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Abstract—With the scaling of complementary metal-oxide—
semiconductor (CMOS) technology into the nanometer regime,
the overshooting effect due to the input-to-output coupling
capacitance has more significant influence on CMOS gate anal-
ysis, especially on CMOS gate static timing analysis. In this
paper, the overshooting effect is modeled for CMOS inverter
delay analysis in nanometer technologies. The results produced
by the proposed model are close to simulation program with
integrated circuit emphasis (SPICE). Moreover, the influence of
the overshooting effect on CMOS inverter analysis is discussed.
An analytical model is presented to calculate the CMOS inverter
delay time based on the proposed overshooting effect model,
which is verified to be in good agreement with SPICE results.
Furthermore, the proposed model is used to improve the accuracy
of the switch-resistor model for approximating the inverter
output waveform.

Index Terms—CMOS inverter, gate delay, nanometer technol-
ogy, overshooting time, switch-resistor model, timing analysis.

1. INTRODUCTION

UE TO THE input-to-output coupling capacitance, the

complementary metal-oxide—semiconductor (CMOS)
gate output voltage will be beyond the power supply range
at the beginning of the transition. That is known as the
overshooting effect and the time during which the output
voltage is out of the supply voltage range is defined as the
overshooting time. For the CMOS gate using conventional
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long channel transistors, the overshooting effect is seldom of
importance in digital circuits and is only of major importance
in analog circuits [1]. Traditional gate delay models [2]-[6]
associate a constant delay to an output-load related character-
istic of its size and input signal transition time without taking
into account the influence of the input-to-output coupling
capacitance. Similarly, the CMOS gate switch-resistor model
in [7] and the short-circuit power estimation model in [8] also
ignored the influence of overshooting effect.

With the scalingof CMOS technology into submicronmeter
features sizes, the overshooting effect becomes significant
and thus begin to be considered in CMOS gate analysis.
In [9]-[16], the nonlinearity induced by the input-to-output
coupling capacitance is taken into account for gate delay
models. In [17], [18], the power consumption estimation
models of CMOS buffers were given accounting for the
influence of the input-to-output coupling capacitance in
submicronmeter technologies. Since the overshooting time
becomes one of important parameters for CMOS gate timing
analysis or power consumption estimation, several empirical
models have been proposed to estimate overshooting time. In
[12], an expression was derived to compute the CMOS gate
delay time while the step input delay time was required. In
[18], an empirical model was proposed to estimate CMOS
gate power consumption. However, these models are still not
accurate enough in various conditions.

As CMOS technology enters nanometer regime, the over-
shooting effect due to the input-to-output coupling capacitance
becomes more significant and cannot be neglected anymore
because it has much influence on CMOS gate analysis includ-
ing CMOS circuit timing prediction, power estimation, and
output waveform approximation. However, there has been still
few researches to focus on the overshooting time estimation in
nanometer technologies. It has been customarily assumed as
constant values or zero. Therefore, it is necessary to develop
an accurate model of overshooting time suitable for CMOS
gate analysis. At the same time, it is also required to improve
conventional CMOS gate delay models when the increasing
influence of the input-to-output coupling capacitance is con-
sidered.

In this paper, the overshooting effect due to the input-
to-output coupling capacitance is modeled for the CMOS
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inverter delay analysis in nanometer technologies. By using
the proposed overshooting time model, an analytical delay
model is presented for CMOS inverters, and an improved
switch-resistor model is given to approximate the inverter
output waveform. The major contributions of this paper are
as follows.

1) The overshooting effect of CMOS inverter due to input-
to-output coupling capacitance is demonstrated to have
much influence on CMOS gate timing analysis.

2) The overshooting effect is modeled for the CMOS
inverter analysis in nanometer technologies. The over-
shooting time predicted by the proposed model is ver-
ified with 32nm predictive technology model (PTM)
[21], [22] to be close to simulation program with
integrated circuit emphasis (SPICE). Since the linear
approximation for MOS transistor drain current is used,
the proposed model can eliminate numerical iteration,
and thus results in short calculation time.

