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Abstract—A significant part of the energy dissipation in static
complementary metal–oxide-semiconductor (CMOS) structures is
due to short-circuit currents. In this paper, an accurate analyt-
ical model for the CMOS short-circuit energy dissipation is pre-
sented. First, the short-circuit energy dissipation of the CMOS in-
verter is modeled. The derived model is based on analytical ex-
pressions of the inverter output waveform which include the influ-
ences of both transistor currents and the gate-to-drain coupling ca-
pacitance. Also, the effect of the short-circuiting transistor’s gate-
source capacitance on the short-circuit energy dissipation, is taken
into account. The -power law MOS model that considers the car-
riers’ velocity saturation effect of submicrometer devices is used.
Second, the inverter model is extended to static CMOS gates by
using reduction techniques of series- and parallel-connected tran-
sistors. The results produced by the suggested model for a com-
mercial 0.8- m process, show very good agreement with SPICE
simulations.

Index Terms—CMOS gates, circuit modeling, circuit simulation,
inverters, short-circuit power dissipation, submicrometer MOS-
FETs.

I. INTRODUCTION

SINCE energy dissipation is one of the most critical design
parameters in very large scale integration (VLSI) circuits,

accurate and efficient energy evaluation during the design phase
is required, in order to meet the desired specifications without
a costly redesign process. Energy dissipation in complementary
metal–oxide–semiconductor (CMOS) circuits consists mainly
of two parts, the capacitive and the short-circuit dissipation [1].
Capacitive dissipation caused by charging and discharging the
load capacitance of a CMOS structure, is well understood and
easy to be estimated. During switching in a static CMOS gate, a
direct path from the power supply to the ground is established,
resulting in short-circuit energy dissipation.

The first goal of this work is the analytical evaluation of
short-circuit energy dissipation in CMOS inverters. The first
closed-form expression for the evaluation of the short-circuit
energy dissipation in a CMOS inverter was presented by Veen-
drick [2], where zero-load capacitance and current waveform
which is mirror symmetric about a central vertical axis (at the
half of the input transition time) were assumed. This expression
gives pessimistic results mainly due to the assumption of
zero-load capacitance, and is based on the Shichman and
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Hodges [3] square-law MOS model that ignores the carriers’
velocity saturation effects of submicrometer devices. In [4]
and [5], an expression without the simplifications of [2] was
derived. However, the square-law MOS model was still used
and the expression of the output waveform was derived with
negligible short-circuit current. Recently, a similar model was
proposed in [6]. In this, two fitting parameters are inserted
to the expression of the output waveform derived in [4], in
order to include the reaction of the short-circuiting transistor
to the output charge or discharge operation. In [7], an inverter
short-circuit energy dissipation model, which is still based on
the square-law MOS model, was presented. It includes the
influences of the short-circuit current and the gate-to-drain
coupling capacitance on the inverter output waveform. In
[8], the short-circuit energy dissipation is evaluated through
an equivalent short-circuit capacitance. The derived average
short-circuit current depends on the ratio between the output
and the input transition times of the inverter. However, as
mentioned in [6], in the cases where this ratio is lower than
3, the average current may exceed the maximum average
short-circuit current obtained in [2] for zero-load capacitance.

In order to develop simple yet accurate short-circuit energy
dissipation models for modern submicrometer technologies,
simple and efficient MOS models [9]–[10] including the car-
riers’ velocity saturation effect of submicrometer devices, have
been used. Sakurai and Newton [9] presented a formula for
the short-circuit energy dissipation, which is a direct extension
of the formula presented in [2]. The only difference is the
use of the -power MOS model for the saturation current
expression instead of the square-law MOS model, while all
the assumptions of [2] are retained. Vemuru and Scheinberg
[11] proposed a formula for the evaluation of the short-circuit
power dissipation based on the-power MOS model, where
the analytical expression of the output waveform does not
include the influences of the short-circuit current and the
gate-to-drain coupling capacitance. Also, it was assumed that
the load transistor operates only in the saturation region during
the time when short-circuit current flows.

