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Abstract—In this paper a complete approach for timing and
power modeling and characterization of the CMOS gates is
proposed. At first, a simplified but still accurate transistor
current model is proposed taking into account the nanoscale
effects which have a countable effect on the circuit behavior.
Using the expressions of the transistor current, the differential
equation which describes the operation of the CMOS inverter is
solved analytically and expressions for the output voltage and
supply current and thus for propagation delay and the power
consumption are derived. These expressions are parametric
according the input signal slew, output load, transistor widths,
supply voltage, temperature and process. Complex gates are
replaced by equivalent inverters with similar behavior and the
expressions developed for the inverter are employed. Parametric
expressions are derived for the transistor widths of the equivalent
inverters using a fitting procedure. Results for the NAND and
NOR gates show that the proposed approach presents a sufficient
accuracy with an average error in propagation delay at 5%.

on the analysis of the operation of the gates to result in
analytical formulas for the circuit characteristics like
propagation delay, power consumption, etc. However, the
direct analysis of the CMOS gate is a cumbersome problem
much complicated by the nanoscale effects raised in the
current technologies. Thus, the approach mostly proposed by
the researchers is the use of an equivalent inverter to model
the complex behavior of the CMOS gate. According to this
method, analytical expressions are developed first for the
CMOS inverter. Then, every gate is replaced by an equivalent
inverter, by defining appropriate sizes for the transistors of the
inverter, so that it can provide a similar behavior to that of the
gate. Finally, the expressions, derived for the CMOS inverter,
are used on the equivalent inverter to provide predictions for
the gate’s characteristics.
Some methods have been proposed in the past for direct
analysis of the transistor structures to calculate the appropriate
sizes of the transistors of the equivalent inverter [2-3].
However, they are based on assumptions for the relative
operation of the transistors which are not further valid in the
nanoscale regime. The application of these methods to current
technologies leads to significant errors making their use
inappropriate.

Keywords—CMOS gate modeling; Inverter modeling;
Equivalent inverter; Transistor current model; Timing-power
model.

I. INTRODUCTION
Timing and power modeling of the CMOS gates is a very
important task in the IC market since it eliminates costly
iterations in the manufacturing procedure. Characterization of
the gates based on accurate timing and power consumption
models, permits us in making predictions for the circuit
behavior early in the design phase. In this way, the required
specifications are ensured before construction.

The proposed approach starts with the development of a
simplified transistor current model. This model incorporates
the main nanoscale effects which present a significant impact
in the behavior of the circuits. The expressions for the
transistor current are used for solving the differential equation
which describes the operation of the CMOS inverter.
Analytical expressions are developed for the output voltage
waveform, the supply current, the propagation delay and the
output waveform slew of the inverter. These expressions are
fully parametric regarding input signal slew, , output load,
Cout, transistor widths, W, supply voltage, VDD, and
temperature, T.

Current based models are preferred by industry for timing
and power characterization of the CMOS gates. This is the
case of the Composite Current source (CCS) technology [1]
used by Synopsys. Based on a pre-characterization phase the
waveforms of the supply and output currents for all the design
corners, captured by simulation, are stored and used for
making predictions for the propagation delay, output voltage
slew and power consumption. Because of the required
simulation this approach is accurate (error about 2% regarding
BSIM) but slow and also needs the time consuming
manipulation of large files.

The transistor sizes of the equivalent inverter are
calculating by a fitting procedure based on HSPICE
simulations. For all the design corners, defined for the used
library, and for different values of of W, VDD and T a number
of simulations are performed. The widths of the transistors of
the equivalent inverter are selected so that it can provide a

Analytical models, on the other side, can provide similar
predictions but much faster sacrificing some accuracy. A few
approaches have been proposed for this case. These are based
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similar output voltage waveform with that of the gate it
metric expressions
substitutes. Using a fitting procedure, param
for the transistor widths are produced. Thhe values for the
transistor widths, calculated by this way, are by far more
accurate than an alternative analytical methhod can offer. So,
by this study the limits of the equivalent invverter approach are
determined. As a case study the inndustrial oriented
NangateOpenCellLibrary [4] for the 45nm PTM technology
[5] is used.

II. TRANSISTOR CURRENT MOD
DEL

Fig .1. Thee CMOS inverter

The proposed approach of modeling CM
MOS gates is based
on solving the differential equation whiich describes the
operation of the CMOS inverter. Simplifiedd but still accurate
expressions for the transistor currents has too be developed, so
that the differential equation to can be solved analytically. For
this reason, a modification of the transisstor drain current
model presented in [6] is used including anallytical expressions
for the threshold voltage Vt and the DIBL
L factor DIBL. To
increase the accuracy in the analysis of the inverter, the
subthreshold transistor current is taken intoo account since it
has a considerable value in nanoscaale technologies.
Furthermore, in order the proposed gaate model to be
parametric regarding temperature, the transisstor current model
has been extended to include its dependencce on temperature.
A first version of this model has been presennted in [7].