3) The proposed model is verified to be applicable to
various device models such as 32 nm PTM high-k/metal-
gate model [21], [22].

4) An analytical model is proposed to calculate the CMOS
inverter delay time based on the overshooting effect
model, and is verified to be in good agreement with
SPICE results.

5) The practical application of the proposed overshooting
effect model is shown to improve the accuracy of
the switch-resistor model. The simulation results show
that the switch-resistor model using the proposed over-
shooting time model can accurately predict the CMOS
inverter output waveform.

The rest of this paper is organized as follows. The problem
formulation is described in Section II. The proposed analytical
model of overshooting time is given in Section III. CMOS
inverter delay model considering the overshooting effect is
shown in Section IV, and the switch-resistor model considering
the influence of the coupling capacitance is given in Section V.
This paper is concluded in Section VI.

II. PRELIMINARIES

Fig. 1 shows a CMOS inverter with capacitive load Cp,
where the input-to-output coupling capacitance Cy, is consid-
ered. Fig. 2 shows the output voltage V,,; of CMOS inverter
for a falling input Vi, using CMOS 32nm PTM model [21],
[22]. t5¢ is the time for the gate output voltage from the initial
point to 50% Vpp point and #5y consists of the following two
parts.

1) Overshooting time f,,, which is caused by the input-to-
output coupling capacitance as shown in Fig. 2.

2) Gate output waveform rise time 7. from ¢ = t,, to 50%
Vpp point.

We thus have

150 = toy + 1. (nH

The gate propagation delay 7p is defined as the time interval
from Vi, = Vpp/2 to Vou = Vpp/2. From Fig. 2, we can obtain
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Fig. 2. Output voltage of CMOS inverter for a falling input.

the gate delay as

lin
tp = tso — > 2

It is known that CMOS gate output waveform #s, in nanome-
ter technologies consists of two main parts. One is the output
rise time #,. The other is the overshooting time f,, which is
generally ignored in traditional research. The delay time 7p is
thus expressed as

tin
Ip=toy+1 — . (3)

2
Fig. 3 shows the rise time 7, and the overshooting time 7,y
for various inverter sizes using the same 32 nm process model.
The negative channel metal-oxide—semiconductor (NMOS)
width W, varies from 80nm to 800nm with W, = 2W,.
Both positive channel metal-oxide—semiconductor (PMOS)
and NMOS transistor length L is 40nm. The capacitive load
Cy is equal to 0.01 pF, and the input signal transition time #;,
is 50 ps. From Fig. 3, it can be seen that the rise time decreases
greatly as the inverter width increases. The overshooting time
tov, in contrast, changes little with the increase of inverter size.

Authorized licensed use limited to: OSAKA UNIVERSITY. Downloaded on February 2, 2010 at 05:15 from IEEE Xplore. Restrictions apply.



252 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 29, NO. 2, FEBRUARY 2010

20 Btov Otr
s Bt
& 120
QL
E %0 .
[—.
(] SRR ARRHL SN AW BN NS WS AW

80 160 240 320 400 480 560 640 720 800
NMOS Width (nm)

Fig. 3. Gate output waveform rise time #. and overshooting time #,, with
various inverter sizes.
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Fig. 4. Gate output waveform rise time #, and overshooting time #,, with
various technologies.

Fig. 4 shows the delay time #p and the overshooting time
toy for various process technologies from 130nm to 22nm
with typical supply voltages [23]. The transistor length L is
the minimum feature size. The widths of all PMOS transistors
W, are ten times of L while W, is two times of W,. The
load capacitance Cy, is 0.01 pF. The input transition time f, is
also 50 ps. From Fig. 4, it is clearly shown that both times #p
and 7., decrease with the scaling of the process technologies.
However, the ratio of #,,/fp increases from 151% at 130 nm
process to 202% at 22 nm process.

Therefore, it is inferred from the simulation results in Figs. 3
and 4 that the overshooting time 7,, becomes one of the most
dominant parts of the output waveform of the CMOS inverter
as the process technologies enter nanometer regime. Moreover,
the overshooting time f,, contributes much more to 5y when
the inverter size increases. Consequently, the overshooting ef-
fect has more significant influence on CMOS inverter analysis,
especially on static timing analysis in nanometer technology.