In [12], the short-circuit current waveform was approximated
with a piecewise linear function of time, in order to estimate
the short-circuit energy dissipation. However, the energy of the
reverse current due to the gate-to-drain coupling capacitance
is subtracted from the short-circuit energy dissipation. This re-
verse current is provided from the inverter input (or the supply of
the previous gate), so its energy component cannot be included
to the short-circuit energy dissipation, which is due to the di-
rect current from the power supply to the ground. Recently, in
[13] a short-circuit energy macromodel for the CMOS inverter

1057–7122/00$10.00 © 2000 IEEE



BISDOUNIS AND KOUFOPAVLOU: SHORT-CIRCUIT MODELING 1351

was proposed, which uses a simple MOS model [14] for sub-
micrometer devices. In this, the short-circuit energy dissipation
is evaluated through a fictitious short-circuit capacitance. The
inverter output is approximated by a linear waveform, based on
the inverter propagation delay which is calculated [15] using the
empirical timing model proposed in [16] and [17]. Also, during
the short-circuit part of the transition, the charge through the
short-circuiting transistor is assumed to be the same in linear
and saturation regions.

In this paper, an analytical expression for the evaluation
of the short-circuit energy dissipation in a CMOS inverter,
based on the -power law MOS model [9], is derived. For the
derivation, analytical expressions of the output waveform in the
operation regions which are required for the evaluation of the
short-circuit energy dissipation, are used. These expressions
take into account the current through both transistors. In order
to obtain better accuracy, avoiding an overestimation of the
short-circuit energy dissipation, we consider the influence of
the input-to-output coupling capacitance (gate-drain capaci-
tance of both transistors) and the short-circuiting transistor’s
gate-source capacitance. The derived model is more accurate
and efficient than that proposed in our previous work [18],
where a less accurate and simpler MOS model [14] was used.

The importance of modeling the inverter comes from the fact
that a great fraction of the energy dissipated in CMOS VLSI cir-
cuits is due to the clock driving circuits and I–O drivers (pads),
which are based on inverters. In a system designed with static
logic, the clock driving power reaches 40% of the total power
(excluding the off-chip driving power), while the logic circuit
power is lower than 20% [19]. Moreover, the power dissipated
in off-chip drivers (pads) could be more than 15% of the total
chip power [19]. Another equally important reason to have an
accurate model for the inverter short-circuit energy dissipation,
is that several fast methods for reducing a CMOS gate to an
equivalent inverter have been proposed [20]–[22]. For the exten-
sion of the proposed inverter model to static CMOS gates, the
series-connected transistors, when operated as a charging or dis-
charging block, are reduced to an equivalent transistor using the
method proposed in our previous work [22]. Also, a reduction
technique for the case where the series-connected transistors op-
erate as short-circuiting block is proposed. The channel width of
the equivalent transistor in the case of parallel-connected tran-
sistors is extracted by adding the widths of the switching tran-
sistors.

The rest of the paper is organized as follows. In Section II,
our method for the evaluation of the inverter short-circuit energy
dissipation is presented. The extension of the proposed inverter
model to static CMOS gates is discussed in Section III. Results
and comparisons with previous works and SPICE measurements
are given and discussed in Section IV. Finally, we conclude in
Section V.

II. SHORT-CIRCUIT ENERGY DISSIPATION OF THECMOS
INVERTER

The derivations presented in the following are for a rising
input ramp: for for
and for , where is the input rise time. The

Fig. 1. The CMOS inverter.

analysis for a falling input is symmetrical. The differential equa-
tion which describes the discharge of the load capacitance
for the CMOS inverter (Fig. 1), taking into account the current
through the gate-to-drain coupling capacitance is written
as

(1)

The output load consists of the inverter drain junction ca-
pacitances, the gate capacitances of fan-out gates, and the inter-
connect capacitance. The equivalent gate-drain capacitance
is the sum of the gate-to-drain capacitances of both transistors,
which consists of the gate-to-drain overlap capacitance and a
part of the gate-to-channel capacitance. It is calculated using the
parameters (gate-oxide capacitance per unit area) and
(gate-drain overlap capacitance per unit channel width) [23].

