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Delay and Power Expressions for a CMOS Inverter Driving a Resistive-Capacitive Load
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Abstract. A delay and power model of a CMOS inverter driving a resistive-capacitive load is presented. The model
is derived from Sakurai’s alpha-power law and exhibits good accuracy. The model can be used to design and analyze
those CMOS inverters that drive a largeRC load when considering both speed and power. Expressions are provided
for estimating the propagation delay and transition time which exhibit less than 27% discrepancy from SPICE for
a wide variety ofRC loads. Expressions are also provided for modeling the short-circuit power dissipation of a
CMOS inverter driving a resistive-capacitive interconnect line which are accurate to within 15% of SPICE for most
practical loads.
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I. Introduction

As the die size of CMOS integrated circuits continues
to increase, interconnections have become increasingly
significant [1]. With a linear increase in length, inter-
connect delay increases quadratically due to a linear in-
crease in both interconnect resistance and capacitance
[2]. Large interconnect loads not only affect perfor-
mance but also cause excess power to be dissipated.
A largeRC load degrades the waveform shape, dissi-
pating excessive short-circuit power in the following
stages loading a CMOS logic gate.

Several methods have been introduced to reduce in-
terconnect delay so that these impedances do not dom-
inate the delay of a critical path [2–7]. Furthermore,
with the introduction of portable computers, power has
become an increasingly important factor in the circuit
design process. Thus, power consumption must be
accurately estimated when considering techniques for
improving circuit speed when driving long intercon-
nections. Therefore, circuit level models describing
both dynamic power and, recently, short-circuit power
have become increasingly important [8–11].

In this paper, an analytical expression for the tran-
sient response of a CMOS inverter driving a lumped
RC load is presented. This approach is different from
Kayssi et al. [12, 13] in that a lumpedRC load is
considered rather than a lossless capacitive load. Fur-
thermore, Sakurai’s alpha-power law [14] is used to
describe the circuit operation of the CMOS transistors
rather than the classical Shichman-Hodges model [15].

The alpha-power law model considers short channel
behavior, permitting increased accuracy and generality
in the delay and power expressions. These expres-
sions are used to estimate the propagation delay and
the rise and fall times (or transition times) of a CMOS
inverter. Since the output waveform is accurately cal-
culated, the short-circuit power [16] dissipated by the
following stage can also be estimated. Furthermore,
due to its relative simplicity, these expressions permit
linear programming techniques to be used when op-
timizing the placement of buffers for both speed and
power.

The paper is organized as follows: expressions for
an inverter driving a lumpedRC load are derived, and
characteristic delay equations are presented and com-
pared with SPICE in Section II. In Section III, expres-
sions describing the dynamic, short-circuit, and resis-
tive power dissipation of a CMOS inverter following
a lumpedRC load are introduced and compared with
SPICE. Finally, some concluding remarks are offered
in Section IV.

II. Transient Analysis of an RC Loaded CMOS In-
verter

An analytical expression describing the behavior of an
inverter driving a lumpedRC load based on Sakurai’s
alpha-power law model [14] is presented. A diagram
of this circuit is shown in Figure 1. In subsection A, the
device model is described and an analytical expression
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Fig. 1. A CMOS inverter driving anRC load.

for Vout(t) is derived. In subsection B, several expres-
sions that characterize the temporal properties of the
circuit are presented. In subsection C, some results
of the analytical expressions are presented along with
comparisons to SPICE.

A. Derivation of Analytical Expressions

The alpha-power law model [14] accurately describes
the effects of short channel behavior, such as velocity
saturation, while providing a tractable equation. The
linear region form of the alpha-power model is used
to characterize the I-V behavior of the ON transistor
since a large portion of the circuit operation occurs
within this region under the assumption of a step or
fast ramp input signal. When the input to the inverter
is a unit step or fast ramp,Vout is initially larger than
VGS− VT for a shorter period of time than if the input
to the inverter is a slow ramp. Therefore, the circuit
operates in the linear region for a greater portion of the
total transition time for a largeRC load, particularly
for large load resistances. When the load resistance is
large, a large IR voltage drop occurs across the load re-
sistor once the capacitor begins to discharge, thusVDS

is nearly immediately less thanVGS− VT , as shown
in Figure 2. The N-channel device operates in the lin-
ear region once the step input goes high when driving
large RC loads. Note however if the input waveform
increases more slowly or the load impedance is small,
the inverter operates in the saturation region for a longer
time before switching into the linear region.

