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his article presents 
t h e  s i m p l i f i e d  
charge-based Enz– 
Krummenacher–Vittoz 
(EKV )  [11]  meta l –

oxide–semiconductor field-effect 
transistor (MOSFET) model and shows 
that it can be used for advanced com-
plementary metal–oxide–semicon-
ductor (CMOS) processes despite its 
very few parameters. The concept of 
an inversion coefficient (IC ) is first 
introduced as an essential design 
para  meter that replaces the overdrive 
voltage V V 0G T-  and spans the entire 

range of operating points from weak 
via moderate to strong inversion (SI), 
including the effect of velocity satu-
ration (VS). The simplified model 
in saturation is then presented and 
validated for different 40- and 28-nm 
bulk CMOS processes. A very simple 
expression of the normalized trans-
conductance in saturation, valid 
from weak to SI and requiring only 
the VS parameter ,cm  is described. 
The normalized transconductance 
efficiency / ,G Im D  which is a key 
figure-of-merit (FoM) for the design 
of low-power analog circuits, is then 
derived as a function of IC  includ-
ing the effect of VS. It is then suc-
cessfully validated from weak to SI 
with data measured on a 40-nm and 

two 28-nm bulk CMOS processes. It 
is then shown that the normalized 
output conductance /G IDds  follows a 
similar dependence with IC  than the 
normalized /G Im D  characteristic but 
with different parameters accounting 
for drain induced barrier lowering 
(DIBL). The methodology for extract-
ing the few parameters from the 
measured I VD G-  and I VD D-  charac-
teristics is then detailed. Finally, it is 
shown that the simplified EKV model 
can also be used for a fully depleted 
silicon on insulator (FDSOI) and Fin-
FET 28-nm processes.

Introduction
With its stringent requirements on 
the energy consumption of electronic 
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devices, the Internet of Things has 
become the primary driver for the 
design of low-power analog and radio-
frequency (RF) circuits [1]. The imple-
mentation of increasingly complex 
functions under highly constrained 
power and area budgets, while cir-
cumventing the challenges posed by 
modern device technologies, makes 
the analog/RF design exercise ever 
more challenging. The designer often 
needs to make optimum choices to 
achieve the required gain, current 
efficiency, bandwidth, linearity, and 
noise performance [2], [3]. 

To this purpose, he often starts 
his new design using simple tran-
sistor models to explore the design 
space and identify the region offer-
ing the best tradeoff before fine-
tuning his design by running more 
accurate simulations using the full 
fetched compact model available 
in the design kit [4], [5]. This task 
has been made more difficult in 
advanced CMOS technologies due 
to the down-scaling of CMOS pro-
cesses and the reduction of the sup-
ply voltage, which has progressively 
pushed the operating point from the 
traditional SI region toward mod-
erate (MI) and even weak inversion 
(WI), where the simple quadratic 
model is obviously no more valid 
[6], [7]. This has led to an increased 
interest in the concept of IC as the 
main design parameter replacing the 
overdrive voltage even for advanced 
technologies [8], [9].

This article presents the simpli-
fied EKV transistor model in satura-
tion since, except for switches, most 
transistors in CMOS analog circuits 
are biased in saturation. The article is 
split in two parts: the first part intro-
duces the simplified EKV model in sat-
uration and shows that it can be used 
even for advanced bulk CMOS technol-
ogies. The second part of the article, 
to be published in an upcoming issue 
of IEEE Solid-State Circuits Magazine,  
will show how the inversion coeffi-
cient can be used as the main design 
parameter to describe various FoMs to 
explore basic tradeoffs faced in analog 
and RF design.

The Concept of Inversion 
 Coefficient

Definition
The inversion coefficient IC  is a 
measure of the inversion level in the 
channel of a single MOSFET and is 
defined as [10]

 | ,IC I
I
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D
saturation_  (1)

where the normalizing factor Ispec
is called the specific current and is 
defined as [10]
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where W and L are the width and 
length of the transistor, n  is the 
slope factor, 0n  is the low field 
mobility in the channel region, 
Cox  the oxide capacitance per unit 
area, and /U kT qT _  is the thermo-
dynamic voltage. In a given tech-
nology, the specific currents per 
square Ispec4 , one for each transis-
tor type (n- and p-channel), are the 
most fundamental parameters for 
the designer.