For the expressions of the transistor currents the four-param-
eter -power law MOS model [9] is used. The parameters are
the velocity saturation index , the drain current at

, the drain saturation voltage at
and the threshold voltage . After normal-

izing voltages with respect to the supply voltage , i.e.,

and
using the variable , the PMOS device current is given
by the following equation:

Linear region

Saturation region

Cutoff region

(2)

where

and the NMOS device current in a similar way.
For the evaluation of the short-circuit energy dissipation, an-

alytical expressions of the output waveforms in the two first in-
verter operation regions (Fig. 2) are required. In region 1
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Fig. 2. Operation regions of the inverter.

the NMOS transistor is off and the PMOS transistor
is in the linear region, while in region 2 the
NMOS transistor is saturated and the PMOS transistor is still in
the linear region. is the normalized time value when the
PMOS transistor is entering the saturation region. Part of the
charge from the input which injected through the gate-to-drain
coupling capacitance causes an overshoot at the early part of
the output voltage waveform . During the over-
shoot there is no current from power supply to ground because
the output voltage is greater than the supply voltage. In the spe-
cial case of very fast input ramps, the PMOS device is turned
off after its linear region without enters saturation (Fig. 2). This
occurs because the output voltage overshoot finishes when the
PMOS device is already off. In this case there is no short-circuit
energy dissipation.

The analytical expressions of the inverter output waveform in
the above regions have been derived by solving the differential
equation (1) (using some efficient approximations) in our pre-
vious work [24]. In region 1, the output voltage is expressed as

(3)

where

and

In region 2, the PMOS current is approximated by a linear func-
tion of the normalized time (Fig. 3): .

is calculated using the PMOS current equation in the
linear region and the value of the normalized output voltage at

in (3). The current slope is calculated by equating the
exact PMOS current in the linear region [see (2)] with the ap-
proximated one, at the point . After that, the
output voltage waveform is described by

(4)

where

and

The normalized time value satisfies the PMOS satura-
tion condition: . In order to solve this equation
a Taylor series expansion around the point up
to the second-order coefficient is used, for both and .
The normalized time value where the output voltage over-
shoot finishes is calculated by the equation , using the
Taylor series expansion of around the point . Equa-
tions (3) and (4) give waveforms very close to those derived
from SPICE simulations (as shown in [24]). Note that, in [11] a
rough approximation for is used . In
[13], a linear output waveform and a constant are used in
order to calculate , and the PMOS transistor current is ne-
glected during the calculation of . The above approximations
of previous works result in important errors in the evaluation of
the short-circuit energy dissipation.

The short-circuit energy dissipation in the case of rising input
is the energy of the current provided from the power
supply (Fig. 1). The inverse current which flows during the in-
terval (Fig. 4) is due to the presence of the gate-drain
coupling capacitance and the gate-source capacitance of
the PMOS transistor . The current through these capac-
itances is provided from the input (or the power supply of the
previous gate) during its transition. As shown in Fig. 4, the cur-
rent through causes a decrease in the positive short-circuit
current pulse resulting in reduced short-circuit energy dissipa-
tion.

The short-circuit energy dissipation during a falling output
transition is defined as

(5)

where .
The current through during the input transition is given

by

(6)

The value of depends on the PMOS transistor operating
mode, and is calculated using the parameters and
(gate-source overlap capacitance per unit channel width) [23].

In the first integral of (5) a linear approximation of the PMOS
transistor current is used (Fig. 4)

(7)

is the slope of and is calculated by equating the exact
PMOS current in the linear region [see (2)] with the approxi-
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Fig. 3. Linear approximation of the PMOS current in region 2.