Currently, the use of delay models for performance cell-
based delay calculation has become an industry standard
in practical delay calculation tools. As cells are connected
together by interconnect wires, the delay time of CMOS
circuits between the input signal to output signal is just the
sum of the delay time of each cell. Since the overshooting
time #,, is one of the most important part of the delay time,
the total overshooting time of each cell is also accumulated in
the delay time estimation.

To illustrate this, a chain of five inverters is used to observe
the output waveform of each inverter as shown in Fig. 5. It can
be seen that the overshooting time of the first gate propagates
from stage to stage before it arrives the last one. The time when
the output voltage V5 begins to fall from Vpp to ground is
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Fig. 5. Simulation results of the chain of inverters with 32 nm PTM model.

almost equal to the total overshooting time of all inverters. In
Fig. 5, the delay time #p of the inverter chain is 23.4 ps, while
the overshooting time f,, of all inverters is 25.32 ps which is
larger than the delay time of the inverter chain.

It is clearly shown that the overshooting time is one of dom-
inated parts in the inverter delay time estimation. Therefore,
it is necessary to develop an accurate model for overshooting
effect for the CMOS inverter analysis in nanometer technolo-
gies.

III. MODELING THE OVERSHOOTING EFFECT

The differential equation for the CMOS inverter of Fig. 1
loaded by a coupling capacitance Cj, can be described as

dVout d (Vm - Vout)
() =1, -, +Cy——— 4
L di p +Cum d “4)

where C is the output capacitive load including the inverter
diffusion capacitance, the interconnect wire capacitance and
the load gate input capacitance. Also, Vo, and Vi, are the gate
output and input voltages, respectively. I, and I, are the
PMOS and NMOS transistor currents, respectively. Here,
the differential equation is solved only for the falling input
ramp. Similar expressions can be derived for the rising input
ramp. The input voltage for the falling input ramp is expressed
as

Vobp t<0
V= (1=£) Vop: 0<t=1 5)
0 >t

where f#;, is the input falling time. The value of Cj in
input high state consists of the side-wall capacitance of both
transistors drain and the gate to drain overlap capacitance of
NMOS transistor in the linear region [18]

CM — Cox < Wn efszn eff

where W, and W, are PMOS and NMOS effective
channel widths, respectively, while L, . is the NMOS effec-
tive channel length. Also, Xp, and Xp, are the gate-drain

+XDpreff+XDaneff> (6)
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Fig. 6. PMOS and NMOS transistor drain currents /,, and I, during the
overlapping period.

underdiffusion for PMOS and NMOS transistors, respectively.
Cox 18 the gate-oxide capacitance per unit area.

Leakage current in deep-submicrometer regimes is becom-
ing a significant contributor to power dissipation of CMOS
circuits as threshold voltage, channel length, and gate oxide
thickness are reduced [24]. Fig. 1 shows an NMOS transistor
considering leakage currents, which include the oxide tunnel-
ing current I;, the subthreshold leakage I, the reverse-bias
pn junction leakage I3, and so on. Commonly, the leakage
components have very important influence for estimation
and reduction of leakage power, especially for low-power
applications. For the overshooting effect analysis, however, its
influence is very small and can be ignored in the proposed
method because the current components in (4) are much larger
than the leakage currents.

In the proposed model, we firstly define two time points
trp and t, min. As shown in Fig. 6, f7p is the time when the
PMOS transistor is on and t7p = (|Vrel/Vpp)tin, Where Vrp
is the threshold voltage of PMOS transistor. Also, t, min iS the
time when the output voltage is at its minimum. Then the
overshooting period can be divided into following two parts.

1) t7p = t > 0: PMOS transistor is off. The voltage of
the capacitance C; decreases from zero due to a partial
discharge through coupling capacitance.

2) toy =t > typ: PMOS transistor begins to conduct and
the PMOS current I, charges the load capacitance C;.
Then the voltage of the load capacitance increases. Once
the output voltage goes up to zero, the NMOS current
I,, becomes positive.

