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ABSTRACT This paper proposes a design-oriented DC model for MOS transistors in advanced nanometric
technologies, based on only six parameters. The proposed model is based on the inversion charge and
includes the main short-channel effects for accurately describing the behavior of the transistor DC drain
current in all regions (linear to saturation) and regimes of operation (weak to strong inversion). The
proposed model is critically compared to existing inversion charge-based models, highlighting the main
limitations of previous models presented in the literature and the advantages and disadvantages of our
proposal. Then, regarding the model implementation, previously presented inversion charge-based models
require a numerical solver to link the transistor’s DC current to its DC node voltages. In this work,
we propose an innovative approach to model implementation via the analytical approximation of the
Lambert function’s principal branch. Thanks to this approximation, the proposed design-oriented model
offers for the first time an analytical single-piece expression of the drain current as an explicit function
of the transistor node voltages. The validity of both the proposed transistor DC model and its analytical
single-piece implementation is confirmed through simulation and measurement results, using the industrial
production-level model UTSOI2 as a reference. The evaluations were conducted on MOS transistors with
lengths of 30 nm, 60 nm, and 150 nm in STMicroelectronics 28nmFD-SOICMOS technology, to validate our
results in minimum length, intermediate length, and long transistors in the selected technology. The proposed
model achieves an average error of less than 6% in drain current evaluation compared to industry-standard
models such as UTSOI2, while significantly reducing computational complexity.

INDEX TERMS ACM, charge-based MOSFET model, design-oriented MOSFET model, EKV, FD-SOI,
LambertW -function, MOSFET compact model, short-channel effects.

I. INTRODUCTION
Ultra-low power and ultra-low voltage standards such as
those used in IoT force engineers to design circuits within
stringent energy consumption constraints. Unlike digital
circuitry, that easily benefits from technology scaling,
in order to comply to this requirement, analog designers in
advanced technologies are forced to move the transistors’
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operation zone away from strong inversion, towards the
moderate and weak inversion regimes [1]. Describing the
physical behavior of the transistor in these regimes taking into
account the emergence of short-channel effects in advanced
nanometric technologies is a challenging endeavor. Simple
models like the long-channel strong-inversion approxima-
tion are no longer valid and designers have to rely on
complex simulation-based transistor models that accurately
describe the transistor behavior and computer-based opti-
mization campaigns to appropriately size their circuits. This
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simulation-based design methodology is lengthy, resource-
intensive and makes difficult to gain an intuitive understand-
ing of the link between design performance and transistor
parameters.

In order to overcome the issues of simulation-based design
methodologies, simplified design methodologies have been
proposed such as the gm/ID or the inversion coefficient (IC)
basedmethodologies [2], [3], [4], [5], [6], [7], [8], [9], [10].
These design methods propose an efficient design-space
exploration based on simplified design-oriented models that
approximate the transistor behavior using a reduced set of
model parameters. Accurate and simple design-orientedmod-
els describing with precision the behavior of the transistor in
all operating regions and regimes are then required to make
the best use of these design methods.

In this regard, design-oriented inversion charge-based
models have been presented in the last few years [11], [12],
[13], [14] [15], [16], [17], [18], [19], usually based on
the ACM or EKV formalisms. Different implementations of
these design-oriented models have been developed with dif-
ferent levels of complexity, from the classical three-parameter
model for long-channel transistors presented in [11] to a
seven-parameter model considering short-channel effects for
advanced technologies in [14]. These models are well-suited
for design applications because of their reduced set of
parameters and their fully continuous behavior. It should
be noted that these models are compatible with all types
of transistors based on the MOS technology operation
principles. Thus, the ACM model was initially proposed for
bulk CMOS transistors [11] and was subsequently extended
to SOI transistors [14], [16]. Recent articles, such as [20],
demonstrate that a charge-based model can effectively
describe the behavior of FinFET transistors, considering
specific physical characteristics of FinFETs. However, the
drawback of these all-regime all-region models is the lack
of an explicit analytical link between the drain current and
the transistor node voltages. Indeed, these models express
both the transistor’s DC drain current and the transistor’s
node voltages as a function of the normalized inversion
charges at the source and drain sides of the transistor. The
resulting system of equations defines a set of transcendental
equations1 and requires a numerical solver to finally obtain
the transistor’s DC drain current for a given set of values of
the transistor’s node voltages.

Due to the transcendental nature of the model equations,
even if the models remain simple, the intuitive link between
voltage and current is unfortunately lost behind the use of
a numerical solver, which leads again to computation com-
plexity and complicates the understanding of the transistor
behavior.

1A transcendental equation is an equation that is not algebraic, that is,
at least one of its sides contains a transcendental function. A transcendental
function, such as the exponential, logarithmic and trigonometric function,
in contrast to an algebraic function, cannot be expressed algebraically using
a finite amount of terms. Transcendental equations are common in applied
mathematics and cannot be solved through simple algebraic manipulations.