Only the falling output (rising input) waveform is
considered in this paper. The following analysis, how-

ever, is equally applicable to a rising output (falling
input) waveform. The lumped load is modeled as a
resistor in series with a capacitor. The current through
the output load capacitance is the same magnitude and
opposite sign as the N-channel drain current (the P-
channel current is ignored under the assumption of a
step or fast ramp input). The capacitive current is

iC = C
dVout

dt
= −i d, (1)

whereC is the output capacitance,Vout is the voltage
across the capacitanceC, iC is the current discharged
from the capacitor, andi d is the drain current through
the N-channel device.

The N-channel linear drain current is given by [14]

−C
dVout

dt
= i d = Ido

Vdo

(
VGS− VT

VDD − VT

)α
Vds,

for VGS≥ VT ,VGS− VT ≥ VDS. (2)

In the alpha-power law model,Ido represents the drive
current of the MOS device and is proportional to W/L,
Vdo represents the drain-to-source voltage at which ve-
locity saturation occurs withVGS = VDD and is a
process dependent constant, andα models the pro-
cess dependent degree to which velocity saturation af-
fects the drain-to-source current.α is within the range
1≤ α ≤ 2, whereα = 1 corresponds to a device oper-
ating strongly under velocity saturation, whileα = 2
represents a device with negligible velocity saturation.
VDD is the supply voltage, andVT is the MOS threshold
voltage (whereVT N (VT P) is the N-channel (P-channel)
threshold voltage). An empirical method to determine
technology specific values forIdo andVdo is described
in the appendix.
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Fig. 2. Comparison ofVDS for a CMOS inverter driving different
load resistances and a constant load capacitance (C = 100 fF).
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Assuming a unit step input is applied to the circuit
shown in Figure 1,Vout can be derived from (2). The
linear equation, rewritten in Laplace form, is

SCVout + S0doRCVout + 0doVout

= CVout(0)+ 0doRCVout(0), (3)

where0do = Ido
Vdo

is the saturation conductance.
Equation (3) yields

Vout(t) = Vout(0)e
−0do

0doRC+C t
. (4)

Graphs ofVout(t) for a wide range of resistive and
capacitive values (within practical limits) are shown
in Figure 3. The analytical expression shown in (4)
closely approximates SPICE for most of the region of
operation for a wide range of load impedances from 10
Ä to 1000Ä and from 10 fF to 1 pF. The maximum
error of the output response derived from (4) as com-
pared with SPICE (shown in Figure 3) is 25% for the
specific case where theRC load is 10Ä and 10 fF,
approaching the unloaded case.

B. Analytical Delay Expressions

From (4), the propagation delay of a CMOS inverter
calculated at the 50% pointtP D is

tP D = .693
C + 0doRC

0do
. (5)

The transition time of a CMOS inverter driving a
lumpedRC load calculated at the 90% pointtt is

tt = 2.3
C + 0doRC

0do
. (6)

Additional delay expressions that are used in section
III B for determining the short-circuit power are

tVT N = ln

(
VT N

VDD

)
C + 0doRC

0do
(7)

and

tVT P = ln

(
VDD + VT P

VDD

)
C + 0doRC

0do
. (8)

These equations describe the time for the output volt-
age to change by a threshold voltage from either ground
or VDD for an N-channel or P-channel device, respec-
tively. Note thatVT P is negative.

C. Analysis of Delay Expressions

The accuracy of the analytic model as compared with
SPICE is tabulated in Table I for a wide variety of
output load resistances and capacitances. The inter-
connect resistance and capacitance are described in the
first two columns of Table I, respectively. The transi-
tion times determined by the analytical expression and
by SPICE are shown in the third and fourth columns,
respectively. The propagation delay times determined
by the analytical expression and by SPICE are listed
in columns five and six, respectively. The error of the
analytical expressions versus SPICE for the transition
time and propagation delay is shown in the final two
columns. A 0.8µm CMOS technology is assumed.
Note that the maximum error of the transition timett
as compared with SPICE is 27%, and the maximum
error of the propagation delaytP D as compared with
SPICE is 25%.