A. Proposed Model for t,,

At the time t = t,y, the charge of C is zero and the gate
output waveform rises from zero. Therefore, we have

0L=0,-01=0 @)

where Q; is the charge flowing out of Cy, and Q; is the
charge flowing into C; during the overshooting time.
We rearrange (4) as

Ic, =1,— I, +Icy )
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Fig. 7. Approximation of the current I¢, during foy.

where I¢, is the load current and Iy is the current flow-
ing through the coupling capacitance Cp. When ¢t < trp,
Ic, = Icyy — I,. When t = trp, the PMOS transistor turns
on. Then I¢, =1, — I, + Icy. Fig. 7 shows the load current
I¢, during the overlapping period. As shown in Fig. 7, the load
current /¢, can be assumed as linear during the charge time
t > t, min, that is verified to be valid by SPICE simulations
for various simulation conditions. Therefore, we can derive a
simple expression for Q; as

1 ov
M[tov — b min] (9)

TOV
(03} =/ I, (ndt =~
ty min
where I, (foy) is the output load current when ¢ = #,,. Since
Q1 = Q,, we obtain

_ 20,
ICL(IOV)

where the second term ¢, i, corresponds to the discharge time
and the first term 2Q /I, (toy) corresponds to the charge time.

When ¢ = t,y, the drain current /, should be zero because
the drain-source voltage Vpg of NMOS transistor is zero. Also,
due to dViy/dt > dVoy/dt during overshooting period, I, (foy)
can be expressed as

Tov + £ min (10)

in

dV;
ICL(tov) = CM dr

+1p(toy) (1)

where 1,(t,y) is the PMOS transistor current when ¢ = t,,.

From (10) and (11), it is seen that the overshooting time 7,y
is determined by Qi, f, min and I,(to). In the following, we
will show the detailed description of these three terms.

When ¢t < t7p, the PMOS transistor is cut off. Since
Vps K Vs, the NMOS transistor drain current can be simply
expressed as [1]

W
I, ~ K Z(VGS — Vin)Vps (12)

where K’ is the transconductance parameter, Vg is the gate-
to-source voltage and Vyy is the NMOS transistor threshold
voltage. Therefore, we have the expression

dVout d Vin
dt

C C
(CL+Cuy) ”

+B:(Vgs — Vin)Vouw = Cu

(13)
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where B, = K'W/L. When trp < t < t,mn, the PMOS
transistor is on and the expression for the output voltage is
more complicated. It is also inferred from Figs. 6 and 7 that the
output voltage Voue at t, min is close to the one at f7p because
the load currents /¢, at the two time points are almost zero.
The reason can be expressed as follows. When ¢t < #7p, the
current flowing out of the capacitive load begins to decrease to
zero because of the NMOS drain current. Then from the time
t = trp, the PMOS drain current starts to increase significantly,
and the load current becomes zero in very short time. The
solution of the differential equation when ¢ = t7p is given as
dVin
M~a
Bn(Vop—|Vre|—=Vin)

CL+Cy VbD

_ BnVpp—IVTPI=VIN) finl VP!
vout(tTP) = |:l_
(14)
Because of Vou(fy min) = Vou(trp), the charge Q) is obtained

from the output voltage and expressed as
01 ~ CrVoultrp).

When ¢ = t, min, since dVoy/dt = 0, the current flowing into
capacitance load is zero. Therefore, from (4) we can derive
the PMOS transistor current when ¢ = t, mi, as

dVin
M=t
where I,,(t, min) is the NMOS transistor current when ¢ = t,, yin.
Since the value of Vi (t, min) is close to Vou(t7p), L,(ty min)
~ I,(trp). Then substituting (14) into (12), we obtain

s)

]p(tv min) = Tn(fy min) — C (16)

dVin
dt

The assumption in (17) is reasonable because its accuracy is
determined mainly by the approximation for Vou(#, min)-

As shown in Fig. 8, the a-power approximation is very
close to SPICE simulation to predict the PMOS transistor
current. Thus, the a-power metal-oxide—semiconductor field
effect transistor (MOSFET) model [4] is used to calculate
ty min, and is written as