Using ,IC  the different regions of 
operation of a MOSFET can be clas-
sified as illustrated in Figure 1 and 
defined as
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The specific current has origi-
nally been defined in [11] using the 
normalized /G nU Im T D  characteris-
tic as discussed in the section “The 
Transconductance Efficiency / .G Im D ”  
It corresponds to the drain current  
for which the long-channel SI asymp-
tote / IC1  crosses the WI asymptote, 
which turns out to be equal to unity 
as shown in Figure 2. 

The specific current Ispec can actu-
ally be extracted for a given technol-
ogy and transistor type using the 
circuit shown in Figure 3 [12], [13]. 
This circuit is based on the Vittoz 
current reference represented by 
transistors M1–M4, where the origi-
nal resistor is replaced by M6 [14]. 
M1 and M2 are biased in WI and 
saturation, whereas M6 and M7 in SI 
(M6 in the linear region and M7 in 
saturation). Assuming that A 1& , it 
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FIGURE 1: The different regions of operation in terms of the inversion coefficient.
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can be shown that the bias current 
Ib  is proportional to Ispec6  and Ispec7

 · · ( ) · ( ),ln lnI I A K I Kspec specb 6
2

7
2= =  (4)

where /K 2 1_ b b  with /C Wi i0 oxb n=  
Li  for ,i 1 2= . This circuit allows the 
inversion coefficient of any n-channel 
transistor to be precisely set indepen-
dently of the value of the threshold 
voltage from the reference transistor. 
Indeed, any n-channel transistor Mx 
can be operated at a given inversion 
factor ICx  by means of a weighted 
copy of current Ib . For a transistor 
Mx that has to be biased in WI, it is 
best to use transistor M1 as a refer-
ence transistor whereas M7 should 
be used as reference transistor for 
biasing a transistor in SI. The drain 
current of transistor Mx is then N 
times the bias current I N I·x b=  and 
hence / / .IC W L N IC W L· · ·x x x 1 1 1=  The 
aspect ratio /W Lx x  of  transistor Mx 
is then given by
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This circuit is therefore ideal for migrat-
ing circuits from one technology to 
another with a minimum of redesign. 
Note that another current reference is 
needed for extracting the specific cur-
rent for p-channel transistors.

The Simplified EKV MOSFET Model

The Large-Signal dc Model
The drain current in saturation nor -
malized to the specific current, which 
actually corresponds to IC  defined 
earlier, is given by [15], [16]
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where qs  is the normalized inver-
sion charge /q Q Qspeci i_  taken at the 
source with Q nU C2spec oxT_-  [10]. Pa-

rameter cm  is accounting for VS ac-
cording to

 L
Lsat

c _m  (7)

and scales inversely proportional to the 
transistor length L. cm  actually cor-
responds to the fraction of the chan-
nel in which the carrier drift velocity 
reaches the saturated velocity vsat over 
a portion of the channel length Lsat  
defined as

 .L v
U2

sat
sat

T0n
=  (8)

The normalized source charge qs  is 
related to the terminal voltages by [10]

 ( ),lnU
V V q q2

T

P S
s s

-
= +  (9)

where V VP S-  is the saturation volt-
age for a long-channel transistor 
(i.e., without VS), ( )/V V V nP G T0, -  is 
the pinch-off voltage, and VS  is the 
source-to-bulk voltage. Note that, in 
the EKV model, all the terminal volt-
ages are referred to the local sub-
strate instead of the source  terminal 
to preserve the symmetry of the 
device in the model [10].

The normalized saturation volt-
age can be expressed in terms of the 
inversion coefficient IC  by solving 
(6) for qs  leading to

( )q IC IC2
1 4 1 1· ·s c

2m= + + - j`  (10)

and using (10) in (9). Unfortunately, 
(9) cannot be inverted to express IC  
in terms of V VP S-  and hence of the 
terminal voltages.

This simplified  charge-based model 
only requires four  parameters to fit 
the I VD G-  transfer characteristic: 
the slope factor n , the specific cur-
rent per square Ispec4, the threshold 
voltage ,VT0  and the VS parameter Lsat. 
The methodology to extract these 
parameters from measured data is 
explained in the section “Parameter 
Extraction.” Typical values for these 
parameters for a 28-nm bulk CMOS 
process are given in Table 1.