In this paper, we present a single-piece continuous and
explicit MOSFET model for advanced technologies. This
model, based on the ACM inversion charge formalism,
expresses the MOS transistor’s drain current as an explicit
function of the transistor’s node voltages in a closed-form
analytical expression valid for all the operation zones of
the transistor. Although the ACM formalism is employed in
this paper, it should be noticed that the proposed approach
is directly applicable to other charge-based models such as
EKV. The proposed explicit model is based on a recently
proposed approximation of the Lambert W -function [21]
that avoids the need of a numerical solver in the model
implementation, combined with a new description of the
transistor’s saturation based on a modification of the Unified
Charge Control Model (UCCM) [15], that allow us to express
the transistor’s drain current as a single-piece equation.

Thus, in a nutshell, in this paper we propose a new
design-oriented DC model for MOS transistors in advanced
nanometric technologies, based on only six parameters,
which accurately captures the main short-channel effects.
The model employs an innovative approach to model
implementation via the analytical approximation of the
Lambert function’s principal branch, eliminating the need
for numerical solvers. For the first time, we provide an
analytical single-piece expression of the drain current as an
explicit function of the transistor node voltages, valid for all
regions and regimes of operation. The validity of the proposed
model and its implementation is confirmed through extensive
simulation and measurement results on MOS transistors in
STMicroelectronics 28nm FD-SOI CMOS technology and
we critically compare the proposed model to existing inver-
sion charge-based models and industry-standard FD-SOI
UTSOI2 model, demonstrating its advantages in terms of
accuracy and computational efficiency.

The rest of the paper is structured as follows. Section II
presents a new 6-parameter (in the following, 6PM) version
of the ACM model including the proposed modification of
the UCCM to take into account the saturation effect proposed
in [15]. The model is described based on the classical
transcendental formalism using the Lambert W -function.
Then we discuss the traditional implementation of the model
using a numerical solver and its underlying complexity. Then,
Section III presents our explicit I -V model, that is built from
the 6PM model by employing an analytical approximation
of the Lambert W -function. Besides, this approximation
is employed to derive new analytical expressions for the
transistor’s drain current and its derivatives. In order to
verify the feasibility and validity of the proposed explicit
I -V model, Section IV compares, for different operation
conditions (operation regions, long and short channels),
the proposed model to previous design-oriented models
implemented with numerical solver. The comparison is
based on transistors from STMicroelectronics 28nm FD-SOI
CMOS technology. The accuracy of the approximated
explicit expression is validated by comparing the obtained
results with a numerical implementation of the proposed 6PM
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model employing the association for computing machinery
(acm) 443 algorithm [22].The proposedmodel is compared to
the industry-standard FD-SOI UTSOI2 model. Additionally,
comparisons with measurements are made. Finally, an in-
depth analysis of the proposed model and its implementation,
as well as a comparison with recent state of the art charge
based models are presented in Section V. To conclude the
paper, Section VI summarizes our main contributions.

II. DESIGN-ORIENTED 6-PARAMETER INVERSION
CHARGE-BASED MODEL
The aim of a design-oriented model is to assist designers
during the initial stages of circuit design. These models have
to be built to offer a good trade-off between the model
simplicity and accuracy in such a way that the model remains
simple to manipulate while approximating the transistor’s
behavior as closely as possible. In this regard, the proposed
6PM design-oriented model describes the transistor’s DC
behavior based on only 6 DC parameters linked to different
physical effects.

The proposed 6PM model, presented hereafter, is built
on the basis of the ACM formalism [23]. Thus, the model
includes the three classical parameters from the basic ACM
model: the subthreshold slope factor, n, the equilibrium
threshold voltage,VT0, and the specific current, IS0, which are
enough to approximate the behavior of a long-channel MOS
transistor. Three parameters are added to account for short-
channel effects. The first one is the drain-induced barrier
lowering (DIBL) effect, which leads to a reduction of the
carrier’s barrier potential occurring at the source side as the
drain voltage increases. This effect is represented in themodel
by the dimensionless DIBL effect factor, σ , that modulates
the threshold voltage depending on the DC voltages applied
to the source and drain terminals. The effective mobility
of the carriers in the inversion layer is directly linked to
the vertical electrical field along the channel. The mobility
decreases as the applied electrical field increases, which
results in a reduction of the drain current and is represented
in the model by the mobility reduction factor, θ . Finally, the
carrier velocity saturation effect models the limited increase
of the velocity of the carriers when the horizontal electric
field increases, which again results in an effective reduction
of the drain current. This effect is represented in the model
by the carrier velocity saturation effect parameter, ζ . This
dimensionless parameter is defined as,

ζ =
µUT
L

·
1

νsat
, (1)

where µ is the effective mobility of the carriers, UT =
kT
q is

the thermal voltage, L is the transistor length, and vsat is the
saturation velocity of the carriers. The presented parameters
are summarized in Table 1.

Concerning the dependence of the model parameters with
the transistor geometry, that is, its Length, L, and Width, W ,
it is important to emphasize that parameters n, VT0, σ , ζ , and
θ are influenced exclusively by L. Conversely, parameter IS0,

TABLE 1. Summary of the 6PM model parameters.

has a dependency on bothW and L, although the dependence
withW is linear. Consequently, the geometrical dependencies
of the inversion charges, the drain current and its derivatives,
are directly incorporated into the MOSFET model parame-
ters. In a practical application, the usual modeling approach
consists in extracting a different set of model parameters
for each of the transistor’s lengths considered. Nevertheless,
it is also possible to derive geometrical scaling laws that
represent the model parameters as a function of the transistor
dimensions, as demonstrated in [24].