1—e Cr+Cy VDD

_ BV IVrpl=Viw) Vel , }
m

In(tv min) ~ CM (17)

(18)

Ves| — |V *
Ip(tv min) = Ipo <|GS||TP|)

Vop — |Vrp|

where Ipg is the drain current in saturation at Vgs = Vpg =
Vpp, « is the velocity saturation index and Vg is a function
of #, min- Note that although «-power MOSFET model was
proposed for submicronmeter transistor, it is still helpful to
model the transistor drain current in nanometer technologies,
especially when the drain-source voltage is almost constant
such as during the overshooting effect period. In this paper, o
is assumed as 1.57 for 32nm PTM model, which is verified
by SPICE simulation results. Thus, we obtain the expression
of 1y min

1
CM VDD e_ ﬂn(vl)lé*WTPFVTN) Vrpl fin o

ty min = trp + (tin — t7p) L+Cm VbD

Ipotin
(19)

In (10), I, is also determined by f,,. Although the «-power
MOSFET model or some other more accurate models can be
used to obtain f,y, the solution of such a nonlinear problem
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Fig. 8. «a-power approximation for PMOS transistor drain current.

200

160‘T

s0r Linear
Approximation
40 =
SPICE VorpL
0 i B ——
0 01 02 03 04 05 06 07 08 09
V, (V)

Fig. 9. Linear approximation for PMOS transistor drain current.

will result in complicated computation. To avoid numerical
procedures, an initial value for #,, is first solved by using
a linear transistor drain current model, as shown in Fig. 9.
Note that Vi is the PMOS gate voltage when ¢ = #,, and the
transistor current is described as

I, = In (|VGS| - |VTPL|>

(20)
Vop — | Vrpel

where Vrpp is the equivalent threshold voltages. The value is
obtained by extending the line and intercept with x-axis. Also

1,
[Vasl = = Vop. 1)
Through (10), (11), and (20), we can obtain
20,
foy = + 3 min 22
o fov—trpL Ino +CM% v 22)

Lin—I7PL

where t7p; = "‘//Zpgltin. By solving (22), we then can derive the

final expression for #,, as

20, 5
fov =lymin — Iy + ——(fin — trpL) + 1, (23)
Ipg
where
1 Vbbtin tin — trpL
t, == (fv min — trpr — Cyp—— ——= | (24)
2 tin Ipo

Here, Q) and ¢, min are obtained using (15) and (19).

Table I shows the calculation results for z,, with (23).
It is inferred that the model using linear assumption for
PMOS drain current is still not very accurate to estimate the
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TABLE I
COMPARISON OF THE TWO CALCULATION APPROACHES FOR foy

Input Signal (ps) Overshooting Time (ps) Error (%)
SPICE (23) Improved 23) Improved
20 16.38 14.9 16.15 13.90 1.40
100 57.64 54.68 58.36 5.13 1.25
200 101.6 101.31 101.38 0.29 0.22
300 141.5 147.5 140.5 4.24 0.70
100
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| O——6—6—6—6—6—06—0 ¢
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ﬁ o0 tin=80ps CL=0.06pF
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Fig. 10. Overshooting time #,, of the proposed method and SPICE simula-
tion for various gate drivability.

overshooting time. Therefore, another step is given to improve
the accuracy. Substituting the initial #,, of (23) into a-power
MOSFET model, the new drain current I, is solved. Then
using (10) and (11), the new value for t,, is finally obtained.
It is clearly demonstrated from Table I that the error to predict
toy 1s reduced significantly by using the improved method.

It is possible to improve the accuracy further by using iter-
ative computation based on new t,,. However, the calculation
time will increase because of numerical procedures. Moreover,
the proposed method using only two steps is accurate enough
to calculate the overshooting time.

B. Simulation Results

We have applied the proposed method to the CMOS invert-
ers to further verify its appropriateness with the same CMOS
32nm PTM model. Note that the length of all NMOS and
PMOS transistors are set to be L, = L, = 40nm. And the
ratio of PMOS width to NMOS width is W,/ W, =2/1.