Fig. 4. PMOS and short-circuit current waveforms of the inverter.

mated one, at the middle of the interval . In the second
interval of (5), the PMOS current equation as given from the

-power MOS model [see (2)] for the saturation region, is used.
After that, the short-circuit energy dissipation is given by the
following expression:

(8)

The value is the normalized time point where the short-circuit
current equals zero, and is easily calculated by the equation

(9)

Similarly, the normalized time value is calculated by the fol-
lowing equation:

(10)

In order to solve (10), we use a Taylor series expansion of the
term around the point
up to the second-order coefficient.

The analysis for the evaluation of the short-circuit energy dis-
sipation during the rising output transition is symmetrical, and
results to the following expression:

(11)

where is now the transition time of the falling input, is
the slope of thePMOS transistor current, and are
related to the current pulse of thePMOS transistor. Finally, the
short-circuit power dissipation is given by

, where is the switching frequency.

III. EXTENSION TOMULTIPLE-INPUT CMOS GATES

In order to extend the proposed energy dissipation model of
the inverter to multiple-input static CMOS gates, the series-con-
nected transistors when operate as charging or discharging block
of a gate, must be reduced to an equivalent transistor. Also,
a reduction technique for the case where the series-connected
transistors operate as short-circuiting block, is required. The
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reduction process is given for the rest of the output node dis-
charge.

In the case where the topmost transistor is entering the linear
region before the end of the input transition (slow input tran-
sitions), its source node exhibits a peak value lower than the
plateau one, before the input reaches its final value (Fig. 7). This
peak value occurs when the topmost transistor is entering the
linear region. The equivalent transistor’s width is determined
by using a procedure similar with that used in the previous case
[22].

The output response of a multiple-input gate is a function of
the number and the position of the switching transistors in the
chain. When the input transition is sufficiently faster than the
output one, the topmost terminal switching exhibit faster dis-
charge operation. This is because the lower transistors must dis-
charge the upper transistors’ internal capacitances. As the input
transition becomes slower, the lower terminal switching exhibits
faster operation. This is because the transistor nearest to the
ground has a smaller threshold voltage, while the magnitude of
its gate-source voltage is greater than the other transistors in the
chain. Hence, it will have a higher conductance than the other
switching transistors and the discharge operation will become
faster. This influence of this phenomenon is not significant in
the first case where the input transition is sufficiently faster than
the output one, because the input reaches its final value early
(when the difference between the output voltage and the supply
voltage is small).

Extensive SPICE simulations [21], [22] show that the output
waveforms for different combinations of switching inputs are
translational, i.e., the shape of the curve is preserved except that
its transition edge is shifted to the right or to the left depending
on the combination of input signals. On the basis of this ob-
servation the equivalent transistor’s width for each combination
of switching inputs can be determined by multiplying the one
of the worst case (all inputs switching together) with a single
empirical factor . depends on the position and number of
the switching transistors, and on the relation between the input
and output waveforms. As a good metric of this relation, the
single lumped parameter is used.
is the drain current at of a transistor with
channel width equal to ( : channel width of one tran-
sistor, : number of series-connected transistors). Simulation
results show that the factor changes exponentially with re-
spect to . This enables us to use the following equation for the
determination of the factor :

(16)

where
is the weight factor for very fast inputs,
is the weight factor for very slow inputs, and
is a constant.

and are given by a look-up table (part of which is given
in Table I). The values of the look-up table are extracted form
SPICE simulations by adjusting the transistor width of an in-
verter to give the same output waveform with the multiple-input
gate, for all the combinations of switching inputs. The values of

Fig. 7. Voltage waveforms of a three-inputNAND gate for slow inputs.