The operation of the inverterr is described by the differential
equation resulted by applying the Kirchhoff's current law at
the output node:
I n + Cdbn

dV ·
dV
dVout
dV
§ dV
= I p − Cout out + Cm ¨ in − out ¸ − Cdbp out
dt ¹
dt
dt
dt
© dt

(1)

where the transistor currentss, In and Ip, are replaced by their
expressions. As an input, a rissing or falling ramp is applied.
Appropriate average values according to the transistor
operation mode are determined for the parasitic capacitances
using HSPICE simulations.
The differential equation haas to be solved during whole the
time the output is in transition, which starts at the starting time
of the input ramp signal. Durinng this time interval, transistors
operate in various modes and tthe combination of these modes
(also with the input state) deefines the different regions of
operation. The structure of the solution flow for a rising input
ramp has been presented in [7]. A similar flow for the falling
input ramp exists. The differeential equation has to be solved
for every region of operationn. To do that, some reasonable
assumptions have been adopted [7-8]. Finally, a parametric
expression for the output vooltage according to the input
transition time, output load, trransistor width, supply voltage
and temperature is derived. Taable I shows the design corners
defined by the used library andd the range of the values of the
parameters.

III. MODELING THE CMOS INVER
RTER
The CMOS inverter is the basic structture of the digital
circuits. In general, a complex CMOS gate coonsists of a NMOS
and a PMOS transistor structures and dependding on the values
of the inputs its output voltage changes valuue from 0 to 1 or 1
to 0. The current through these structures, foor a given process,
depends on the way the transistors are connnected, the applied
input signals, the width of the transistors, the
t supply voltage
and temperature. Defining an appropriate width
w
for a single
transistor it could provide a similar current waveform
w
to that of
the structure. An equivalent inverter could be constructed by
using transistors with appropriate widths to provide a similar
behavior to that of a complex gate. This makkes the analysis of
the inverter a major task in EDA market.

TABLE I. PARAMETER CORNERS AND RANGES

Input slew,  (ps)
Load capacitance, ܥ௨௧ (fF)

The CMOS inverter is shown in Fig. 1. The parasitic
capacitances which have a significant impacct on the behavior
of the inverter are also shown. Cm is the couupling capacitance
between input and output node, correspondinng to gate-to-drain
capacitance of both transistors. Cdb corresponnds to drain-to-bulk
capacitance while ܥ௨௧ corresponds to output load capacitance.

NMOS transistor width, ܹ (nm), (range)
Supply voltage, ܸ (V), (range)
Temperature, T (oC), (range)

2.9, 12, 43, 102, 195,
325, 496
0.37, 1.9, 3.8, 7.6,
15.1, 30.3, 60.6
90 - 400
0.7 - 1.25
0 - 125

Using the expression of thee output voltage, the expression
of the output current throough Cout results as ܫ௨௧ ൌ
ܥ௨௧ ܸ݀௨௧ Ȁ݀ݐ. The current frrom the supply voltage can be
calculated by
dV
ddV
(2)
IVdd = I P ± C gsp in − Cdbp out
dt
dt

m
finding the
Analysis of the operation of a circuit means
voltage and current waveforms at any node and branch of the
circuit. In the case of the inverter there is only
o
one node, the
output node. If the voltage waveform on this node is
determined, then the currents through all the branches
(transistors and capacitances) can also be deteermined.
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the complex gate. Instead, the approach of the equivalent
inverter provides sufficient results. According this, the NMOS
and PMOS transistor structures of a gate are replaced by single
NMOS and PMOS transistors which provide similar current
waveforms under similar bias conditions. By this way, an
equivalent inverter provides a similar output voltage waveform
as the gate it replaces.

where “+” or “-“ are used for the case of falling or rising
inputs, respectively, while Cgs is the gate-to-source capacitance.
A corresponding equation can be derived for the ground
current.
The NangateOpenCellLibrary [4] for the PTM 45nm
technology [5] is employed. Fig. 2 shows a comparison of the
proposed model with HSPICE for an output voltage waveform
for a rising input and VDD=1.1V, T=25oC, =195.25ps, Cout=
15.18fF and Wn=250nm. In Fig. 3 a comparison for the supply
current for the falling input case is presented. The accuracy of
the proposed model is obvious.

The problem is to estimate the appropriate widths to
emulate the operation of the transistor structures. Some
methods have been proposed in the past [2-3], but they are
based on assumptions which are not further valid for nanoscale
technologies, mainly because of the significant impact of the
channel length modulation effect on the transistor current
values. The application of such methods in current
technologies leads to significant and unacceptable errors.
The effectiveness and the accuracy of the approach of the
equivalent inverter are studied here. The widths of the
transistors of the equivalent inverter are calculated based on
HSPICE simulations. For all the design corners and the ranges
of the parameters the output waveform of the gate is captured
by simulation. Then the appropriate width of the transistors of
the equivalent inverter is determined so that it provides a
similar output waveform with that of the gate. In this way, the
transistor width of the equivalent inverter is determined as a
function of the input transition time, the output load, the width
of the transistors of the gate, the supply voltage and the
temperature. By applying a fitting procedure, the precise
functions of the appropriate widths are defined [9]. It should be
mentioned that the output load in the equivalent inverter has to
slightly be increased to include the impact of the parasitic
capacitance of the extra transistor area of the gate.