Fig. 10 plots the results of overshooting time versus tran-
sistor widths which vary from 40 nm to 400 nm. Results show
that the overshooting time t,, decreases a little when the gate
size increases. Moreover, it is seen that the presented model
matches very well with SPICE simulations within 1.6% error
for various simulation conditions.

Fig. 11 shows the results of the proposed model and SPICE
simulation with respect to the various capacitive loads. The
capacitive load varies from 0.02pF to 0.2pF. Simulation
results show that the overshooting time f,, increases a little
against the capacitive load. The proposed model provides a
good estimation of the overshooting time for small and large
capacitive loads within 3.01% error.

Fig. 12 compares the overshooting time of the proposed
method, SPICE simulation and the model in [18] with respect

120
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100 |
o—6—60—6—6—0—6—6—06—"0
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Overshooting Time (ps)

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.183 0.2
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Fig. 11. Overshooting time #,, of the proposed model and SPICE simulation
for various capacitive loads.
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Fig. 12. Overshooting time #,y of the proposed model and SPICE simulation
for various input signal transition times.

to various input signal transition times. Note that the model
was proposed in [18] for CMOS gate power estimation, and
was also used to predict CMOS gate delay time in [16]. In
Fig. 12, the input signal transition time ranges from 20ps
to 300 ps. Also the width of NMOS transistor W, is 80 nm
while the capacitive load is 0.01pF. It can be observed
that the presented analytical model for the evaluation of the
overshooting time gives results close to those derived from
SPICE simulations with 2.06% average error. Moreover, the
prediction result of the model in [18] is not accurate compared
with SPICE simulation with 19.72% average error.

From the simulation results in Figs. 10-12, it is clearly
demonstrated that the proposed model is accurate for predict-
ing the overshooting time f,, in various conditions.

C. High-k/Metal-Gate Model

Since the gate oxide leakage current is increasing with
decreasing SiO; thickness, its scaling is becoming exceedingly
difficult. With further scaling, the high-k gate dielectrics and
metal gate electrodes will be required for high-performance
and low-power CMOS applications. Much work has been
done for high-k/metal-gate transistors in [25], [26] recently.
In this paper the proposed overshooting model is also applied
to the inverter constructed with high-k/metal-gate transistor,
where the 32nm PTM high-k/metal-gate models for high-
performance applications (PTM HP) and for low-power ap-
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Fig. 13.  Overshooting time 7,y of the proposed model and SPICE simulation
for various capacitive loads with 32nm PTM HP model.
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Fig. 14. Overshooting time f,, of the proposed method and SPICE simula-
tion for various gate drivability with 32nm PTM LP model.

plications (PTM LP) [20], [21] are utilized in the SPICE
simulation.

Fig. 13 shows the results of the proposed model and SPICE
simulation with respect to the various capacitive loads, where
32 nm PTM HP model is used. The capacitive load varies from
0.02pF to 0.2 pF. Simulation results show that the proposed
model provides a good estimation of the overshooting time for
various capacitive loads within 3.31% error.

Fig. 14 plots the results of overshooting time versus transis-
tor widths which vary from 80 nm to 800 m with 32 nm PTM
LP model. Results show that the proposed model reproduces
the overshooting time accurately compared with SPICE sim-
ulations with 1.17% average error.

Figs. 13 and 14 demonstrate that the proposed model is
applicable to predict the overshooting time of CMOS inverters
for various device models such as the high-k/metal-gate model.

IV. CMOS INVERTER DELAY ANALYSIS

In this section, the CMOS inverter delay analysis in
nanometer technologies is discussed with considering over-
shooting effect because the delay time is one of the most
important parameters for very-large-scale integration (VLSI)
circuit performance.

As shown in (3), the delay time 7 in nanometer technolo-
gies can be obtained if the overshooting time f,,, the rise
time #. and the input signal transition time #, are known.

0.8
Z 06t
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Fig. 15. Linear approximation for the current through capacitive load Cy, to
delay analysis.