TABLE I
VALUES OF THE FACTORS m AND m

(INPUT 1 CORRESPONDS TO THETOPMOSTTRANSISTOR OF THECHAIN)

Table I were obtained using a 0.8-m technology, for
(very fast inputs) and (very slow inputs). However,
for other submicrometer technologies these values are almost
the same, because they mainly depend on the number and po-
sition of the switching inputs. The constantis equal to 0.42
for the used technology. This value is almost independent of,
at least for . In Fig. 8, a comparison between the
values of factor derived from the exponential function (16)
with those produced from SPICE simulations is illustrated, for
a three-inputNAND gate. The above reduction technique of se-
ries-connected transistors when they operate as charging or dis-
charging block in a CMOS gate, results in output voltage wave-
forms that are very close to those derived from SPICE simula-
tions (as shown in [22]).

In the following, a reduction technique for series-connected
transistors when operate as the short-circuiting block of a
static CMOS gate, is presented. The short-circuiting block
has a secondary influence compared to that of the charging or
discharging block. However, this influence becomes significant
in the case of slow input transitions [24].
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Consider the multiple-inputNAND gate of Fig. 5, with a rising
output voltage waveform. The equivalent transistor’s width is
calculated by

(17)

where

and is a correction factor which depends on the number
of switching transistors in the chain. The values of factor

are extracted from SPICE simulations by excluding the
internal nodes’ capacitances of the chain (the parameters

, and the dimensions of the diffusions areas
are set to zero), and adjusting the transistor width of an inverter
to give the same output with the multiple-input gate, for all
the combinations of switching inputs. We observe that for zero
internal nodes’ capacitances, the output response of the gate is
independent from the position of the switching transistors, and
depends only on the number of the switching transistors. This is
mainly due to the fact that the source voltages of the switching
transistors in the chain are very small compared to the source
voltages when the serial chain carries both the load and the
short-circuit current. Thus, the influence of body effect in this
case is negligible. When the number of the switching transistors
is increased the value of factoris decreased. This is due to
the lower conductance of the switching transistors than those
that are alreadyON. In Table II, the values of factor are given
for a 0.8- m technology process. The value correspond
to the traditional model for the reduction of series-connected
transistors. It is quite accurate when all transistors operate in
the linear region. However, even in the case when all transistors
are switching the value of is higher than “1,” due to the fact
that the topmost transistor is saturated after its linear region.

The second step of the reduction process is to include the
influence of the internal nodes’ capacitances of the transistors
that are alreadyON. The charging operation is slower when the
switching transistors are close to ground, because the capaci-
tances of theON transistors must be charged together with the
output capacitance of the gate. In order to model the effect of
theON transistors’ capacitances, the capacitanceis added to
the output capacitance

(18)

where

and

is the drain node of the first switching transistor [counting
from the output node to ground (Fig. 5)]. The coefficientis
inserted because the charge variation due to each capacitance
occurs through a different number of channels. Thus, the con-
tribution of the internal nodes’ capacitances depends on their
relative position in the chain. The gate-drain and gate-source
capacitances of theON transistors are given by [23]

(19)

due to the fact that theON transistors operate in the linear region
in most time of output transition. The capacitance is ex-

Fig. 8. Empirical factorm as a function ofG = (I �)=(V C ) for a
three-inputNAND gate.

TABLE II
VALUES OF THECORRECTIONFACTOR q

cluded because it is taken into account in the feedforward effect
of the gate, which is modeled below.

As shown in Fig. 9, the contributions of the gate-drain
and gate-source capacitances of series-connected transistors
(when they operate as short-circuiting block) to the equivalent
input-to-output capacitance of a gate, are accounted for by
capacitances between the switching inputs and the output

. Note, that the contribution of nonswitching
transistors is zero. The undershoot which is caused to the early
part of the rising output waveform is due to the feedforward
effect (i.e., the charge through the switching transistors’
gate-source and gate-drain capacitances). This charge is trans-
ferred through a different number of channels, depending on
the relative position of each switching transistor in the chain.
Therefore, the contribution of each switching transistor to the
equivalent input-to-output capacitance is modeled as

(20)

where , and is the drain node of
the switching transistor . When more than one inputs are
switching together, the equivalent input-to-output capacitance
can be found by adding the s of the corresponding single
switching cases.
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Fig. 9. Contribution of series-connected transistors (when they operate
as short-circuiting block) to the gate equivalent input-to-output coupling
capacitance.