The ID  versus V VG T0-  transfer 
characteristics are plotted in Figure 4 
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FIGURE 3: The current reference for extracting the specific current for n-channel transistors 
[12]–[14].

The designer often needs to make optimum 
choices to achieve the required gain,  
current efficiency, bandwidth, linearity,  
and noise performance.

Table 1. Typical parameTer values for a 28-nm process.

n Ispec4  [na] V 0T  [v] Lsat [nm]

n-channel 1.1–1.5 850 0.4–0.55 15–25 

p-channel 1.1–1.5 350 0.35–0.5 15–25 
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and compared to measurements made 
on wide and minimal length transis-
tors from three different processes, a 
40-nm and two different 28-nm bulk 
CMOS processes. Although the drain 
current is measured from sweeping 
the gate voltage, the simplified EKV 
model is calculated from the mea-
sured current by first normalizing it to 
the specific current for each transistor 
to get the inversion coefficients, from 
which the overdrive voltages are com-
puted using (10) and (9). Despite the 
very few number of parameters, the 
simple model fits the measurements 
very well over more than six decades 
of current. Note that the extraction of 
the parameters Ispec4 and Lsat  is done 
for several different geometries (in par-
ticular, different length) illustrating the 
rather good scalability of the simpli-
fied model. Notice that the measured 
points and analytical models of the 

,W L108 30m nmn= =  (red circles) 
and ,W L108 40m nmn= =  (green 
squares) transistors almost fall on top 
of each other, indicating that the normal-
ization almost completely strips off 
the technology dependence. The dif-
ference with the ,W L3 30m nmn= =  
(blue diamonds) characteristic is due 
to a slightly larger value of cm . In other 
words, the four parameters almost fully 
characterize the technology at least for 
the transfer characteristics in satura-
tion and in the regions of operation used 
for analog circuit design.

The large-signal output characteris-
tic in the saturation region has always 
been the most difficult part to model 
due to a combination of several effects 
including VS, channel length modula-
tion (CLM) and DIBL. Figure 5 shows 
the inversion coefficient versus the 
drain voltage for different overdrive 
voltages measured on a large and min-
imal length transistor from a 28-nm 
process. It shows that the current can 
be approximated in saturation by a 
simple linear characteristics

 ( ),I G V V·D D Mds, +  (11)

where VM is the CLM (or Early) volt-
age and Gds  is the output conduc-
tance that corresponds to the slope 

and is discussed further in the next 
 section. (Note that even though the 
parameter VM is called the CLM volt-
age, it actually embeds all of the 
effects, including VS and DIBL, which 
is actually dominant in WI.)

The Small-Signal dc Model
The most important  small-signal 
parameter is without doubt the gate 

transconductance Gm. Since in the EKV 
model the voltages are all referred 
to the bulk, we can define two other 
transconductances: the source tran-
sconductance /G I VD Sms 2 2_-  and the  
drain transconductance /G I VD Dmd 2 2_   
[10]. Note that Gmd  should not be 
confused with the output conduc-
tance Gds . In saturation G 0md =  and 
G n G· mms = .
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The normalized source transcon-
ductance in saturation gms  can be 
expressed in terms of IC  as [4], [15]
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where / .G I U n C U2spec spec oxT T0_ n=  
gms  is plotted versus IC  in Figure 6 
and favorably compares to measure-
ments obtained from the derivative 
of the characteristics shown in Fig-
ure 4 over a very wide range of bias 
(more than four decades of current). 
Note that for short-channel devices 
in SI, the I VD G-  transfer charac-
teristic becomes a linear function 
of the gate voltage as illustrated in 
Figure 4 and, hence, the gate trans-
conductance becomes independent 
of the drain current and of the gate 
length L . It then only depends on W  
and vsat  according to
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The inverse of the VS param-
eter cm  is therefore a key parameter 
since it gives the maximum normal-
ized transconductance that can be 
achieved for a short-channel device 
in a given technology.