Generally, the transition time #;;, is given in delay calculation.
In previous section, we have proposed an analytical model for
the overshooting time #,y. In the following, we will obtain the
analytical expression of the rise time ..

A. Delay Model

Fig. 15 shows the output voltage and output current through
capacitive load Cp for CMOS inverter in Fig. 1. It is seen that
the output currents /¢, can be approximated linearly in order
to simplify the analysis. Since the area with fill in Fig. 15 is
just the total charges stored in capacitor Cy, we can obtain

I¢, +1¢, ;
T(Iin - tov) + IénL [tr - (tin - tov)] =

Therefore, we can derive the expression for ¢, as

_ VDDCL + (12‘"1‘ - éi)(tin - tov)
21,

Vop

Cr. (25)

y (26)
where 12}, I{", are the load currents flowing through C, at the
times tov, fin in Fig. 15, respectively. Here, Ié’VL can be obtained
using (11). Commonly the PMOS transistor works in saturated
region because |Vgs — Vyp| < Vpg. Thus, the current I’C‘"L can
be approximated as the current Ipy of PMOS transistor. Then
substituting (23) and (26) into (3), we can obtain the delay
time of CMOS inverter.

In some cases, for example, when the load capacitance
becomes very small or the input signal transition time is very
slow, the 75y obtained using (23) and (26) will be smaller than
tin- Then the load current is difficult to predict, and the above
analysis is not accurate to calculate the rise time. However, as
described in [1], the rise time ¢, is linearly changed with the
input transition time f;,. Fig. 16 shows the rise time ¢, versus
the input transition time #, using the same 32 nm PTM model.
It is seen that the rise time #, almost increases linearly with
tin. Fig. 16 indicates that the linear approximation is close to
the simulation results. Therefore, the rise time #, for t;, > t59
can be approximately expressed as

tr =10+ k(tin — 1)) 27)

1
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Fig. 16. Rise time ¢, versus input signal transition time #y.
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Fig. 17. Comparison of the proposed method and SPICE simulation for
various gate drive ability with 32 nm PTM LP model.

where t? is the rise time that the input transition time #;, is
equal to #59. Actually, the parameter « is almost constant and
can be obtained with two rise time points as

0 1
0 —1

= P (28)
m n

t! are another rise time point for an input signal #} which is
smaller than #5y. Substituting (23) and (27) into (3), the delay
time is then obtained for #;, > ts.

B. Simulation Results

The proposed analytical delay model is first verified with
32nm PTM high-k/metal-gate models for high-performance
applications (PTM HP) and for low-power applications (PTM
LP) [21], [22].

Fig. 17 shows the comparisons with various NMOS widths
from 80nm to 800 nm with 32nm PTM LP model. Fig. 18
shows the comparison with respect to the various capacitive
load from 0.02 pF to 0.24 pF with 32 nm PTM HP model. From
Figs. 17 and 18, it is known that the proposed model is close to
SPICE simulation to predict the inverter delay time for various
simulation conditions.

The following shows the comparisons of the proposed
model with the conventional method in [12] and SPICE
simulation. Note that the step input delay times in [12] are
obtained from SPICE simulation results. Also pseudoempirical
coefficients for delay model are extracted from simulations.

320
280 SPICE —
240} Proposed Model O

L]
=
=

Wp/Wn =08um/0.4um tin=40ps

Delay Time (ps)
-
&
=

Wp/Wn = 4um/Zum tin=120ps

0
0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.183 0.2
Capacitive Load (pF)

Fig. 18. Comparison of the proposed method and SPICE simulation for
various capacitive loads with 32 nm PTM HP model.
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Fig. 19. Comparison of the proposed method, SPICE simulation and [12]
for various gate drive ability.
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Fig. 20. Comparison of the proposed method, SPICE simulation, and [12]
for various capacitive loads.
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Fig. 22. CMOS inverter with capacitive load and its switch-resistor model.

Fig. 19 shows the comparison with various NMOS widths
from 0.2 um to 2.2 um. The capacitive load is 0.02 pF and the
input transition time is 100 ps. From Fig. 19, it can be seen
that the proposed model is close to the SPICE simulation. The
average error of the proposed model to predict the delay time
is 3.24% while the average error of the delay model in [12]
is 6.52%.