The main equation in the proposed model describes the
behavior of the DC drain current ID taking into account both
drift and diffusion currents as well as the saturation velocity
and mobility reduction phenomena. Thus, the normalized
drain current, iD, is expressed as,

iD =
ID
IS0

=
(qS − qD) (qS + qD + 2)

[1 + ζ (qS − qD)] [1 + θ (qS + qD)]
, (2)

where IS0 is the specific current, and qS and qD are the
normalized inversion charge densities at the source and drain
sides of the transistor, respectively.

The specific current is defined as,

IS0 = µnC ′
ox
U2
T

2
W
Leff

, (3)

where C ′
ox is the oxide capacitance per unit area, W is the

width of the transistor and Leff is its effective length.
The normalized inversion charge densities are defined as,

qi =
Qi
QP

, (4)

where, Qi represents a charge density (corresponding to
source or drain) and QP is the pinch-off charge per unit area
defined as

QP = ±nC ′
oxUT , (5)

where the plus sign refers to a p-channel transistor and the
minus one indicates an n-channel transistor.

The model equations are completed by the relationship
between the normalized inversion charges and the transistor
node voltages. These equations are defined by the Unified
Charge-Control Model (UCCM). We employ the formalism
first introduced in [15] to describe the saturation effect
directly in the UCCM equations, as

vP − vS(D)B = q′

S(D) − 1 + ln
(
q′

S(D)

)
, (6)
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where drain and source voltages are normalized with
respect to UT and vP is the normalized pinch-off voltage
approximated as,

vP ≈
1
UT

·
VGB − VT0 + σ (VDB + VSB)

n
. (7)

Introducing the modulated threshold voltage, defined as

VT = VT0 − σ (VDB + VSB) , (8)

(7) can be expressed as,

vP ≈
1
UT

·
VGB − VT

n
. (9)

In order to consider the carrier velocity saturation effect,
modulated normalized source and drain inversion charges, q′

S
and q′

D, respectively, have been introduced. They are defined
as,

q′

S(D) = qS(D) − qsat , (10)

where qsat represents the normalized saturation drain charge
ratio and is related to the normalized saturated drain current
by

iDsat =
2
ζ
qsat . (11)

The introduction of qsat in the UCCM equations allows
for a continuous description of the transistor behavior across
the different operation zones, avoiding the definition of a
saturation voltage leading to a piece-wise set of equations and
a higher calculation complexity. It is also worth noticing that
by modulating both the source and drain inversion charges,
the resulting equations are symmetrical, in the sense that
interchanging drain and source terminals results in a change
of sign of VDS but the transistor behavior remains the same.

Expressions (2) and (6) define a system of equations that
determines the value of the transistor’s DC drain current
as a function of the transistor’s DC node voltages. The
analytical solution of the system can be written in terms of
the Lambert W -function, which is defined as the solution of
the transcendental equation (6), as,

q′

S(D) = W (xS(D)), (12)

where,

xS(D) = e
[
vP − vS(D)B + 1

]
. (13)

The normalized saturation drain charge ratio qsat can then
be expressed as

qsat =
ζ

2

[
(W (xS ) + 1)2 − 1

]
. (14)

Substituting (12) and (14) in (10) leads to,

qS(D) = W (xS(D))
[
1 +

ζ

2
W (xS(D)) + ζ

]
, (15)

FIGURE 1. Conceptual flowchart for DC current evaluation using the
proposed model and the acm 443 numerical solver.

which can be introduced in (2) to compute the transistor drain
current. It is interesting to note that ζ

2W (xS(D)) ≪ 1 when the
transistor is not saturated which leads to

qS(D) = W (xS(D)) [1 + ζ ] ≈ W (xS(D)), (16)

and thus to q′

S(D) ≈ qS(D), which enables to create a link
between the modified UCCM used in this paper and the
classical one, not taking into account the carrier velocity
saturation effect, which is commonly used in the literature.

Due to the transcendental nature of (6), the solution (12)
is computed with a numerical solver. This is a common
drawback for models based on the UCCM equation. Thus,
the classical implementation of these models employs an effi-
cient numerical solver, the acm 443 algorithm, to numerically
solve the UCCM equations.

The numerical implementation of the proposed model is
conceptually depicted in Fig. 1. For a given set of DC node
voltages (VGB,VDB,VSB), the evaluation of the correspond-
ingDC drain current IDC begins by calculating the transistor’s
modulated threshold voltage and the associated pinch-off
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voltage. From there, all the variables of the modified UCCM
equation are set and the modulated normalized source and
drain inversion charges, as well as the normalized saturation
drain charge can be determined by using the 443 algorithm
to solve the modified UCCM equations (6). Once the charges
are computed, they are introduced in the current equation (2)
to evaluate the DC drain current of the transistor.

Although the acm 443 algorithm is computationally very
efficient, resorting to a numerical solver makes the model
difficult to manipulate for initial hand calculations and
hinders the intuitive understanding of the transistor behavior.

