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ABSTRACT

Closed-form formulas for optimum buffer insertion where the
junction capacitance is taken into account are proposed. In order
to use the derived formulas, an appropriate choice of the effective
linear resistance of the driving transistor is also clarified. Using
the proposed formulas, the optimum interconnect delay and
power comparison between bulk and SOI CMOS technology are
discussed. The calculation results show that both the optimum
delay and power with SOI can be reduced by 15% compared with
the bulk MOSFET whose junction capacitance is assumed to be
equal to the gate capacitance.
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1. Introduction

Interconnect delay optimization by buffer insertion is an
indispensable technique for deep submicron VLSI's. RC models
for MOSFET's have been used to optimize the buffered
interconnect. As for the resistor, the transistor has been
approximated as a linear resistor without detailed consideration
on the non-linear feature of MOS I-V curves. As for the
capacitance, the junction capacitance, C, has often been
neglected [1] or even if C; is taken into account, the delay
formula including C; is not sufficiently accurate. Moreover, the
existing theories for buffered interconnect optimization are
lacking in the trade-off between the delay and the power
consumption although the power is one of the most important
index in future giga-scale integration.

In order to overcome the shortcomings of the conventional
approach, in this paper, approximation of MOSFET as a linear
resistor is investigated and the delay formula including C; is
proposed.
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Figure 1 Distributed RC interconnect model

The paper also gives attention to the power consumption inthe
optimization process and derives closed-form formulas for
optimum buffer insertion. The results have been applied to bulk
and SOI technologies and implications of buffered interconnect
on technologies are discussed.

2. Analytical Model for Buffer Optimization

Figure 1 shows a basic configuration of buffered interconnect.
The inductive effect is neglected in this paper since the effect on
optimum buffer inserted lines will diminish and become
negligible for global interconnects in the future [2]. In order to
minimize the delay, uniform buffers are inserted [3]. The delay
formula without buffers can be approximated as (1). Suffix 0
signifies quantity per unit size or length.

This expression is newly derived and the relative error of the
delay of (1) and the SPICE simulation results is shown in Table I.
The relative error is within 3% when C,=0 and within 8% when
C; is equal to or less than Cr, which is the input capacitance of a
transistor.

When the buffers are inserted like in Fig. 1(b), the optimum
size of the buffers and the optimum number of the buffers can be
derived analytically as
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10 38 | 75 | 64 | 19 | 10 that the delay of optimally buffered interconnect is approximately
100 [ 36 | 76 | 65| 20 | 1.0 scaled as+/s where s is a scaling variable. It is also shown that
the optimal condition is met when inserted buffer delay is
approximately equal to the interconnect delay.

ot C R In order to use the derived formulas, the effective linear
d _ O N h — INT040 (2)
oh - OPT — R c.’ resistance of the unit-sized transistor (Ry) has to be determined
INTO“0 . o . .
from device characteristics. Here, an appropriate choice of the
effective constant resistance is to be discussed. The waveform

* Errors are in percent.

dt, D1 RivroCinro of the input voltage (Vy), driver output voltage (Vy) and
— = 0= kopr =Ly S~ o 3) ; o Fi
ok R, (C, +CJ0) interconnect output voltage (Voyr) are shown in Fig. 2. The
waveforms can be considered as the ramp waveforms and
hopr 1s the optimum size of the buffers and kopr is the optimum a-power model [4] is used as the drain current model.

number of the buffers. Ly is the interconnect length. In order to derive R, one section of buffered interconnect is

Substituting hppr (2) and kgpr (3) into (1), the optimum delay approximated by one-step m RC circuit connected to Ry [5],

(t40pr) can be expressed as depicted in Fig.3. R; and C; are the interconnect resistance and
interconnect capacitance of one section, respectively. Cy is the
sum of C; and C/2 and Cyyy is the sum of C; and Cy/2. The

tiopr =2Live| N 1P + o / TinroT Moso expression for Ry is calculated first assuming the following points