The other key dc small-signal param-
eter is the output conductance Gds  
which, together with the transconduc-
tance, defines the intrinsic (or self) gain 

/G Gdsm . As mentioned previous  ly, the 
output conductance is the result of 
several physical effects including VS, 
CLM, and DIBL. In advanced short-
channel devices biased in MI or WI, 
DIBL is the  dominant effect. The lat-
ter is defined as the variation of the 
threshold voltage with respect to 
the applied drain-to-source voltage, 
i.e., /V VT DS2 2  and can be modeled 
as [17]–[19]

 ,V V V1· ·T d0 DST, v-^ h  (14)

where the parameter /V Vd T DS2 2_v   
accounts for DIBL and depends on L  
and VS  [18], [19]. The output conduc-
tance can then be written as [20]
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where /I V GD T m2 2 =-  has been used. 
A model of the output conductance 
versus IC  can now be derived using the 
expression of /G G nm ms=  in satura-
tion given in (12), where cm  is replaced 
by an additional parameter dm
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The normalized output conductance 
versus IC  given by (16) is plotted in 
Figure 7 and compared to measure-
ments made on a long and short  
transistor from a 28-nm CMOS pro-
cess. Figure 7 shows that the model 
fits very well the measured data over 
more than five decades of current 
despite its simplicity.

The Transconductance  
Efficiency Gm/ID 
The transconductance efficiency / ,G Im D  
sometimes also called the current ef-
ficiency, is one of the most important 
FoMs for low-power analog circuit 
design. It is a measure of how much 
transconductance is produced for a 
given bias current and is a function of 
IC . As will be shown in the second part 
of this article, the transconductance ef-
ficiency (or its inverse) appears in many 
 expressions related to the optimization 
of analog circuits. In normalized form, 
the  transconductance efficiency is de-
fined as the actual transconductance 
obtained at a given IC  with respect 
to the maximum transconductance 

/( )G I nUm D T=  reached in WI [4], [15]
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The transconductance efficiency, sometimes 
also called the current efficiency, is one of the 
most important FoMs for low-power analog 
circuit design.
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The expression in (17), which is con-
tinuous from WI to SI and includes 
the effect of VS, is plotted in Figure 2. 
The figure shows that /G nU Im T D  is 
maximum in WI and decreases as 
/ IC1  in SI for long-channel devices 

in which VS is absent (dashed blue 
curve). Note that the specific current 
has been defined from the /G nU Im T D  
versus ID  characteristic of a long-
channel transistor as the current 
at which the WI and SI asymptotes 
cross. This is why these two asymp-
totes cross at IC 1=  when /G nU Im T D  
is plotted versus IC  as in Figure 2.

As shown in Figure 4, for short- 
channel devices subject to VS, the 
drain current in SI becomes a linear 
function of the gate voltage, indepen-
dent of the transistor length. Hence, 
the transconductance becomes inde-
pendent of the current and length. 
Since Gm  becomes independent of ID , 
and hence of IC, the /G nU Im T D  curve 
scales like /( )IC1 cm  in SI (red curve) 
instead of / IC1  when VS is absent. In 
essence, the effect of VS is to degrade 
the transconductance efficiency in SI, 
meaning that more current is requir -
 ed to obtain the same transconduc-
tance than without VS. Nevertheless, 
irrespective of the channel length, 

/G nU Im T D  remains invariant (i.e. 
/g IC 1ms = ) in WI, since short-channel 

effects (SCEs), including VS, have the 
same effect on Gm  than on ID  simply 
because Gm  is proportional to ID  in 
WI. As shown in Figure 2, the inversion 
coefficient for which the SI asymptote 
of a short-channel device crosses the 
horizontal unity line is equal to /1 cm . 
As discussed in the next section, this 
is how the parameter cm  is extracted 
from measurements on a short-chan-
nel device.

The normalized transconductan-
 ce efficiency given by (17) is com  pared 
to measurements in Figure 8 for the 
same devices as shown in Figures 4 
and 6. Despite that the normalized 

/G nU Im T D  only requires one param-
eter ( cm  or ),Lsat  the model fits very 
well to the data over more than five 
decades of IC .