As noted above, (5) and (6) can be used to estimate
the propagation delay and transition time of a CMOS
inverter driving a resistive-capacitive interconnect line.
Since the shape of the output waveform is now known,
(7) and (8) can also be used with (6) to estimate the
short-circuit power dissipation of a CMOS gate loading
the high impedance interconnect line, as is described
in Section III.

The maximum error for the transition time forRC
loads ranging from 10Ä to 1000Ä and 10 fF to 1 pF
and for two different short channel CMOS technologies
(0.8µm and 1.2µm CMOS) is 27%. The maximum
error for the propagation delay is 25% over the same
ranges and technologies. As the capacitance increases
to 1 pF, the error of the propagation delay generally de-
creases to less than 20%. A similar decrease occurs for
the transition time. Furthermore, both errors generally
decrease with increasing load resistance.

The improved accuracy with increasing load resis-
tance and capacitance is due to theRC load domi-
nating the device parasitics, specifically, the source
and drain capacitance, thereby improving the accu-
racy of the transistor I-V model for largeRC loads.
These device parasitic impedances are not included in
the I-V model described in (2) but are considered by
SPICE. This behavior also explains why the accuracy
improves as the geometric size of the transistors be-
comes smaller, making the parasitic device resistances
and capacitances smaller. Thus, these expressions for
the propagation delay and transition time of a CMOS
inverter driving anRC load become more accurate for
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Fig. 3. Output response of a CMOS inverter driving anRC load.

Table I.Propagation delaytP D and transition timett of an inverter driving anRC load (0.8µm CMOS technology).

tt tP D % Error

Load Resistance Load Capacitance Analytic SPICE Analytic SPICEtt tP D

10Ä .01 pF 21 ps 22 ps 6.5 ps 8.7 ps 4% 25%
10Ä .1 pF 215 ps 176 ps 65 ps 70 ps 22% 7%
10Ä 1 pF 2.2 ns 1.7 ns 649 ps 680 ps 27% 4%
100Ä .01 pF 24 ps 22 ps 7.2 ps 8.8 ps 6% 19%
100Ä .1 pF 235 ps 187 ps 71 ps 73 ps 25% 2%
100Ä 1 pF 2.4 ns 1.9 ns 712 ps 711 ps 25% 0%
1000Ä .01 pF 44 ps 39 ps 13 ps 13 ps 13% 0%
1000Ä .1 pF 444 ps 365 ps 133 ps 115 ps 22% 16%
1000Ä 1 pF 4.4 ns 3.6 ns 1.3 ns 1.1 ns 22% 18%

higher RC loads and more aggressive submicrometer
technologies, the regime of greatest interest.

III. Power Estimation

Power consumption has become one of the premier is-
sues in VLSI circuit design. There are two primary
contributions to the total transient power dissipated
by a CMOS inverter, dynamic power dissipation and
short-circuit power dissipation [8–11, 16, 17]. The
short-circuit power is often neglected since the dynamic

power is assumed to be dominant. As described below
and in [8–11, 16, 17], the magnitude of the short-circuit
power is load dependent, and it is shown in this paper
that short-circuit power can be a significant portion of
the total transient power dissipation.

Dynamic power is briefly discussed in subsection A.
In subsection B, an analysis of short-circuit power is
presented, and a closed-form model is proposed. In
subsection C, the power dissipated by the lossy resis-
tive element of theRC load is discussed and modeled.
Finally, some concluding remarks pertaining specifi-
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cally to estimating the power of anRC loaded CMOS
inverter are offered in subsection D.