CJO I and then evaluated using rigorous simulations.
=2. 4L1NT1/1' wrotamoso  (when C o =0) . (a) Fanout is set to 1, since sections are repeated.
(b) Vyand Voyr are start to fall at 7/2 simultaneously as in
= 2.0LinryTinroTioso  (When Cpp = Cy) Fig.2.
(c) The time constant of Vyyr (Toyr) is twice as large as that
Tivpo 18 the time constant of interconnect (=R;ymCivio) and Tyoso of Vx (7y), as in Fig.2.
is the time constant of a buffer (=Ry(Cy+C)y)) which corresponds (d) Cx=Cour

to the inverter delay with fanout of 1. The optimum delay is
proportional to a geometric mean of the

tg =1 R Coinr + P2 (RrCr + R Cy + Ry Cryr + Ry Cr)

=k[p1 R]NT(/)CL[NT C[NT/OCLINT +p2(ﬁh(co +CJ0)+% CINT/OCLINT + R]NTOkL[NT hCO ):| (1)

where p;=0.377 and p,=0.693
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Figure 4 Definition of Rs and R;

7y and 7,7 are described as

Ty =Ry(Cx +Cour) %)

Tour = Ro(Cx +Coyr) + R Coyr =27y (6)
Vy is expressed as the function of zy.

t

VX =VDD l-e Tx (7)

Vy is Vpp at T/2 and falls to Vpp/2 at 37/4 as is shown in Fig.2.
Then, T can be derived from Eq.7.

_r/4

e u’:% (8)

—T= (41I12)R0(CX +COUT) = (41I12)ROC

where C:( CX+COUT) .

The total charge which is discharged during 7/2~37/4 is
written as

1 1
AQ :ECXVDD +ZC[VDD
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From the viewpoint of the drain current which is expressed as
1=BWVgs ~Vir)™> (10)

the total charge supplied from the input buffer between 7/2 and
3772 (AQ) can be calculated.
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where vi=Vry/Vpp.

Rs, which is the transistor resistance when Vpg=Vs=Vpp (see Fig.
4), is written as

Rg=— DD - . (12)
BUpp —Vr)*  BVHp (1—vp)?

Substituting (8), (9) and (12) into (11), following equation is
derived.
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From (13), the effective linear resistance can be solved as the
function of R;.

Ry _3-(a+l) (1-v;)®
Ry 32:In2 (3/4—v, )" —(1/2-v;)*"!

. (14)

where vy is Vyy/Vpp.  In order to give insight into the parametric
dependence of 7, (14) is simplified as

R Rr/h
Rs  Vpp/Ipg

(15)
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This expression acts as a bridge between the effective transistor
resistance and device characteristics. In Fig. 5, the SPICE
simulation results are compared with (15). Different technology
models and various interconnect width and height are used for
this simulation and the validity of (15) is confirmed. Figure 6
shows the optimum delay comparison between the proposed
method where the effective linear resistance (R) is used and the
conventional method in [5] where the linear resistance is chosen

as the R; (=1/(maximum drain conductance) as is shown in Fig. 4).

The discrepancy between the delay simulated by SPICE with real
buffers and a distributed RC line and the calculated delay with the
effective linear resistance (R,) is within 3%. On the other hand,
the discrepancy between SPICE simulated delay and the delay
calculated with the conventional R; is more than 30%. On the
other hand, the discrepancy in power between these methods is
within 6% (see Fig.7). The optimum buffer size (hgpr) is
proportional to \/E and the optimum number of buffers (kppr)
is proportional to 1/ \/E . This is why the total power with
buffers, which is proportional to /gpr *kopr, is unchanged even if
the effective linear resistance is changed.