III. EXPLICIT I − V 6PM MODEL
This section introduces a closed-form expression for the drain
current ID as a function of the transistor’s node voltages,
derived from the previously presented model. This explicit
I − V model circumvents the need for numerical solvers
by utilizing an analytical approximation of the Lambert
W -function. Our proposed formulation yields an explicit,
single-piece equation that captures the DC drain current’s
dependence on node voltages with remarkable precision. The
benefits of an analytical and explicit I − V expression are
multiple. Firstly, it facilitates an intuitive understanding of the
transistor operation and the effect of short-channel effects.
Moreover, the proposed formulation for the drain current is
continuous and derivable, which allows us to provide explicit
expressions for the transistor small signal parameters.

In the following subsections, we present the analytical
approximation of the Lambert W -function and derive the
proposed explicit expressions of the inversion charges, drain
current and transistor small signal transconductance as a
function of the transistor DC node voltages.

A. LAMBERT W -FUNCTION APPROXIMATION
Instead of relying on a numerical solver, in this paper we
propose a novel formulation of the solution to the UCCM
equations that allows us to get an explicit and single-piece
equation linking the transistor’s DC drain current and its node
voltages.

Using analytical expressions instead of numerical solvers
has its benefits. Firstly, it enables a faster and more
efficient exploration of the design space, leading to a
better understanding of the circuit performances and their
relationship with the physics of the transistor. Moreover,
it will be shown that the proposed formulation is derivable,
and hence, it facilitates to establish links between circuit
performances, usually related to the derivatives of the drain
current, and the transistor parameters.

The formulation of the proposed explicit I − V model is
based on a recently published approximation of the Lambert
W -function [21]. As seen before, the normalized source and
drain charge ratios are determined by evaluating the Lambert
W -function, which is the solution to the transcendental
equation defined as

W (x)eW (x)
= x. (17)

This function has two real branches. The branch of interest
for our study is the one for x ∈

[
−

1
e , ∞

[
, which is called

the principal branch and contains the domain of application
of our model, defined from (13), as x ∈ [0, ∞[.
From [21], the Lambert W -function, for x ≥ 0, can be

approximated by the terms of the series,

W0(x) = ln [1 + α(x)x] , (18)

Wn(x) =
Wn−1(x)

1 +Wn−1(x)

[
1 + ln

(
x

Wn−1(x)

)]
, (19)

where n = 1, 2, 3 . . ., and function α(x) is defined by

α (x) =
1

1 +
ln (1 + x)

2

. (20)

The approximation of the Lambert W -function improves
as n increases. For n = 0, the maximum relative error in the
approximation for all the considered branch is below 4%. For
n = 1 this error is reduced below 0.022%. The series matches
the accuracy of numerical solvers for n = 3.

In this work, we will employ the approximation W (x) ≈

W0(x), which gives us a good trade-off between model
complexity and accuracy.

B. EXPLICIT qs(d ) AND ID EXPRESSIONS AS A FUNCTION
OF THE TRANSISTOR’S NODE VOLTAGES
Based on the proposed approximation of the Lambert
W -function, the modulated normalized source and drain
inversion charges can be obtained from equations (12), (13),
and (18) as,

q′

S(D) = ln

1 +
evP − vS(D)B + 1

1 +
1
2 ln

(
1 + evP − vS(D)B + 1

)
 . (21)

Equation (21) can be expanded in order to get a continuous
single-piece expression for the normalized source and drain
inversion charges dependent on the transistor’s terminal
voltages, which leads to (22), as shown at the bottom of the
next page.

Similarly, the explicit expressions of the normalized
charges (22) can be directly injected in (2) to obtain a
continuous single-piece explicit equation for the transistor’s
DC drain current expressed as a function of the transistor’s
node voltages as (27), as shown at the bottom of the next page,
where A, B, C , and D are defined as,

A = W0(xS ) −W0(xD), (23)

B = W0(xS ) +W0(xD), (24)

C = W 2
0 (xS ) −W 2

0 (xD), (25)

D = W 2
0 (xS ) +W 2

0 (xD). (26)

The obtained ID approximation makes no assumption on
the values of the DC node voltages and hence it is valid in all
regions (linear to saturation) and regimes of operation (weak
to strong inversion).
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C. EXPLICIT gm EXPRESSION AS A FUNCTION OF THE
TRANSISTOR’S NODE VOLTAGES
The obtained explicit I − V model is continuous and
derivable, which allows to compute, analytically, the small
signal parameters of the transistor. Thus, the small signal
transconductance gm of the transistor can be directly
evaluated as,

gm =
∂ID

∂VGS
. (28)

Before computing the derivative, it is convenient to
rearrange the DC current equation (2) as,

iD =
E (F + 2)

1 + ζE + θF + ζθEF
, (29)

where E and F are given by,

E = (1 + ζ )A+
ζ

2
C, (30)

F = (1 + ζ )B+
ζ

2
D. (31)

Simply applying the definition of the transconduc-
tance (28), we can arrive to a single-piece closed-form
expression for the transistor’s small signal transconductance
that, again, is valid in all regions and regimes of operation.
The equation of the transconductance is expressed in (32),
as shown at the bottom of the next page, as a function of
the derivatives of E and F and considering that the bulk and
source terminals are connected. The derivatives of E and F
are detailed in the Appendix in equations (40) and (41).