A. Dynamic Power

Dynamic power is due to the energy required to charge
and discharge a load capacitanceC and is character-
ized by the familiar equation,CV2 f , whereV is the
source voltage andf is the switching frequency. The
dynamic power is independent of the load resistance.
For example, the dynamic power dissipation of a sin-
gle CMOS inverter driving anRC load ranges from 35
µW to 125µW for capacitive loads ranging from 0.3
pF to 1 pF and assuming a 5 volt powersupply with
the inverter switching every 10 MHz.

B. Short-Circuit Power

In subsection B.1, an expression for modeling the short-
circuit power in a CMOS inverter is presented. This
expression is analyzed and compared to SPICE in sub-
section B.2. In subsection B.3, a comparison of the
short-circuit power to the total transient power dissipa-
tion as a function of load resistance is presented.

B.1. Analytic Expression of Short-Circuit Power.The
logic stage following a largeRC load may dissipate sig-
nificant amounts of short-circuit power due to the de-
graded waveform originating from the CMOS inverter
driving anRC load (see Figure 4). During the region
where the input signal is transitioning betweenVT N and
VDD+VT P, a DC current path exists betweenVDD and
ground. The excess current dissipated during this re-
gion is called the short-circuit (or crossover) current
[16]. Short-circuit current occurs due to a slow input
transition, and for a balanced inverter, the peak current
occurs near the middle of the input transition. An ex-
ample of short-circuit current is shown by the solid line
in the lower graph of Figure 5,i.e., the SPICE-derived
data.

The total short-circuit currentISC can be estimated
by modelingISCas a triangle. Therefore, the integral of
ISC is the area of a triangle,1

2base×height. In terms of
the short-circuit current, the height can be modeled as
I peakand the base can be modeled astbase(see Figure 5).
I peak is the maximum saturation current of the load
transistor and depends on bothVGS andVDS, therefore
I peak is both input waveform and load dependent.tbase

is the time during which both the P-channel and the
N-channel transistors are turned on, permitting a DC
current path to exist betweenVDD and ground. This
time occurs over the region,VT N ≤ Vin ≤ VDD+VT P.
Therefore,tbase is found from the difference between
(7) and (8),|(tVT P − tVT N)|. The area defined by this
triangle is1

2 I peak× tbase, which models the total short-
circuit currentISC sourced by a CMOS inverter due to
a non-step input [11].

The total short-circuit current multiplied byf and
VDD is the short-circuit power. The short-circuit power
dissipationPSCof the following stage for one transition
(either rising or falling edge) can therefore be approx-
imated by

PSC= 1

2
I peaktbaseVDD f. (9)

Subtracting (7) from (8) forms the logarithmic quo-
tient, tbase= | ln( VT N

VDD+VT P
)|C+0doRC

0do
. By inserting this

expression fortbaseinto (9), the short-circuit power dis-
sipationPSC of a CMOS inverter following a lumped
RC load over both the rising and falling transitions is

PSC=
∣∣∣∣ln( VT N

VDD + VT P

)∣∣∣∣ C + 0doRC

0do
Ipeak f VDD.

(10)

B.2. Analysis of the Short-Circuit Power Dissipation
Expression. The short-circuit power derived from
(10) for a wide variety ofRC loads between the CMOS
inverter stages shown in Figure 4 is compared with
SPICE in Table II. TheRC load of the driving inverter
is described in the first two columns of Table II. The
short-circuit power predicted by (10) and derived from
SPICE is shown in the third and fourth columns, re-
spectively. The per cent error between the analytical
expression and SPICE is shown in the final column.

For smallerRC loads, hence, faster transition times,
there is negligible short-circuit power since a direct
path from the power supply to ground does not exist
for any significant time. The short-circuit power be-
comes non-negligible when larger interconnect loads
between the two CMOS stages cause a transition time
of significant magnitude (e.g., a tt greater than 0.5 ns
for a 0.8µm CMOS inverter). At this borderline value,
the analyticalPSC differs from SPICE by a maximum
of 41%. As theRC load and transition time increase,
the analytical model more closely predicts the short-
circuit current derived from SPICE. ForRC loads ex-
ceeding 0.1 ns, errors less than 15% are attained. Fur-
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Fig. 4. Non-step input driving CMOS inverter stage creates short-circuit power.