Then, in order to confirm the validity of the proposed formulas
for hopr, kopr and t,0pr, theoretical calculations and SPICE results
are compared. The model parameter set for SPICE simulation
and for proposed formulas are extracted from measured data with
0.25um PD-SOI technology whose test chip is shown in Fig. 8.
The SPICE model agrees well with the measured results as in Fig.
9. Figure 10 shows the Aopr, kopr and t,opr comparison between
rigorous optimization results with SPICE and the
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calculated results. Figure 11 shows the power dependence on
the C;o/Co. When the junction capacitance is negligible, both the
optimum delay and the power with buffers are suppressed by 15%
compared with the MOSFET with C;=C,. It is shown from (2),
(3) and (4) that the 15% reduction on power and delay is
independent from the technology node.

3. Interconnect Delay and Power
Comparison Between Bulk and SOI
Technology

Extending the analysis, the optimum interconnect delay
comparison among bulk, PD-SOI, FD-SOI and double-gate
structure [6] is discussed using the simple model.  The
characteristics of these models are listed in Table II. We set the
leakage current of these structures equal to make the comparison
fair. Then, Vzy; of FD-SOI and double-gate can be lowered since
the S-factor is smaller than other structures. Cj/Cyand Viy/Vpp
are the measured data of five different technologies. C,/C, of
conventional bulk process are 0.7~1.3. This value does not
change drastically over generations.

The calculated results are shown in Fig. 12. PD-SOI with
body contact is 12% faster than bulk CMOS technology due to
the small junction capacitance. It is often discussed that SOI
technology does not give speed and power improvement over
bulk CMOS technology in deep submicron designs, since speed
and power are determined by interconnects and SOI technology
does not change interconnect layers. It is not necessarily true
because deep submicron interconnect systems need relatively
large buffers and due to the improvement through buffers, SOI
technology still enjoys advantage over bulk CMOS. The delay
can be further decreased by using PD-SOI with a floating body or
FD-SOI since the drain current is enhanced by the kink effect and
the lower threshold voltage. If lower C; is achievable with bulk
CMOS technology, the bulk technology approaches SOI results.

In the optimally buffered interconnect, the power dissipation
increases due to the buffers. Here, the trade-off between power
and delay is discussed. Let us introduce the parameter, p, which
is the ratio of the total power (buffers and interconnect), Prozy;, to
the power consumed by pure interconnect, P;yy.

_ Prorar _ Civy +kh(Co+Cy) (16)
Pyt Civr

p

If p is fixed, the optimum buffer size, /, the number of the
sections, k, and the delay, #;, can be expressed as follows.
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Table I Bulk and SOI structure

Cy/Cy Vir/Vop

Bulk 0.92 0.18

PD-SOI 0.13 0.18
(body contact)

PD-SOI 0.13 0.18
(floating)

Ion % 1.15 (kink)

FD-SOI 0.13 0.13 S=60mV/decade

S=60mV/decade
Tonx2 , Cpx2

Double-gate [5] 0.13 0.13

Bulk
(C40=Co)

PD-SOI
(body contact

PD-SOI
(floating)

FD-SOI
(S=60mV/dec)

Double gate
(S=60mV/dec)

0 02 04 06 08 1
Normalized optimum delay (Bulk = 1)

Figure 12 Delay comparison between bulk and SOI
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hopr Cp
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kopr niCy
td _ 1 pCP
Laorr x/p_l + x/p_z (p-1)C
where
Cp= Pl(Co +CJO)+ cho(P—l) (18)

The delay dependence on the total power is calculated using
the proposed formulas. The result is shown in Fig. 13. It can be
seen from the figure that the power can be reduced by 20% if
delay is allowed to increase by 5%.

4. Conclusion

Closed-form formulas for optimum buffer insertion with the
junction capacitance effect taken into account are proposed and
an approximation of MOSFET as a linear resistor is investigated.
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Figure 13 Delay dependence on total power

Using these formulas, the optimum interconnect delay
comparison among bulk, PD-SOI, FD-SOI and double-gate
structure is discussed. If the junction capacitance can be
negligible, the optimum interconnect delay is 15% smaller than
the delay when C;=C,. MOSFET with small junction capacitance,
like SOI, can suppress the interconnect delay by 15% compared
with MOSFET with Cj=C,, like conventional bulk MOSFET.
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