IV. RESULTS
The accuracy of the proposed design-oriented 6PM model
is demonstrated with direct comparisons to simulation and
measurement results. These comparisons were conducted
using NMOS transistors of different lengths in 28nm FD-
SOI CMOS technology from STMicroelectronics. Firstly,
to verify the accuracy of the proposed formulation, the
proposed model is compared to an industrial production-level
transistor model, the UTSOI2 [25], [26] included in the
Process Design Kit (PDK) of the 28nm FD-SOI CMOS
technology, it has to be noted that this industry-standard
model is fully continuous and highly configurable. Then, the
proposed 6PM model is compared to a previously published
state-of-the-art design-oriented model employing 5 DC

model parameters [15]. Additionally, both the numerical
implementation and the explicit analytical approximation of
the proposed 6PM model are considered in order to show
the accuracy of the proposed explicit expressions. Finally, the
proposed 6PM model is compared to actual characterization
measurements on a set of fabricated transistors in the selected
28nm FD-SOI CMOS technology.

In our validation, we employ NMOS transistors with
lengths of 30 nm, 60 nm, and 150 nm, in order to show
the dependency of the model parameters with the transistor
length. The 30 nm transistor was chosen to highlight the
ability of the proposed model to accurately describe the
short-channel effects, while the 150 nm transistor was chosen
to represent a long-channel transistor. Moreover, due to
an optical shrink during the process, a length of 30 nm
represents the minimal length in STMicroelectronics 28nm
FD-SOI CMOS technology, and lengths of 60 nm and 150 nm
are commonly used in analog and RF design [27], [28],
[29], [30], [31], [32], making them practical choices for
this study. The DC model parameters employed to build
the design-oriented 6PM model were obtained using the
extraction methodology described in [14] and [33] for each of
the considered transistor’s lengths. The set of extracted model
parameters for the three considered transistor’s lengths are
listed in Table 2.

TABLE 2. Design-oriented 6PM model parameters for 28nm FD-SOI CMOS
NMOS transistors (W = 1 µm for all considered transistors).

Additionally, as previously discussed in Section II, it is also
possible to derive geometrical scaling laws to explicitely take
into account the dependency in L of each model parameter,
as demonstrated in [24]. As an illustration, we extracted a
fourth-order polynomial law for the equilibrium threshold
voltage, VT0, depicted in Fig. 2, to show the feasibility of this
approach.

qS(D) = ln

1 +
evP − vS(D)B + 1

1 +
1
2 ln

(
1 + evP − vS(D)B + 1

)
 1 +

ζ

2
ln

1 +
evP − vS(D)B + 1

1 +
1
2 ln

(
1 + evP − vS(D)B + 1

)
 + ζ

 . (22)

ID = IS0

[
(1 + ζ )A+

ζ
2C

] [
(1 + ζ )B+

ζ
2D+ 2

]
1 + ζ

[
(1 + ζ )A+

ζ
2C

]
+ θ

[
(1 + ζ )B+

ζ
2D

]
+ ζθ

[
(1 + ζ )A+

ζ
2C

] [
(1 + ζ )B+

ζ
2D

] . (27)
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FIGURE 2. Extracted geometrical scaling law of the equilibrium threshold
voltage VT0 of 28nm FD-SOI CMOS NMOS transistor.

FIGURE 3. Common source configuration.

A. SIMULATION RESULTS
Simulation results were obtained for a common source
configuration of the transistor, as depicted in Fig. 3,
connecting the source to the bulk, i.e., VS = VB = 0V .
Using this configuration, Fig. 5, 6, and 7 represent the
obtained ID-VGB and ID-VDB curves for different values of
VGB for the former and VDB for the latter. It is noteworthy
that the common-source topology is, to our knowledge, the
most widely used topology in many analog, RF, and mmW
designs implemented in integrated circuits, especially in
CMOS technologies.

The considered voltage sweeps cover all operation regions
and regimes of the transistor. Fig. 5 corresponds to a
short-channel transistor with a length of L = 30 nm, Fig. 6
corresponds to L = 60 nm and Fig. 7 corresponds to a
long-channel transistor of L = 150 nm. All transistors have
a width of W = 1 µm. Fig. 8 shows the ID-VGB curves in
semilog scale to highlight the modeling of the subthreshold
region for the three considered transistor’s lengths.

Additionally, to better highlight the dependency of the
drain current with the geometrical dimension of the transistor,

FIGURE 4. Three-dimensional plot of the drain current ID as a function of
the transistor channel width W and length L at VGB = VDB = 0.5 V and
VSB = 0 V, using the proposed ACM 6PM.

W and L, Fig. 4 illustrates a three-dimensional representation
of ID as a function of the channel widthW and length L, at a
constant gate-to-bulk voltage VGB and drain-to-bulk voltage
VDB of 0.5V , with the source-to-bulk voltage VSB set to 0V .