Table II.Estimate of short-circuit power dissipated by a CMOS inverter (0.8µm CMOS technology).

Power (µW)
Load Load f = 10 MHz, VDD = 5.0 V

Resistance Capacitance Analytic SPICE % Error

10Ä .3 pF 1.4 .99 41%
10Ä .5 pF 3.9 3.22 21%
10Ä 1 pF 12.4 11.1 12%
100Ä .3 pF 1.71 1.23 39%
100Ä .5 pF 4.68 3.83 22%
100Ä 1 pF 13.8 12.7 9%
1000Ä .3 pF 5.85 5.2 12%
1000Ä .5 pF 13.0 12.2 7%
1000Ä 1 pF 34.2 33.8 1%

thermore, the short-circuit power becomes a significant
portion of the total power dissipation when the CMOS
inverter is loaded by largerRC loads, creating long
transition times. It is this condition that is of greatest
interest when considering short-circuit power in resis-
tively loaded CMOS inverters.

The error of the analytical expression forPSC can
be bounded by theRC time constant describing the
interconnect load impedance. For a 0.8µm CMOS
technology, the per cent error is less than 15% for an
RC time constant more than 0.1 ns. For anRC time
constant less than 0.1 ns, the per cent error increases to
approximately 40%.

One source of error in estimating the short-circuit
power derived from (9) can be found by examining the
transition time. The analytical solution to the transi-

tion time, (6), generally yields pessimistic results when
compared to SPICE (see Table II). By inserting these
pessimistic transition times into (9), the resulting short-
circuit power is also pessimistic, as demonstrated in
Table II.

Another source of error is caused by signal over-
shoot of fast transient waveforms. This parasitic-
induced overshoot may increaseVDS aboveVDD or
below ground. This overshoot occurs early during the
transition time and causes current to flow opposite to
the expected direction, thereby reducing the total short-
circuit current. This behavior, in turn, reduces the to-
tal short-circuit power, increasing the discrepancy be-
tween SPICE and (10), which does not consider tran-
sient overshoot. The phenomenon of signal overshoot
can be seen in Figure 5.
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Fig. 5. Graphical estimation of short-circuit current dissipation (0.8µm CMOS technology).

B.3. Short-Circuit Power as Compared to the Total
Transient Power. For a given supply voltage and fre-
quency, dynamic power dissipation depends only on
the load capacitance and does not depend on the in-
put waveform shape or load resistance. In contrast,
the short-circuit power dissipation changes with both
input waveform shape and output load resistance and
capacitance. The ratio of the short-circuit power to
the total transient power (the sum of the dynamic and
short-circuit power) of a CMOS inverter with respect
to the load resistanceR for a given load capacitanceC
is shown in Figure 6. Note that with increasing load re-
sistance, the short-circuit power dissipation cannot be
neglected, since, as shown in Figure 6, it can comprise
more than 20% of the total transient power dissipation.

C. Resistive Power Dissipation

In resistive interconnect, power is not only dissipated
when charging and discharging the load capacitance,
but power is also dissipated by the load resistance.
This power dissipation can be quantified byf

∫
t (i

2R),
wherei is the current through the load resistance. The
identical current that is discharged by the capacitor
flows through the resistor. This capacitive current is
IC = C dVout

dt . Therefore, by taking the derivative of
(4), the instantaneous current through a resistive load
i R(t) is given by

i R(t) = −0do

1+ 0doR
Vout(0)e

−0do
0doRC+C t

, (11)
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and the average resistive power dissipation is given by

PR = f
∫ t

0

( −0do

1+ 0doR
Vout(0)e

−0do
0doRC+C t

)2

R dt. (12)

After integration, (12) becomes

PR = f RC0doV2
out(0)

2(1+ 0doR)

(
1− e

−0do
0doRC+C 2t

)
. (13)

The resistive power dissipated for differentRC loads
calculated from (13) is shown in Table III. The load re-
sistance R and capacitance C are listed in the first two
columns, respectively. The power dissipated by the in-
terconnect resistance determined from (13) and from
SPICE are shown in the third and fourth columns, re-
spectively. The per cent error of the analytic expression
as compared to SPICE is shown in the final column.
Note that the per cent error is less than 15% and typi-
cally less than 6%.