As shown in Table III, the results derived from (20) are very
close to those produced from SPICE simulations. The contribu-
tion of a switching transistor in the equivalent input-to-output
capacitance can be measured using SPICE by adjusting an
input-to-output capacitance in an inverter so that the undershoot
of the inverter rising output waveform to be the same with the
undershoot of the gate output waveform.

The contributions of the gate-drain and gate-source capaci-
tances of series-connected transistors to the gate-source capaci-
tance of the equivalent short-circuiting transistor, which is re-
quired for the evaluation of the short-circuit energy dissipa-
tion, is modeled in a similar way by capacitances between the
switching inputs and the ground (or between the switching in-
puts and the power supply in case of PMOS transistors). They
are calculated by (20) if we substituteand with
and , respectively.

The channel width of the equivalent transistor in the case of
parallel-connected transistors is extracted by adding the channel
widths of the switching transistors. The diffusion capacitances
of all parallel-connected transistors and the gate-drain capaci-
tances (overlap) of theOFF transistors are added to the equiva-
lent output capacitance of the gate. The gate-drain capacitances
of the switching parallel-connected transistors are added to the
equivalent input-to-output capacitance of the gate. Finally, the
sum of gate-source capacitances of the switching transistors
gives the equivalent short-circuiting transistor’s gate-source ca-
pacitance, which is required for the calculation of the gate short-
circuit energy dissipation.

In the case of overlapping inputs, the existing waveform rep-
resentation techniques for series—[20], [25] and parallel-con-
nected [20], [26] transistors can be used, which reduce the over-
lapping input signals of a multiple-input CMOS gate to a single
effective signal. When this signal is applied to all gate inputs,
the gate will have the same output response with that of the ac-
tual (overlapping) inputs.

IV. M ODEL VALIDATIONS AND DISCUSSION

In this section, we illustrate the accuracy of the proposed
short-circuit energy dissipation model for static CMOS struc-
tures. In Fig. 10, the inverter short-circuit energy dissipation

during one switching cycle (both falling and rising output tran-
sitions) is plotted as a function of the input transition time. A
commercial CMOS process technology of 0.8m with a supply
voltage of 5 V and an output load equal to 0.2 pF have been
used to verify the accuracy of the proposed model. The transis-
tors’ model parameters and dimensions are listed in Table IV. In
order to achieve symmetrical inverter, the widths of the transis-
tors have been selected so as the drain currents at

be equal. The basic level-3 parameters of the SPICE model
are listed in Table V. Results using the approaches for the eval-
uation of the short-circuit energy dissipation presented in [4],
[5], [9], [11], and [13] are also given. It can be observed that our
model gives results closer to those derived from SPICE simula-
tions than the other methods. The error in most cases is less than
15%. This occurs because the model includes the influences of
the short-circuit current and the gate-to-drain coupling capaci-
tance on the inverter output waveform. Moreover, the effect of
the short-circuiting transistor’s gate-source capacitance is taken
into account.

The formula presented in [9] gives consistently larger results
than SPICE, because it is based on the assumption of zero-load
capacitance. The methods presented in [4], [5], and [11] overes-
timate the short-circuit energy because they do not include the
effects noted above. The error becomes large when the input
transition time is large and the capacitive load is small. More-
over, the method used in [4], [5] is based on the square-law
MOS model, which does not reproduce the current characteris-
tics of short-channel devices well, while in [11] an evaluation of
gamma function is required, which is too computational expen-
sive and leads to large energy values for slow input transitions.
In [13], the inverter output is approximated by a linear wave-
form. This results in significant relative error for fast input tran-
sitions. Also, in [13], some additional simplifications are used,
in order to determine the time point where the short-circuiting
transistor changes from the linear to the saturation region, and
the ending point of the output voltage overshoot, while in our
model the calculation accuracy of these time points is high (error
less than 0.5% in most cases).