In a similar way, we can define the 
/G IDds  ratio, which from (11) turns out 
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This article presents the simplified EKV 
transistor model in saturation since, except 
for switches, most transistors in CMOS analog 
circuits are biased in saturation.
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to be about equal to /V1 M  for .V VD M%

In normalized form, we have
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From (18), we can deduce that the 
highest output conductance for a 
given current is reached in WI and 
is equal to /( ).G I nUmax d D Tds- _ v  We 
can then normalize the output con-
ductance to G maxds-  for the normal-
ized output conductance to reach 
unity in WI
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Equation (19) is plotted in Figure 9 and 
compared to measurements made on 
the same transistors than in Figure 7 
and shows good agreement with the 
measured data. Note that, unlike for 
the transconductance, where we want 
to get the highest transconductance 
for a given current reached in WI, the 
output conductance should be mini-
mized for a given current. It will be 
shown in Part 2 of this article that, 
even though the output conductance 
decreases in SI, the self-gain remains 
actually maximum in WI and simply 
equal to /1 dv .

Parameter Extraction
The four parameters n , ,Ispec  ,V 0T  and 
Lsat  required for fitting the simplified 
model described in the section “The 
Large-Signal dc Model” to measured 
I VD G-  data can be extracted from 
measurements following the proce-
dure described below. The extraction 
starts from the I VD G-  characteristic 
measured on a wide and long tran-
sistor. After calculating (or measur-
ing) the derivative Gm , the slope 
factor n is extracted from the plateau 
reached by the /( )I G UD m T  curve in 
WI as in Figure 10. The specific cur-
rent for this particular device is 
then obtained by the intersection 
between the SI asymptote ID?  and 
the slope factor horizontal line as 
shown in Figure 10. For this particu-
lar long-channel device, this results 
in .n 1 22=  and ,I A13spec n=  from 
which we can derive the specific cur-
rent per square Ispec4  by dividing by 
the aspect ratio W/L.

The VS parameter cm  is extracted 
in Figure 11 from the normalized 

/G nU Im T D  characteristic of a wide 
and short-channel transistor as the 
IC  corresponding to the intersec-
tion of the /IC1  asymptote with the 
unity horizontal line after having 
properly extracted the slope factor 
n, which is usually affected by SCEs 
( .n 1 48=  in this case compared 
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FIGURE 10: The extraction of the slope factor n  and the specific current .Ispec

The most important  small-signal  
parameter is without doubt the gate 
transconductance Gm.
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to .n 1 22=  as extracted from the 
long-channel device). This results in 

.0 48cm =  and hence .L 19 5nmsat =  
for this particular 40-nm transistor.

Finally, the threshold voltage is 
extracted from the I VD G-  charac-
teristic to fit the measured data as 
shown in Figure 4.

The DIBL parameter dv  used 
for the output conductance can be 
extracted in a similar way than the 
slope factor n  by looking at the pla-
teau of the normalized /G nU IT Dds  
curve reached in WI, while the dm  
parameter can be extracted in a simi-
lar way than the VS parameter cm  
from the normalized /G G maxds ds-  given 
by (19) for a short transistor.

Simplified Model Applied  
to  FDSOI and FinFET
Although the simplified model 
described here was developed for 
transistors fabricated in a bulk CMOS 
process, it can also be used for tran-
sistors fabricated in an FDSOI process. 
However, it doesn’t model the effect 
of the additional back gate available 
in FDSOI processes, and the extracted 
parameters would be valid only for a 
single back gate voltage. An example 
of IC  versus V VG T0-  and /G nU Im T D  

versus IC  measured on three differ-
ent transistor lengths from a 28-nm 
FDSOI process are shown in Figure 12. 
Except for some deviation observed on 
the /G nU Im T D  versus IC  at high IC  
values, which is probably due to addi-

tional mobility reduction due to verti-
cal field, the match between the model 
and the measured characteristics is 
surprisingly good.

The model was even tried with 
transistors coming from a 28-nm 
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FIGURE 11: The extraction of cm  on a short device.