Fig. 2 Output voltage comparison for a CMOS inverter and for rising input

In Fig. 4 the output voltage waveform of the NAND gate
for a rising input to the bottom transistor (the other is “1”) is
compared to that of the equivalent inverter. The width of the
equivalent transistor is calculated by the derived expressions.
This is for VDD=1.1V, T=25oC, =102.5ps, Cout= 7.59fF and
Wn=400nm. In Fig. 5 a comparison for the ground current
waveform is also presented.

Fig. 3 Supply current comparison for a CMOS inverter and for falling input

Expressions for the propagation delay are also provided.
Regarding propagation delay, an average error of 3% with a
maximum less than 10% is presented in all the corners for the
typical case (VDD=1V, T=25oC). For T=25oC and in whole the
range of the VDD (0.7V-1.25V) the average error increases to
4.5% while for different values of T the error is about 8%.
Fig. 4 Output voltage comparison for a NAND gate and for a rising input

IV. THE EQUIVALENT INVERTER APPROACH
The analysis of the inverter towards an analytical solution
is a complex procedure. This prevents a complete analysis of
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error of about 5% has been determined for the estimation of the
propagation delay in CMOS gates.
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Fig. 5 Ground current comparison for a NAND gate and for a rising input

The accuracy is obvious. Regarding propagation delay, the
error for the typical case is about 5%. Some results regarding
the propagation delay of the NOR and NAND are provided in
Table II.

V. CONCLUSIONS
The approach of using equivalent inverters for modeling
complex CMOS gates is investigated. An inverter model is
developed by solving analytically the differential equation
which describes its operation. To do that, a simplified but still
accurate transistor current model is proposed. In this way,
analytical expressions can be derived for the voltage and
current waveforms, as well as the propagation delay and the
power consumption accelerating the characterization
procedure. These expressions are parametric according the
input signal slew, the output capacitive load, the transistor
width, the supply voltage and the temperature. An average

TABLE II PROPAGATION DELAY APPROXIMATION FOR THE NOR AND NAND AND FOR INPUT APPLIED AT THE CLOSEST TO THE POWER RAIL TRANSISTOR
NOR (VDD = 1V)
T=25oC
(rising)
T=125oC
(falling)
=10ps
=100ps
=10ps
=100ps
W(nm) Cout(fF)
Delay
Delay
Error
Delay
Delay
Error W(nm) Cout(fF)
Delay
Delay
Error
Delay
Delay
Error
(Model) (HSPICE) (%) (Model) (HSPICE) (%)
(Model) (HSPICE)
(%)
(Model)
(HSPICE)
(%)
0.5
0.5
54.8ps
49.53ps
10.64 66.04ps
63.89ps
3.37
11.37ps 11.74ps
3.15 33.81ps 34.25ps
1.28
100
100
15
144.8ps 145.2ps
0.28 169ps
169.5ps
0.29
15
815.2ps
792.8ps
2.83 818.6ps
806ps
1.56
0.5
7.676ps 7.985ps
3.87 25.69ps 26.13ps
1.68
0.5
28.57ps
28.45ps
0.42 44.24ps
44.4ps
0.36
400
400
15
38.99ps 39.42ps
1.09 64.81ps 65.26ps
0.69
15
198.9ps
208.5ps
4.60
212ps
220.3ps
3.77
NAND (VDD = 0.7V)
T=25oC
(rising)
T=125oC
(falling)
W(nm)

100

400

Cout(fF)

=10ps
Delay
(Model)

Delay
(HSPICE)

0.5

21.04ps

15

=100ps
Error
(%)

Delay
(Model)

Delay
(HSPICE)

Error
(%)

20.52ps

2.53 43.23ps

42.77ps

1.08

290ps

276.3ps

4.96 295.5ps

298.1ps

0.87

0.5

12.84ps

13.43ps

4.39

33.1ps

32.52ps

1.78

15

72.7ps

74.04ps

1.81 93.85ps

96.6ps

2.85

W(nm)

100

400
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Cout(fF)

=10ps

=100ps

Delay
(Model)

Delay
(HSPICE)

Error
(%)

Delay
(Model)

Delay
(HSPICE)

Error
(%)

0.5

43.62ps

43.64ps

0.05

64.9ps

64.65ps

0.39

15

633.9ps

633.6ps

0.05

678.5ps

678.3ps

0.03

0.5

26.02ps

26.03ps

0.04

50.05ps

49.67ps

0.77

15

170.9ps

170.8ps

0.06

190.9ps

191ps

0.05