Fig. 5, 6, 7, and 8 offer a direct comparison between
the proposed design-oriented 6PM model (both numerically
computed based on 443 algorithm and analytical based on
explicit expressions), the industry-standard UTSOI2 compact
model, and the 5PM design-oriented model of [15] based on
443 algorithm resolution. Additionally, we represent also the
relative error of the proposed 6PMmodel (both numerical and
analytical solutions) with respect to the UTSOI2 model. For
Fig. 5, 6, 7, and 8, the proposed relative errors are defined as
follows:

Rel.ErrorAn.Res =
ID, An.Res − ID, UTSOI2

ID, UTSOI2
, (33)

Rel.Error443 =
ID, An.Res − ID, 443

ID, 443
. (34)

As it can be seen, the proposed design-oriented 6PMmodel
offers a very good approximation of the transistor behavior,
very close to the UTSOI2 curves. Compared to the previously
presented 5PM design-oriented model, the introduction of
the mobility reduction parameter, θ , not present in the 5PM
model, allows us to better model the transistor behavior for
strong values ofVGS , both for short-channel and long-channel
transistors.

The proposed model is considered design-oriented due to
its simplicity and its precision in characterizing the behavior
of the transistors. In this regard, designers often employ
specific transistor metrics –other than the drain current–
to correlate their circuit specifications with the transistors’
capabilities. Analog designers typically utilize the transistor’s

gm =
IS0
UT

[
E ′ (F + 2) + EF ′

]
[1 + ζE + θF + ζθEF]−E [F + 2]

[
ζE ′

+ θF ′
+ ζθ

(
E ′F + F ′E

)]
[1 + ζE + θF + ζθEF]2

. (32)
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FIGURE 5. Comparison with simulation: ID-VGB (VD = 50 mV (a), VD = 250 mV (b), and VD = 500 mV (c)) and ID-VDB (VG = 100 mV (d), VG = 500 mV (e),
and VG = 1 V (f)) curves of 28nm FD-SOI CMOS NMOS transitor with L = 30 nm and W = 1 µm.
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FIGURE 6. Comparison with simulation: ID-VGB (VD = 50 mV (a), VD = 250 mV (b), and VD = 500 mV (c)) and ID-VDB (VG = 100 mV (d), VG = 500 mV (e),
and VG = 1 V (f)) curves of 28nm FD-SOI CMOS NMOS transitor with L = 60 nm and W = 1 µm.
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FIGURE 7. Comparison with simulation: ID-VGB (VD = 50 mV (a), VD = 250 mV (b), and VD = 500 mV (c)) and ID-VDB (VG = 100 mV (d), VG = 500 mV (e),
and VG = 1 V (f)) curves of 28nm FD-SOI CMOS NMOS transitor with L = 150 nm and W = 1 µm.

147818 VOLUME 12, 2024



J. Poupon et al.: Design-Oriented Single-Piece Explicit I-V DC Charge-Based Model for MOS Transistors

FIGURE 8. Comparison with simulation: ID-VGB (VD = 500 mV) curves of 28nm FD-SOI CMOS NMOS transitor with L = 30 nm (a), 60 nm (b), and 150 nm
(c) and W = 1 µm in semilog scale.

transconductance gm, which is closely associated with analog
specifications such as the gain of an amplifier. In contrast,
digital designers frequently consider the Ion/Ioff ratio as
a significant metric to evaluate the energy efficiency of a
technology, where Ion and Ioff are defined as,

Ion = ID|VGS = VDS = VDD, (35)

Ioff = ID|VGS = 0V ,VDS = VDD. (36)

Thus, Fig. 9 shows a direct comparison between the
proposed explicit expression for the transistor’s transcon-
ductance gm and the transconductance evaluated from the
UTSOI2 model. In order to highlight the contribution of the
mobility reduction parameter θ to gm, we have plotted the
complete analytical expression (32), and the same expression
neglecting the mobility reduction contribution by making
θ = 0. As it can be seen, the complete 6PM analytical
expression follows closely the UTSOI2 model. On the other
hand, neglecting the mobility reduction effect leads to an
overestimation of gm for moderate and strong values of VGS .

Finally, Fig. 10 presents a comparative analysis of the
Ion/Ioff ratio. The ratio obtained using the proposed explicit
expression for the drain current ID is compared against the
results derived from the UTSOI2 model. To better highlight
the impact of mobility reduction and the advantage of
our proposed 6PM model, we have illustrated the obtained
Ion/Ioff ratio using both the complete analytical expression
of ID as per equation (27) and the same expression with
θ = 0, thereby omitting the mobility reduction effect. The
findings are consistent with the transconductance analysis;
the comprehensive 6PM analytical expression closely mirrors
the UTSOI2 model. Conversely, once strong inversion is
established, disregarding the mobility reduction effect results
in an overestimation of the Ion/Ioff ratio.
In summary, Fig. 5, 6, 7, 8, 9, and 10 highlight the

key contributions of the proposed model. Firstly, they
demonstrate the precision of the approximation, validating
the implementation of the proposed model. Secondly, they
underscore the necessity of introducing the mobility reduc-
tion factor θ , to enhance accuracy across all the operating
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FIGURE 9. Comparison with simulation: gm-VGB for L = 30 nm (VD = 500 mV (a), VD = 1 V (b)), L = 60 nm (VD = 500 mV (c), VD = 1 V (d)), and
L = 150 nm (VD = 500 mV (e), VD = 1 V (f)) curves of 28nm FD-SOI CMOS NMOS transistor with W = 1 µm.
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FIGURE 10. Comparison with simulation: Ion/Ioff-VDD for L = 30 nm (a), L = 60 nm (b), and L = 150 nm (c) curves of 28nm FD-SOI CMOS NMOS
transistor with W = 1 µm.

regions and regimes of the transistor. Furthermore, it is
noteworthy that the introduction of the mobility reduction
factor θ mathematically introduces a new pole compared
to the ID expression of the 5PM ACM model presented in
[16]. This theoretical addition accounts for the differences
observed between the 5PM curves and those of the model
presented in this paper.

