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ABSTRACT

The trend toward device miniaturization makes it necessary
to scan a wide range of supply and threshold voltages and
different types of FETs, so that optimal performance is ob-
tained. Such a scan is best done by physically based models,
so that predictive circuit modeling can be done to project
and optimize circuit performance well into the next decade.
Circuit simulators like HSPICE cannot be used for predic-
tive modeling and thus a methodology is needed to use ex-
isting FET physical models to predict circuit performance.
Such a methodology is proposed in this paper and verified
against HSPICE. The proposed method works for a wide
range of supply voltages, for a variety of FETs and avoids
any numerical integration.

1. INTRODUCTION

The current trend toward device miniaturization makes it
necessary to look at different supply and threshold voltages
and different types of FETs for future generations, in order
to identify the optimal configuration for a given application.
The predictive capability depends both on the underlying
FET models and the way these models are used to extract
power and timing information. In this paper, the FET model
proposed by Austin[1] is used. The model is transregional
in nature, i.e. all regions of operation are modeled by main-
taining continuity across regional boundaries while includ-
ing lateral and vertical high field effects. This model was
used successfully by Bhavnagarwala[2] to perform a mini-
mum total power analysis. The model is entirely physical
and avoids any parameter fitting. Therefore, the model is
extremely useful for predicting the performance of technol-
ogy generations over the next decade.

Predictive circuit modeling for near term generations
can be done in a way similar to that in [3]. In fact, using our
physical FET models, one can calculate some of the criti-
cal BSIM parameters physically. Due to lack of space, the
expression for only one such parameter - DVTO(VT rolloff
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coefficient), is given:

N,
DVTO = (1 e o ‘ﬂs—f’)

o — 2¢F

FaSIES

where,

A2
(= [1 + %silq (1+ (Zi') )} (1 + exp(—AL))

where v is the body bias factor and A is the Eigen solution
of tan(Ad) = Coc/ Aesi.

Predictive circuit modeling for long-term future gener-
ations cannot be done using the approach proposed in [3],
since more than 90% of the BSIM parameters are not pre-
dicted but kept the same as that for a previous generation.
For long-term predictive circuit modeling, one would con-
sider a chain of inverters since worst-case delay of a critical
path can be simulated by replacing complex CMOS gates by
their worst-case inverters [4]. A number of methods, mostly
analytical [1],[5],[61,[7], have been proposed to model the
inverter delay. Either most of them are based on the alpha-
power law proposed by Sakurai[8], which is unsuitable for
predictive modeling since it makes use of fit parameters, or
are valid only in a small range of supply voltages{1]. Also,
there exists a class of FETs-the buried channel accumula-
tion(BCA) FETs, which have five regions of operation [9].
Although deriving analytical equations for the delay is pos-
sible for inverters using such FETs, the derivation would
be subject to numerous assumptions and thus the resulting
equations would be valid only in a small range of supply
voltages. A method is desired that is valid over a wide
range of supply voltages, makes use of physical models and
is applicable for a variety of FETs, so that power and area
optimizations can be performed by scanning a wide design
space. Such a simulation method is proposed in this paper.

The proposed method is called tick based, wherein a
“tick” is a point in time. Since SPICE parameters are read-
ily available for the surface channel inversion(SCI) device,
a SCI FET is considered in this paper to validate the tick
based methodology. '

III - 791



1,=57A, F=2500m, Wne40), stap Up. V,=1.5V 178 AN BN

—_ T
Y100, V084V FOm1 (O 3
O, — bow

]

| bl Wik R Rkt i}
'
1
i
=
Lol disdund

4.00408 0OF
-28 -
—8.00-04 ) AN U B
50 %0 0 n » »
tipe)
(®

Fig. 1. (a)Various components of ljnear, (b)components of
linear Shown as a percentage of the total current

2. TICK BASED METHOD

Consider a critical path modeled by a chain of inverters. As-
suming equal rise and fall times and a step input to the first
stage, the delay of the critical path is[2]

_ _l_ _ Nep TPDnfinert

Tep i —— 1
where nc, is the number of gates in the critical path, fiqeq
is the effective fan-in factor, b is the clock skew factor and
Teon is the delay of the second or subsequent stages of the
inverter chain. Since short-circuit power is less than 10%
of total power in the S0nm generation[2], the short circuit
current can be neglected while estimating delay and power
to a first order. Thus Tppy, is just the discharge time through
an nMOSFET. At the output of any stage, it is known that:

. dv,
i= —CL—?‘;"—t @
Integrating both sides,
Vo 1 tn
dVour = ——-/ i.dt 3)
Va1 CL th—~1

n is the present tick and n-1 is the previous tick. At(=
tn — tn_1), the tick size, is made small enough to avoid
computational errors. Typically this value is chosen to be
1% or less of the expected delay value. At each tick, AV,
V1, Vin, Vbsat and Vg, are evaluated. AV, the thresh-
old voltage rolloff, is dependent on V4 and thus needs to be
evaluated at each tick.