In [8], the derived average short-circuit current depends on
the ratio between the output and the input transition times of
the inverter. However, in the cases where this ratio is lower than
3, the average current may exceed the maximum average short-
circuit current obtained for zero-load capacitance [2], [9]. For
example, in an inverter with equal input and output transition
times, the short-circuit energy dissipation in one switching cycle
which is evaluated using the formula of [8] is more than twice
the energy calculated using the formula of [9].

Fig. 11(a) shows a comparison between the calculated and the
simulated inverter short-circuit energy dissipation during one
switching cycle as functions of input transition time, and for
two different values of capacitive load (0.1 and 0.2 pF). An im-
portant issue is to study the contribution of the short-circuit en-
ergy dissipation to the total energy dissipation (capacitive plus
short-circuit). In Fig. 11(b), the short-circuit energy dissipation
percentage of the total energy dissipation during one switching
cycle is plotted as a function of the input transition time for two
values of output load. The results show that the contribution of
the short-circuit energy to the total energy dissipation increases
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TABLE III
CONTRIBUTION OFEACH SWITCHING TRANSISTOR TO THEEQUIVALENT INPUT-TO-OUTPUT CAPACITANCE (W = 12 �m,L = 0:8 �m,C = 2:18 fF/�m ,

C = C = 0:35 fF/�m)

Fig. 10. Inverter short-circuit energy dissipation during one switching cycle,
as a function of input transition time.

when the input transition time is increased and/or the capaci-
tive load is reduced. Hence, the percentage of the short-circuit
energy dissipation increases when the input signal is slow com-
pared to the output one. As it can be observed, for sufficiently
slow inputs the short-circuit energy dissipation may exceed 40%
of the total energy dissipation. This fact indicates the need for
accurate and efficient models in estimating the short-circuit en-
ergy dissipation.

Fig. 12 shows a comparison between the calculated and the
simulated inverter short-circuit energy dissipation during one
switching cycle as functions of input transition time, and for two
different values of supply voltage (2.5 and 5 V). A capacitive
load of 0.2 pF has been used for the measurements and the calcu-
lations. It can be observed that the proposed short-circuit energy
model is also valid for low supply voltages. An important point
to note, is that if the supply voltage is lowered to be below the
sum of the threshold voltages of the transistors ,

TABLE IV
MOSFET MODEL PARAMETERS USED IN CALCULATIONS

the short-circuit current can be virtually (since subthreshold cur-
rents will still flow [1]) eliminated, because both devices cannot
conduct simultaneously for any value of the input voltage.

In Figs. 13 and 14, the short-circuit energy dissipation during
one switching cycle for three- and four-inputNAND gates, is
plotted as a function of the input transition time, for different
cases of switching inputs. The characteristics of the gates used
are: m, m, m,

pF, and V. The curves with the solid and dashed
lines have been produced from the proposed analytical model
after the application of the reduction techniques presented in
Section III. The curves with the symbols have been produced
from SPICE simulations. The relative error is maintained at the
same level with that of the inverter.

In the case of fast inputs, the lowest short-circuit energy
is dissipated when all transistors are switching together. The
major reason is that in this case the equivalent input-to-output
coupling capacitance and the gate-source capacitance of the
equivalent short-circuiting transistor are larger than those of the
other two cases (top or bottom transistor is switching). Also, the
short-circuit energy in the case where the bottom transistor is
switching, is lower than that of the case where the top transistor
is switching. This occurs because the charge and the discharge
operation of the output is faster in the second case.