D. Summary

An expression for estimating the dynamic, short-
circuit, and resistive power in CMOS inverter chains
has been presented. ForRC loads greater than .1 ns
(assuming a 0.8µm CMOS technology), the expres-
sion for the short-circuit power is accurate to within
15% of SPICE. These largerRC loads are of interest
because short-circuit power can account for more than

20% of the total transient power dissipation. Further-
more, another source of power dissipation is introduced
by the resistance of long interconnect. An expression
for resistive power dissipation is also presented in this
section. This expression has an error of less than 15%
as compared to SPICE.

When considering power in interconnect, the resis-
tive component cannot be neglected. The resistance of
long interconnects not only contributes directly to the
power dissipated due to the resistive component, but
also causes longer transition times, leading to greater
short-circuit power dissipation. Both short-circuit and
resistive power dissipation along with dynamic power
have been modeled with good accuracy.

IV. Conclusions

A simple yet accurate expression for the output volt-
age of a CMOS inverter as a function of time driving
a resistive-capacitive load is presented. With this ex-
pression, equations characterizing the propagation de-
lay and transition time of a CMOS inverter driving an
RC load are presented. These expressions are accu-
rate to within 25% of SPICE for a wide variety ofRC
loads. Furthermore, since the output waveform of this
circuit is accurately modeled, the short-circuit power
dissipation of the following CMOS stage loading the
interconnect line can be accurately estimated to within
15% for highly resistive loads. The resistive power dis-
sipation can be modeled to within 15% error forRC
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Table III. The resistive power dissipated by a CMOS inverter driving an RC load (0.8µm CMOS technology).

Power (µW)
Load Load f = 10 MHz, VDD = 5.0 V

Resistance Capacitance Analytic SPICE Error

10Ä .01 pF .0137 .0135 1%
10Ä .1 pF .137 .139 1%
10Ä 1 pF 1.37 1.39 1%
100Ä .01 pF .125 .118 6%
100Ä .1 pF 1.25 1.29 3%
100Ä 1 pF 12.5 13.1 5%
1000Ä .01 pF .658 .703 6%
1000Ä .1 pF 6.58 7.61 13%
1000Ä 1 pF 65.8 76.8 14%

loads ranging from 0.1 ps to 1 ns. Therefore, due to the
simplicity and accuracy of these expressions, the delay
and power characteristics of a CMOS inverter driving a
high impedanceRC interconnect line can be efficiently
estimated.

Appendix—Determining Ido and Vdo

The alpha-power law model parameters,Ido andVdo,
describe the maximum drain current and drain satura-
tion voltage, respectively, whereVGS= VDD [10]. For
increased accuracy of the delay expressions shown in
section IIB, Ido andVdo may need to be adjusted for
a specific CMOS technology. Initially, these two pa-
rameters of the alpha-power law model are determined
as explained by Sakurai in [10]. With these parame-
ters, an initial estimate of the propagation delay and
transition time for anyRC load for a specific CMOS
technology can be made using (5) and (6), respectively.

These analytical estimates are compared to SPICE
for a variety ofRC load impedances. In order to im-
prove the accuracy of the analytical expressions,Ido

andVdo can be curve fit to SPICE. This process is per-
formed only once for a given technology.

The adjustment ofIdo is performed by determining

kP D = C

0do
( tP DS
.693 − RC

) (14)

and

ktt = C

0do
( tt S

2.2 − RC
) , (15)

wheretP DS andtt S are the SPICE-derived propagation
delay and transition times for the range ofRC loads,
i.e., C = 10 fF, 100 fF, 1 pF andR = 10, 100, 1000
Ä. The factorskP D andktt across this range of loads
are averaged, and the result iskavg,

kavg = 1

2

n∑
i=1

kP D

n
+ 1

2

n∑
i=1

ktt

n
. (16)

Vdo is divided bykavg or Ido is multiplied bykavg.
These analytical delay expressions produce results that
yield values for the propagation delay and transition
time that are the least square error from SPICE for this
specific CMOS technology.
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