B. MEASUREMENT RESULTS
Figures 11 and 12 show a comparison between the proposed
closed-form 6PM design-oriented model and experimental
characterization measurements for a set of fabricated NMOS
transistors in STMicroelectronics 28nm FD-SOI CMOS
technology.

Fig. 11 shows the obtained ID-VGB curves for VDS =

500mV and ID-VDB curves for VGS = 500mV, for the three
considered transistor’s lengths, L = 30 nm, L = 60 nm and
L = 150 nm. As can be seen, the proposed analytical model
approximates closely the measured behavior of the transistor.

Finally, Fig. 12 shows a comparison between the ana-
lytical expression for the transistor’s tranconductance gm,

and the transconductance evaluated from the transistor’s
characterization measurements. Again, it is clear to see that
the proposed closed-form expression follows the behavior
observed in the experimental measurements.

The various measurement results corroborate the con-
clusions drawn from the simulation results: the necessity
of introducing of the mobility reduction factor θ , and the
precision of the new approximation leading to the novel
implementation of the proposed model. The close agreement
between the measurement data and our proposed model, both
qualitatively and quantitatively, reinforces the notion that the
proposed model could be a highly useful tool for preliminary
design. It could serve both analog and digital designers
and offers a valuable asset for easily characterizing new
technologies through simple DCmeasurements on individual
transistors.

V. DISCUSSION
In the view of the obtained simulation and measurement
results, we observe a compelling alignment between the
behavior of our simple 6PMmodel and the industry-standard
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FIGURE 11. Comparison with measurements: ID-VGB at VD = 500 mV (L = 30 nm (a), L = 60 nm (b), and L = 150 nm (c)) and ID-VDB at VG = 500 mV (L =
30 nm (d), L = 60 nm (e), and L = 150 nm (f)) curves of 28nm FD-SOI CMOS NMOS transistor with W = 1 µm.
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FIGURE 12. Comparison with measurements: gm-VGB for L = 30 nm (VD = 500 mV (a)), L = 60 nm (VD = 500 mV (b)), and L = 150 nm (VD = 500 mV (c))
curves of 28nm FD-SOI CMOS NMOS transistor with W = 1 µm.

TABLE 3. Comparison between different versions of the ACM model and the industry-standard UTSOI2 model.

UTSOI2 model. Moreover, this alignment is observed
for both the numerically computed model using the
443 algorithm and for the proposed analytical approximation

that offers, for the first time, a single-piece explicit I − V
equation for the transistor DC behavior valid for all inversion
regions and operation regimes.
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Concerning possible future applications of the proposed
model, the primary objective is not to replace the compre-
hensive UTSOI2 model provided in the technology PDKs,
but to provide a streamlined alternative that can be especially
beneficial during the initial stages of technology development
and circuit design. For instance, in the context of a PDK
that is still under development, our model offers a rapid
and efficient means to characterize the technology, which
can be particularly advantageous. Furthermore, the model’s
simplicity and analytical nature allow for swift exploration of
the design space, which is crucial during preliminary design
efforts.

When considering the implementation of short-channel
effects, the ACM 6PM model introduced in this work
strikes a good trade-off between simplicity and precision.
While the ACM 7PM model incorporates a more complex
approach to account for channel length modulation (CLM)
in addition to DIBL and velocity saturation, our ACM
6PM model achieves a similar level of accuracy with less
complexity. In this regard, the model dependency in VD is
controlled by the balance of two model parameters (i.e., σ

and ζ , related to DIBL and velocity saturation, respectively).
It has to be noted that the shorter the channel length,
the stronger the short-channel effects are expected to be.
The working principles of the model do not present a
structural limitation on the scaling of the device. However,
a decrease in precision could be anticipated if non-considered
short-channel effects become significant for deeply scaled
transistors.

In order to put our results into perspective, Table 3 offers
a direct comparison between the proposed 6PM model and
previous design-oriented MOSFET models presented in the
literature. Table 3 presents a summary of the advantages
and trade-offs associated with each model. By presenting a
direct comparison with various ACM model versions and
the UTSOI2 model, we aim to highlight the practical utility
and analytical strengths of the proposed 6PM model in the
broader context of transistor modeling. As it can be seen, the
proposed 6PM model offers a comparatively good trade-off
between model complexity and precision.