For slow inputs, the short-circuit energy dissipation is greater
when all transistors are switching together. This occurs mainly
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TABLE V
BASIC SPICE LEVEL-3 PARAMETERS USED IN SIMULATIONS

because in the case of falling output the equivalent short-cir-
cuiting transistor (which becomes from the reduction of three
or four parallel-connected transistors) exhibits larger width than
that of the other two cases. However, the discharge operation is
faster and the coupling capacitances are larger. These two ef-
fects tend to compensate for the first one when the number of
switching inputs is increased (Fig. 14). The short-circuit energy
in the case where the bottom transistor is switching, is greater
than that of the case where the top transistor is switching. This
is mainly due to the faster discharge operation of the first case.

Comparing the results of Figs. 13 and 14, we observe that as
the number of transistors is increased in static CMOS gates, the
short-circuit energy dissipation is decreased. This is due to the
fact that the falling output transitions become slower, and the
coupling capacitance are larger (in the case where all inputs are
switching).

The SPICE simulation results used in the previous valida-
tions (Figs. 10–14), have been obtained by using the subcircuit
proposed by Kang [27]. Fig. 15 shows the scheme that is used
in order to measure the short-circuit energy dissipation during
the falling output transition of a static CMOS structure. First,
we perform a measurement for an extremely small input transi-
tion time and a typical output capacitance. With this measure-
ment the energy of the currents through the coupling capaci-

tances , and the internal gate capacitances
, is determined. This energy is almost independent of the

input transition time and the output capacitance, because all
voltages before and after the switching event are identical (i.e.,
the charge on these capacitances is almost constant). On the con-
trary, as mentioned in Section II, the short-circuit energy dissi-
pation for very fast input transitions is zero. In the following, a
second measurement is performed for the desired input transi-
tion time and output capacitance. Then, the short-circuit energy
dissipation of the structure is evaluated by subtracting the re-
sult of the first measurement from the result of the second mea-
surement. The short-circuit energy dissipation during the rising
output transition of the structure is measured in a similar way, by
using a measurement subcircuit connected between the NMOS
block and the ground.

As minimum feature sizes for CMOS circuits scale down-
ward, the influence of the resistive component of the intercon-
nect load on the circuit behavior, is increased. Hence, some
short-circuit energy dissipation models [28], [29] have been pro-
posed in order to handle CMOS gates driving resistance–capaci-
tance ( ) load. However, our analytical model that uses purely
capacitive load can be interfaced with a methodology consid-
ering the effect of interconnect load, by using the “effective
load capacitance— ” [30]. In this, an analytical expression
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(a)

(b)

Fig. 11. Inverter short-circuit energy dissipation (a) and contribution of the
short-circuit energy to the total energy dissipation (b) during one switching
cycle, for two values of output load (C = 0:2 pF,C = 0:1 pF).

Fig. 12. Inverter short-circuit energy dissipation during one switching cycle,
for two values of supply voltage (V = 2:5 V, V = 5 V).

for is derived for any load. The approach gives accu-
rate gate output waveforms, especially for the part of the output
transition in which short-circuit energy is dissipated [30].

Fig. 13. Short-circuit energy dissipation of a three-inputNAND gate during one
switching cycle, as a function of input transition time.

Fig. 14. Short-circuit energy dissipation of a four-inputNAND gate during one
switching cycle, as a function of input transition time.

V. CONCLUSION

An analytical model for the short-circuit energy dissipation
of submicrometer CMOS structures, on the basis of a CMOS
inverter, has been presented. It takes into account the influ-
ences of both transistor currents and the gate-to-drain coupling
capacitance on the inverter output wavefrom. Also, the effect
of the short-circuiting transistor’s gate-source capacitance has
been included. Validations have been performed for different
input transition times and output loads. The results produced by
the model show very good agreement with SPICE simulations
and greater accuracy than those of previous works. The inverter
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Fig. 15. Measurement of short-circuit energy dissipation in CMOS structures
for a falling output waveform.

model has been extended to CMOS multiple-input gates using
reduction techniques of series- and parallel-connected transis-
tors.
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