The SCI device has three regions of operation - sub-
threshold, linear/non-saturated and saturated regions. The
I-V equations for the three regions of operation are shown
in Fig 2.

Vgs, is the input voltage at the present tick. This value
is determined based on the input waveform. If the input is
a step, then its value is Vgq for n > 0. Vps is the same as
Vout- VTo is dependent on AVt which in turn depends on
Vg4. The value of AV is found assuming V4 = Vg, _,. Ifa

small enough tick size is chosen, then the error due to this
assumption is extremely small. Lets first consider the sub-
threshold region of operation. The term involving Vps can
be neglected for most part of the output transition. Denot-
ing the time-independent term in the I-V equation as K, we
have:

I = Kexp {g [Vcs“ “Vro-— %] } @

Using eqn (3) we have,

1 .
Vout, = Vouto_, = "“EL‘K-eXP {% I:VGS,. - Vo — %] } At
)

Voutn=0 = Va4 for a falling output. Using this initial con-
dition and the above equation, V,,;; can be evaluated at each
n, until V,,,; has reached 10% of the maximum value.

If V4q is so low that the device always operates in the
subthreshold region, then the delay can be found using ana-
lytical methods. It can be easily shown that the propagation
delay in this case, assuming Vyq >> %I, is :

C.Vop ( n )
Tep = 1-— 6
PD o 7 BVoo ©)

Next, consider the linear/non-saturated region of operation.
In this region, the I-V equation can be rewritten as a sum of
three components: ljpear = 11 + 12 4+ I3, where,

1 = k(Ves, —V1o)Vps
2 = n{—%V%S}
4 Qso ( V[)s)3/2 ( 3Vos>
3 = w{ope0 (1, ~(1+2Y0s
n{3¢p Cox [ 2| ¢l 2 2¢¢

where,
WCox fto
L(1+ ) (L +6(Ves, = V1))

K=

Normally, I3 contributes very little to the overall current.
Thus this part can be evaluated using the previously calcu-
lated Vpg value(=Vy,_,). Fig 1(a) shows V,, and the var-
ious components of ljjzear. The three components 11, 12, 13
and V,; are plotted w.r.t. time. To get a better idea of how
large 13 is w.r.t. ljnear, the same curves are plotted as a %
of the total current. This is shown in Fig 1(b). I3 is seen
to be less than 10% of lyetay almost all throughout the decay
period . Thus I3 can be made time independent. The I-V
equation can now be re-written as:

1
==k {(VG = V1o)Vour — EVﬁut + ks} Q)
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Fig. 2. I-V equations for the SCI FET[1] '
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Fig. 3. I-V curves from transregional FET model and
HSPICE for TSMC 0.25um CMOS process

where ks = 13/x.
To evaluate Vq,;, We use eqn (3).

/Vont“ ) dvo;xt At (8)
Vo, 10VG = V70)Vour — V2,0 + ks}
Vouts
-1} =v.
tan {%ﬁkg }
20— VERRA) =EAt @
V' 2ks + k3 CL
Vout,_,

where kg = Vg — V1o. The above expression gives us an
analytical expression for V,,,,. Now consider the saturated
region of operation.

Vpsatr =f(Vg,) andisa known quantity. Vo is evalu-
ated with Vg = Vy,_,. Thus the I-V equation in this region
can be re-written as: -

Ip = ko — ky.exp [__B;m_ (Vout — VDSAT..)] (10)

Fig. 4. Transient waveforms at the first stage of inverter
chain

Using eqn (3), we have,
In (k2 - k1 Xp {— % (vout - VDSATn)})
I an
7
vOll‘n
+ (Vou = Vsar,) __At
L ks C

Vout,_4

The above expression gives us an analytical expression
for Vout,.

3. HSPICE VERIFICATION

TSMC 0.25um process was selected and the SPICE pa-
rameters were obtained from MOSIS[10]. To take care of
non-uniform substrate doping, one parameter in the TRM
was adjusted by around 10% and the resulting I-V match is
shown in Fig 3. Waveforms at the first and second stage of
an inverter chain are plotted and compared to the HSPICE
output. The results of these are shown in Figs 4 and 5. It can
be seen that the transient curves of the tick based method
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Fig. 5. Transient waveforms at the second stage of inverter
chain
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Fig. 6. Delay of second stage of inverter chain: comparison
between model and HSPICE

and HSPICE match very closely. Next, delay of the sec-
ond stage of the inverter chain is plotted, for varying Vgq.
This is to make sure that the assumptions made in the tick
based method are valid for a wide range of Vg4g. The plot
is shown in Fig 6. A very close match is seen between
the methodology and HSPICE. The tick-based method runs
more than 10X faster than a comparable HSPICE simula-
tion. The speed-up is because of the fact. that numerical
integration is avoided and most calculations are kept analyt-
ical.

4. CONCLUSION

The tick-based methodology is an extremely useful method
to easily use physically based, transregional models to predict
delay and power-frequency performance of future technol-
ogy. The method is valid over a wide range of supply volt-
ages and for a variety of FETs. Numerical integration is
avoided and thus more than 10X speed improvement over
HSPICE is obtained.
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