10–6

10–5

10–4

10–3

10–2

10–1

100

101

102

IC

0.60.50.40.30.20.10.0–0.1–0.2–0.3

VG–VT0 (V)

100

80

60

40

20

0

IC

VS = 0 V, VD = 1 V, VBG = 0 V

W = 60 µm, L = 30 nm
W = 60 µm, L = 80 nm
W = 60 µm, L = 300 nm

W = 60 µm, L = 30 nm
W = 60 µm, L = 80 nm
W = 60 µm, L = 300 nm

0.1 1 10 1000.010.0010.0001

IC

(b)(a)

1

0.1

0.01

G
m

. n
. U
T
/I D

28-nm FDSOI CMOS Process

VBG = 0 V

Vs = 0 V
VD = 1 V

Symbols: Measurements
Lines: Theory

Symbols: Measurements
Lines: Theory

28-nm FDSOI
CMOS Process

n = 1.46, λc = 0.79
n = 1.13, λc = 0.29
n = 1.11, λc = 0.08

FIGURE 12: The simplified eKv model applied to a 28-nm fDsoi cmos process. (a) IC  versus V VG T0-  and (b) /G nU Im T D  versus IC  for three 
different transistor lengths.

This article presents the simplified EKV model 
in saturation and shows that it can successfully 
model the large- and small-signal behavior 
over a wide range of bias.
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FinFET process. Figure 13 shows the 
IC  versus V VG 0T-  and /G nU Im T D  
versus IC  measured on three differ-
ent transistor lengths. Again, after 
proper parameter extraction, the 
model fits the measured data very 
well, despite its simplicity.

Conclusions
Analog designers usually like to use 
simple analytical transistor models to 
help them identify the optimum bias 
region in the overall design space 
where they can pick an initial point 
close to the optimum target by set-
ting the bias and choosing the tran-
sistor size. Further optimization can 
then be conducted using circuit sim-
ulators with the full fetched com-
pact model available in the design kit. 
Because of the down-scaling of the 
supply voltage inherent to advanced 
CMOS technologies, the operating 
points are pushed more and more 
toward moderate and even WI, 
where the standard quadratic model 
obviously doesn’t hold anymore. 
A simple transistor model valid in 
all regions of operation from WI to 
SI is therefore required. This article 
presents the simplified EKV model in 

saturation and shows that, despite 
the very few number of parameters, 
it can successfully model the large- 
and small-signal behavior over a wide 
range of bias.

The concept of inversion coeffi -
cient IC  is first introduced to re    place 
the overdrive voltage as the main 
design parameter covering the whole 
range of operating points from WI 
to SI across MI. IC  is defined as the 
ratio of the drain current in satura-
tion to the specific current Ispec . The 
latter is proportional to W/L and 
to the specific current per square 
Ispec4 , which is the most important 
process parameter for the analog 
designer. It is shown that the spe-
cific current can be extracted using 
a current reference circuit that pro-
vides a bias current that allows the 
 inversion coefficient of a given tran-
sistor to be precisely set. This bias 
technique is limited by the transis-
tor  matching but is completely inde-
pendent of the threshold voltage 
and its variations.

The simplified EKV charge-based 
model in saturation is then pre-
sented, and the I VD G-  transfer char-
acteristic is validated for different 

40- and 28-nm bulk CMOS process-
es. A very simple expression of the 
normalized transconductance ver-
sus IC  is given requiring only a sin-
gle parameter, the VS parameter cm .  
It is shown that the maximum nor-
malized transconductance reached 
by a short-channel transistor in SI is 
simply equal to / .1 cm  The normal-
ized transconductance efficiency 

/G nU Im T D , which is a key FoM for 
the design of low-power analog cir-
cuit, is then derived as a function of 
IC . It is shown that the /G nU Im T D  
characteristic of a short-chan-
nel transistor in SI decreases as 
/( )IC1 cm  instead of / IC1  for a 

long-channel transistor. This means 
that, because of VS, more current is 
required to reach the desired trans-
conductance for a short-channel 
device compared to the ideal case 
where VS would be absent. Despite 
that it requires only the VS param-
eter cm , the /G nU Im T D  versus IC  
fits the measured data from 40-  
and 28-nm bulk CMOS processes 
extremely well over a large range 
of bias.

It is then shown that the normal-
ized output conductance /G U IT Dds  
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follows the same dependence than 
the normalized /G nU Im T D  character-
istic, but with a different parameter 

dm  replacing cm  and an additional 
parameter dv  accounting for the 
effect of DIBL. How to extract all the 
required parameters from the I VD G-  
and I VD D-  characteristics measured 
in saturation on a long- and a short-
channel device is presented. Finally, 
it is concluded that the simplified 
EKV model can also be used for tran-
sistors from a FDSOI and FinFET 
28-nm processes.
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