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Abstract

Simple yet realistic MOS model, namely o-power law MOS
model, is introduced to include carrier velocity saturation effect
which becomes eminent in short-channel MOSFETs. The model
is an extension of Shockley’s square law MOS model in the sa-
turation region. Using the model, closed-form expressions are
derived for delay, short-circuit power, and transition voltage of
CMOS inverters. The resultant delay expression includes input
waveform slope effects and parasitic drain/source resistance effects
and can be used in simulation and/or optimization CAD tools. It
is concluded that the CMOS inverter delay becomes less sensitive
to the input waveform slope and short-circuit dissipation increases
as MOSFETSs becomes small.

Introduction

An expression for CMOS inverter delay was first introduced
by JR.Bums[l]. However, the MOSFET model used in the
theory was Shockley’s simple formula which can not reproduce
voltage-current characteristics of the recent short-channel MOS-
FETs. Moreover, Bums’s expression does not include input
waveform slope effect and source/drain resistance effect. The
source/drain resistance effect is important in estimating delay de-
gradation by parasitic diffusion resistance of MOSFETs and hot-
carrier degradation effect in circuit level[2,3]. Hedenstierna and
Jeppson take into account the input waveform slope effect on in-
verter delay[4], but the theory is also based on Shockley model.

In considering these points, a new MOS model is introduced.
Although the model is simple and can be treated analytically, it
reproduces the short-channel MOSFET characteristics better than
Shockley model. Using the model, closed-form expressions are
derived for delay, short-circuit power, and transition voltage of
CMOS inverters.

Simple Short-Channel MOSFET Model

Figure 1 shows a comparison between Shockley model and
measured MOSFET Vps—Ip characteristics for lum NMOS
transistor. It is clear that Shockley model fails to reproduce the
I-V characteristics of the recent MOSFET. The biggest discrepan-
cy comes from neglect of velocity saturation effect of carriers{S].
Figure 2 shows Vgs—Ip characteristics in the saturation region.
As seen from Fig2, drain cument Ip is proportional to
(Vgs—Vm)® Shockley model claims that o=2, whereas the meas-
ured value of o for around 1 pm rule is 1.2 for N-channel MOS-
FET and 1.5 for P-channel MOSFET because of the velocity sa-
turation by gate-source voltage Vgs.
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Taking the above discussion into account, a-power law model
as seen in Fig.3 is proposed. The model is based on four parame-
ters, Vpy (threshold voltage), Ipy (drain current at
Vgs=Vps=Vpp): Vpo (drain saturation voltage at Vgs=Vpp), and
o (velocity saturation parameter). All these parameters are easily
obtained from measured data, and especially Ip, is a good index
of the drivability of MOSFETs and frequently used by VLSI
designers. The model equations are given below.

0 (Vos £ Vu  : cut-off region)
Ip=4 Upo'/Vpo)Vps (Vps < Vpg' : triode region)
Ino’ (Vps 2 Vpo : pentode region)'Eqs‘1
.where
, Vos — Vru |* Vs = Vru |2
IDO = IDO - y V = V; Sy e——
[VDD - Vm P~ "\ Vpp - Vi | Egs2

Input Waveform Slope and Delay

By using the o-power law model, an expression for the delay
is derived. First consider the case of discharging the output capa-
citance with NMOS as shown in Fig.4, where the input voltage is
varied linearly in transient time of t;. In this case, the effect of
PMOS can be neglected as is pointed out by Ref.[4]. Figure 5
shows a comparison of the delay calculated using SPICE MOS
level 3 model[6}, the a-power law model and the Shockley model.
Better agreement is shown between SPICE and the proposed
model. After the conventional manipulation of differential equa-
tions, the delay, t, and t;;y can be expressed as follows.

Vr/Vpp + & 1 ]
tr

s s = [_______ 1 CLVDp

2Ipo Eq.3

In the above expression, the first term is the input dependent term
which is linearly dependent on the input slope ty, and the second
term is the output capacitance dependent term. This expression is
independent of the triode region model of Egs.1 and 2, when Vp,
is near or less than half Vpp, which is typical. A comparison is
madz in Fig.6 between SPICE simulation and calculation with the
above formula.

It is interesting to note that the delay becomes less sensitive
to the input slope when MOSFET becomes miniaturized and o be-
comes smaller, because the factor (Vqu/Vpp + @) / (1 + o) — 1/2
decreases monotonously as o decreases. This is assured by Fig.6,
where o for NMOS (t,y1) is 1.2 and o for PMOS (tor) is 1.5.

Next step is to approximate the real input waveform by a
rumped waveform to obtain effective ty. As seen from Fig.7,
good approximation is achieved by connecting 0.1Vpp point and
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Fig.1. Measured Vps—Ip characteristics and Shockley model.

—= measured

- —- Shockley
model
W _toum
L ium
tox =20 nm

effective resistance

In pentode region

Vgs = 5V R
3 L4 L) L] L]
=== Ipo
affective resistance /I ’/k.—" 7
In triode reglon < /T [y Viu Vour
RS
ll,, 101
2
Voo
Vi Vo
¢
Vss
1 A BC F
time
— measured
-—= O-power law
_______________ model
0 L. L A
] 1 2 Voo 3 4 5
Vpg : drain - sourca voltage (V)
Fig.3 Proposed o-power law MOS model
L] LE ¥ T T ) ¥ L] L
5
4} J
Viy Vos -
2501F "
ot s
2 b Shockley mod\el\\ WiL = 1oumApm ] E‘
/' k . 3
1 a-power law model \ 1
/' S
o MOS level3 model b
1 L 1 1 )l 1 1 i L
0 0.5 1
time(ns)