VI. CONCLUSION
In this paper, we have introduced a novel 6-parameter
MOSFET DC model that accurately captures the main
short-channel effects present in advanced nanometric tech-
nologies, such as carrier velocity saturation, DIBL, and
mobility reduction, while maintaining a single-piece contin-
uous form that is valid for all operation regions (linear to
saturation) and regimes (weak to strong inversion).Moreover,
we have proposed for the first time an explicit I − V model
based on an approximation of the Lambert W -function that
avoids the use of numerical solvers and allow us to express
the transistor’s DC drain current and transconductance as a
direct function of the node voltages.

The proposed model, based on only 6 DC parame-
ters, offers a compelling trade-off between complexity

and accuracy which makes it particularly suited for the
initial characterization of new technologies, such as an in-
development PDK, and for facilitating and speeding up
early-stage design space exploration.

Concerning the limitations of the model, it has to be noted
that it offers an approximation to the actual behavior of
the MOS transistor. This approximation is aimed at helping
designers with the preliminary sizing of a given design
while keeping an intuitive link to the technology parameters.
However, our model is not intended for fully replacing the
complete compact models in the technology PDK which
take into account a wide variety of nonidealities that are not
considered in our model.

The accuracy of the proposed model has been thoroughly
validated through simulations and measurements on NMOS
transistors fabricated in STMicroelectronics 28nm FD-SOI
CMOS technology. Lengths of 30 nm, 60 nm, and 150 nm
have been used to cover a range of channel sizes, from
short-channel to long-channel transistors. These sizes were
chosen due to their common usage in analog and RF design
within this technology. Moreover, the results have been
compared against the industrial production-level UTSOI2
model and previously presented state-of-the-art design-
oriented MOSFET models, highlighting the accuracy and
validity of the proposed model across all the considered
biasing conditions.

In conclusion, the proposed 6PM model emerges as a
compelling alternative to more complex models. Its accuracy,
simplicity, and explicit analytical form make it an attractive
option for designers seeking to navigate the complexities of
modern transistor technologies. Future work can focus on
extending the model to include additional non-idealities and
exploring its application in various analog and digital design
scenarios.

APPENDIX A
ABBREVIATIONS AND SYMBOLS
List of abbreviations
5PM 5 Parameter Model.
6PM 6 Parameter Model.
ACM Advanced Compact Model.
CLM Channel Length Modulation.
DIBL Drain Induced Barrier Lowering.
FD− SOI Fully Depleted Silicon On

Insulator.
IC Inversion Coefficient.
PDK Process Design Kit.
UCCM Unified Charge Control Model.
List of symbols
µ Carriers effective mobility.
σ DIBL effect factor.
θ Mobility reduction factor.
ζ Carrier velocity saturation factor.
C ′
ox Oxide capacitance per unit area.

ID Drain current.
iD Normalized drain current.
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IDsat Normalized saturated drain
current.

IS0 Specific current.
k Boltzmann constant.
L Channel length.
Leff Effective channel length.
n Sub-threshold slope factor.
q′
D Modulated normalized inversion

charge density at the drain side.
q′
S Modulated Normalized inversion

charge density at the source side.
q Elementary charge.
QD Inversion charge density at the

drain side.
q′
D Normalized inversion charge

density at the drain side.
Qi Inversion charge density (at the

‘‘i’’ side).
qi Normalized inversion charge

density (at the ‘‘i’’ side).
QP Pinch-off charge per unit area.
QS Inversion charge density at the

source side.
qS Normalized inversion charge

density at the source side.
qsat Normalized saturation drain

charge.
T Absolute temperature.
UT Thermal voltage.
vP Normalized pinch-off voltage.
VDB Drain to bulk voltage.
vDB Normalized drain to bulk voltage.
VGB Gate to bulk voltage.
vGB Normalized gate to bulk voltage.
Vij Voltage between terminal i and j

of MOSFET (drain, source, bulk,
gate).

vsat Carriers saturation velocity.
VSB Source to bulk voltage.
vSB Normalized source to bulk

voltage.
VT0 Equilibrium threshold voltage.
VT Modulated threshold voltage.
W Channel width.

APPENDIX B
DERIVATIVES
In order to compute the derivatives of E and F let us first
evaluate the derivatives ofW0 and W 2

0 as,

W ′

0(xS(D)) =
∂W0

∂vGB

(
xS(D)

)

=

0S(D)

n
−

02
S(D)

2n
(
1 + xS(D)

)
0S(D) + 1

, (37)

and,

∂W 2
0

∂vGB

(
xS(D)

)
= 2 ·

∂W0

∂vGB

(
xS(D)

)
· ln

[
0S(D) + 1

]
, (38)

where function 0S(D) is given by,

0S(D) =
xS(D)

1
2
ln

(
1 + xS(D)

)
+ 1

. (39)

The derivatives of E and F can be written as a function of
W ′

0(xS(D)) and 0S(D) as,

E ′
=

∂E
∂vGB

= W ′

0(xS ) (1 + ζ (1 + ln (1 + 0S)))

−W ′

0(xD) (1 + ζ (1 + ln (1 + 0D))) (40)

lClF ′
=

∂F
∂vGB

= W ′

0(xS ) (1 + ζ (1 + ln (1 + 0S)))

+W ′

0(xD) (1 + ζ (1 + ln (1 + 0D))) (41)
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