Fig. 20 shows the comparison with respect to the various
capacitive loads from 0.02pF to 0.24pF. The input signal
transition time is 50 ps and the size of inverter is that W,/ W, =
4 pm/2 pm with L, = L, = 40nm. The error of the proposed
model is within 1.71%. If the conventional method in [12] is
used, the error is from 6.71% to 19.57%.

Fig. 21 shows the comparison with various input signal
transition times from 20ps to 220ps. In Fig. 21, the sizes
of inverter transistors are W,/W, = 4um/2um and the
capacitive load Cy, is 0.05 pF. From Fig. 21, it can be inferred
that the proposed method is close to the SPICE simulation
with 3.66% average error. The method using the overshooting
model in [12] has a 9.66% average error with the increase of
the input signal transition time.

From Figs. 19-21, it can be seen that the delay time can be
reduced greatly by using large inverter sizes. The delay time
increases with respect to capacitive load and input transition
time. Since the proposed overshooting effect model is close
to SPICE simulation results very well, the proposed analytical
model can accurately predict the delay time of CMOS inverter
in nanometer technologies.

V. SWITCH-RESISTOR MODEL

In this section, the application of the proposed overshooting
time model is discussed to improve the accuracy of the switch-
resistor model.

Fig. 22 shows a CMOS inverter driving capacitive loads.
The inverter can be modeled as a linear resistor with ramp
input voltage for CMOS VLSI circuit analysis, which is
called as switch-resistor model. With the scaling of CMOS
technology into the nanometer regime, the overshooting time
increases and becomes one of the most important parts of
CMOS gate output waveform. In [19], the authors proposed a
generalized CMOS gate delay model where a shift time #; is
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Fig. 23. Improved switch-resistor model.
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Fig. 24. SPICE simulation and the predictions of the improved switch-
resistor model.
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Fig. 25. Simulation results of the improved switch-resistor model to predict

the output waveform of an inverter with various capacitive loads.

added to ramp input signal to improve the switching-resistor
model. Similar work was also done in [20]. However, the shift
time # is not given.

In this paper, the accuracy of the switch-resistor model
is improved while the overshooting effect is considered as
shown in Fig. 23. For a ramp input signal Vj,(r) with
applied to CMOS inverter, the input signal in the improved
model is changed as V/ (f) composed of a shift time 7,, and
the ramp input with the same #,. For the improved model,
firstly 7., is obtained using the proposed model to calculate
the overshooting time.

Fig. 24 shows the comparison of SPICE simulation and the
improved switch-resistor model to predict the output waveform
of an inverter with capacitive loads. Note that the linear
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resistor in the switch-resistor model is derived by using the
SPICE simulation results. From Fig. 24, it can be seen that
the improved switch-resistor model can accurately predict the
inverter output waveform. Here, the same 32 nm PTM model
is utilized in the simulation results.

Fig. 25 shows the simulation results of the inverter when
capacitive loads are 0.08 pF, 0.14 pF and 0.25 pF, respectively.
From Fig. 25, it can be seen that the switch-resistor model
can capture the output waveform of the CMOS inverter with
various capacitive loads.

Therefore, the switch-resistor model with the proposed
overshooting effect model can be used to predict the output
waveform of CMOS inverters. Moreover, the accuracy of
switch-models can be enhanced with the assistance use of the
transistor-level parameters.

VI. CONCLUSION

The overshooting effect becomes much larger and cannot be
neglected for VLSI analysis with the scaling of CMOS tech-
nology into nanometer. In this paper, an effective analytical
model has been proposed to estimate the overshooting time for
the CMOS inverter delay analysis in nanometer technologies.
The accuracy of the proposed model has been proved to greatly
agree with SPICE simulation results. Moreover, based on the
proposed overshooting time model, an analytical gate delay
model has been presented, which is verified to be agreement
with SPICE results very well. Furthermore, the accuracy of
the switch-resistor model has been improved to predict the
inverter output waveform.
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