Fig.5 Comparison of discharging waveforms

75

T ) T L] | i LI |
NMOS
E
- 2} Vps = 5V
P!
[=
£
35 .
(2]
£ PMOS
s
- 1}
-]
- measured
measured
o H 1 'l L
0 1 2 3 4 5
| Vgs | : gate - source voltage (V)
F]g.2 VGS_ID characteristics
Voo
0.9Vpo
Ve Vo
Va c
@ VIN VO
gv input output
=‘°- 0.5Vpp °
> t
Voo i
Vin
0.1Vpp
1 T 1 + 1 1
.:"i w X ottt tpe toe time
oo 2
ion Ll i i >
region r 1! 2 3 1 Py -
A*A — B—c—op — g — F
Fig.4 Discharging waveform and notation
1.5 ¥ '
----- touy caluculation
o simulation
a--"1 L calculation
- [ simulation
1 8- b
f’g"’
0.5} “~" tecalculation 4
o simulation
o calcutation
[ simulation
o L
0 1 2 0 05 1

ty : input transition (ns ) C, : load capacitance ( pF)

Fig.6 Calculated and simulated value for t,1;; and toHL



0.9Vpp point, when the input slope is similar to the output slope,
which is often met in real VLSIs. Using this approximation, the
delay estimation is carried out for the circuit of Fig.8(a), together
with the result in Fig.8(b). Using the same assumption, tr is ex-
pressed as follow, and the normalized delay calculated by this for-
mula is plotted in Fig.9.

to—ti1 _ CiVpp |09 Vo 10Vp,
= = =2 4

0.8 IDO 0.8 0. SVDD eVpp Eq4

If it is assumed that Vpo/Vpp=0.5 and o=1.5, which is typi-
cal, the delay of Eq.3 is simplified as 0.75C;Rs using Eq.4, where
Rs (= Vpp/Ipg) is an effective pentode resistance of MOSFET as
shown in Fig.3.

Figure 10 shows the delay variation with Vpp, using the a-
power law MOS model. It is seen that the delay dependence on
Vpp gets milder when the velocity saturation gets worse, that is, o
tends to 1.

Effect of Source and Drain Resistance on Delay
Figure 11 is static characteristics of MOSFETs with drain
resistance Rp, or source resistance Rg. In order to include the
source/drain resistance effect, only the following substitutions are
to be made. Then, the above discussions and expressions are all
valid. These substitutions are easily derived from Egs.1 and 2.
o Rs

Ijp o Ipg/ |14 —2% .5
Do~ Do 1— V/Vpp Rs

Vo Vo + Rp + Rg
Vop  Vpp Rs  Rs Egs.5

Figure 12 shows a comparison between the calculation by the for-
mula and SPICE simulation. The inverter delay with the resis-
tance inserted tuns out to be approximated as follows for around
1pm MOSFETS.

A A R. R R, R

S B Rs 1Rp 1R 1Rp

tin  tin Rs 3Rs 2R; 6R; Eq6
-where Rj (= Vpy/lpy) denotes an effective triode resistance of
MOSFET. If the resistance is inserted only in series with the
NMOS and not with PMOS, then the inverter-chain delay degra-
dation is about a half of the above formula.

Short-Circuit Power in Static CMOS Circuit
There is a direct current path in a CMOS inverter when both
of the NMOS and PMOS are on. The expression of the power
consumed in this mode is first given by Veendrick[7], based on
Shockley model. By replacing the MOS model from Shockley
model to the a-power law model, the short-circuit power con-
sumed per one switching, Ps, is expressed as follows.

2

Ps = 2:-Vpp2 jo In(Vgs = Vpp t/ tp) dt
Voo o 1 11 (=2 Vy/Vpp)*!
ST o e T T SV Von)® | EqT
If a is set to 2 as in Shockley model, this formula is reduced to
Veendrick’s formula. The result is not dependent on the triode
model. The plot of the formula is given in Fig.13. It is seen that
the short-circuit dissipation component increases as MOSFETs be-
come smaller and the velocity saturation index ¢ decreases to uni-
ty.
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Transition Voltage

The logic transition voltage, or inverting voltage[8] of a
CMOS inverter can also be calculated by the o-power law model.
Equating drain current of PMOS and NMOS in the pentode re-
gion, the following formula is derived for the transition voltage,
Vinv, with an assumption that the threshold voltage of PMOS and
NMOS is equal to Vqy and the PMOS and NMOS have the same
a.

- Vi _ (oo / Toop) " (Viu / Vi) + (1 - Vg / Vipp)
Vop (pox / Ipop) M +1 Eq.8

where Ingp and Iy stand for Iy of PMOS and NMOS, respec-
tively. The result is graphically shown in Fig.14, indicating that
Shockley model, where « is set to 2, is not a good approximation
in estimating the transition voltage. It is seen that as o becomes
small, the transition voltage becomes more sensitive to the gate
width ratio of PMOS and NMOS, that s, Inop / Ipon. This result
is not dependent on the triode model.

Summary

Useful delay, power and transition voltage expressions are
derived with a new MOSFET model, which can be used for CAD
tools. It is shown that as MOSFETs get miniaturized, the CMOS
inverter delay becomes less sensitive to the input waveform slope,
and to the Vpp variation. In addition, short-circuit dissipation in-
creases, and transition voltage becomes more sensitive to the gate
width ratio of PMOS and NMOS.

Further extension is preferable for triode region characteristics
modeling to increase precision, although the results obtained here
remain essentially unchanged. It is because all formulas except
Eqgs.4 and 5 do not depend on the triode model. Since the pro-
posed model efficiently models the short-channel MOSFET, it can
be used to modify the classical expressions based on Shockley

model. One interesting application is on a CMOS arbiter optimi-
zation[5].
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