fig. 11 shows

the tradeoff between crosstalk and time delay versus number
of repeaters for a fixed (or wire cross-sectional area). For £2Nd Wiring cross-sectional area by 83% without any additional

3-cm-long line, inserting two repeaters would decrease tifi§!2y Penalty, when compared to a line without repeaters.

delay but increase crosstalk (point A). This illustrates the fact
that unless interconnect repeater circuits are carefully designed,
inserting repeaters to reduce delay could increase crosstalkNew compact expressions for time delay, repeater insertion
However, when ten repeaters are inserted (point B), then ted crosstalk in distributed RLC lines with capacitive load have
peak crosstalk decreases by 48% with only a 6% delay penabigen presented. For some practical ranges of the line parame-
compared to point A. Table | illustrates a carefully plannetérs, the error is approximately 2%, 2%, and 10% for time delay,
repeater circuit design that inserts eight repeaters in a 3-cm-lamgeater insertion and crosstalk, respectively, when compared
global interconnect, thereby reducing peak crosstalk by 51%,HSPICE simulations. In addition, it is shown that intelligent

VI. CONCLUSION
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repeater insertion, with the aid of these new physical modets)d N « 1, the approximations in (55)—(57) can be neglected
can reduce crosstalk by 51% and wiring cross-sectional ateaomparison to (54). Alsd?/M =~ 2. Settingt; = LVlcand

by 83% without increasing delay compared to a reverse-scalédd,= 41/rC1,Z,, (54) can be used to approximate (2) as
single-driver circuit.

V(D ) = Vig 220 o(=r)/21 [1 _ e—(l/cLzoxt—m}

APPENDIX Zo + Rir
EXPRESSION FOR50% TIME DELAY MODEL X uo(t —tg). (58)
LetViin(L, ta) = Vaa/2,i.€.,t = tq4is the 50% time delay.
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