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Abstract— A compact presentation of the basic theory of the 
MOS transistor is given. Instead of the usual approach of 
furnishing separate analytical formulas for the strong and weak 
inversion regions of the MOS transistor, we provide simple 
formulas which are valid in all operating regions, including 
moderate inversion. We review ultra-low-power circuits 
operating near the threshold condition that allow the automatic 
extraction of the specific current IS and the threshold voltage VT 
of MOS transistors, which are the most fundamental parameters 
for technology characterization, circuit design, and testing. 

Keywords— all-region MOSFET model, inversion coefficient, 
inversion level, MOSFET model, parameter extraction  

I.  INTRODUCTION  
Since the 1970s the most popular compact MOSFET models 
for circuit design have been the strong and the weak inversion 
models.  Interpolation models, such as EKV [1], allow the 
design in the transition (moderate inversion) region. Regional 
and interpolation models are no longer acceptable for circuit 
design in advanced, low voltage technologies, where the 
moderate inversion region is increasingly important [2]. For 
this reason, the accurate all-region MOSFET model [3]-[6], 
strongly based on the MOS transistor theory, will be 
summarized in this paper. The very simple analytical 
expression for the transconductance-to-current ratio (gm/ID), 
valid in all the operating regions, is derived in Section II. 
Based on the gm/ID model, the complete dc model is obtained 
in Section III. Finally, as a fundamental application, the design 
of circuit for the extraction of both the specific current and the 
threshold voltage is presented in Section IV.  

 

II. THE gm/ID MODEL FOR THE SATURATED 
TRANSISTOR 

The weak inversion (WI) model of the saturated MOS 
transistor shown below is similar to the expression for the 
collector current of a bipolar junction transistor (BJT).  
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where tφ  is the thermal voltage and n is the slope factor 

ranging form from 1.1 to 1.5 for bulk technologies.  The 
transconductance gm is proportional to the transistor current 
and independent of the geometry of the transistor, as for the 
BJT.  
On the other hand, the transconductance gm for the strong 
inversion (SI) quadratic model of the MOSFET in saturation 
depends not only on the drain current, but also on the 
geometric ratio W/L, the mobility μ and the oxide capacitance 
per unit area C’ox .  
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It is important to remark that the WI current is a linear 
function of gm, while the SI current is a quadratic one. Thus, if 
we add the two expressions, as shown in (3), for gm �0 ISI is 
negligible, while for gm �� IWI is negligible. Consequently, 
(3) can be regarded as an interpolation function of the WI and 
SI asymptotic behaviors of the drain current, but it is more 
than that. Although introduced heuristically, (3) is one of the 
main equations of a physics-based all-region MOSFET model 
[6]. Equation (3) is instrumental for MOSFET amplifier 
design.                                                                                                       
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For a given gm we have the choice of the operation region 
depending on the value of W/L.  Figure 1 summarizes the 
importance of (3). Let us assume for the time being that the 
channel length is fixed. If we reduce (W/L) in order to 
decrease the area, we pay for this reduction with an increase in 
current consumption. Equivalently, if we try to save power by 
reducing the excess current, more silicon area is spent. 
Equation (3) can be rewritten as shown below  

( )
21 1

44 /
2

m t fm tD

tm t D
ox

ng ingI
ng InC W L

φφ
φφ μ

= + = +
′

       (4)               

        ( )
2

/
2
t

S oxI nC W Lφμ ′=                 D
f

S

Ii
I

=                   (5)               

where Is is called the specific current and if is the forward 
inversion level or inversion coefficient. Values of if greater 
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than 100 characterize strong inversion, and the transistor 
operates in weak inversion up to if =1. 

 
 
Fig.1 Relation between the normalized aspect ratio and the normalized excess 
current in a MOSFET amplifier design.  
 
 Intermediate values of if, from 1 to 100, indicate moderate 
inversion.  Equation (4) is a quadratic equation for gm/ID, 
whose solution is shown below  
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The remarkable simple expression (6) allows MOSFET design 
in all inversion regions using the inversion level as the key 
variable.  

III. THE I-V MOSFET MODEL  
A. I-V Model in Saturation  

An important difference between BJTs and MOSFETs is that 
for the former we have one transconductance while for the 
latter we must consider at least two transconductances since 
MOSFETs are four-terminal devices. The gate and the source 
transconductances are defined as [1]  

     ∂ ∂= = −
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The body effect reduces the gate transconductance with 
respect to the source transconductance. In fact, the variation in 
the source voltage contributes directly to the inversion charge 
variation, whereas the variation in the gate voltage contributes 
to variations in both the inversion and depletion charges. Thus, 
the two transconductances are related by [1] 
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The source voltage for which the channel is at threshold is 
called the pinch-off voltage VP, which can be approximated by 

0( ) /P GB TV V V n= − , where VTO is the threshold voltage at VSB 
= 0 [1] and, as in (8), the denominator n models  the body 
effect.  
As shown in the Appendix, integrating (6) with respect to VS, 
we get the all-region dc model (9) for the saturated MOSFET. 
Threshold occurs for if =3. In effect, for if =3 VP = VS.  
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   (9)   

The semi-log plot in Fig. 2 shows the common source 
characteristics of a saturated MOSFET. The approximate 
straight line in the low-current region is associated with the 
exponential WI regime and the curve knee with moderate 
inversion.                

 
Fig. 2 Common source characteristics of a saturated nMOS transistor: (-) 
simulated results using (9), and (o) measured data [6].   

 
B. I-V Model in all Regions  
Owing to the symmetry of the MOS transistor, the drain 
current in the triode region can be written as the difference 
between the forward component I(VG,VS) and the reverse 
component I(VG,VD) [1], as shown in Fig. 3 and given below.  

( ) ( ) ( ), ,D G S G D F R S f rI I V V I V V I I I i i= − = − = −   (10)        

where ir is the reverse inversion level. In saturation ir <<if 
and D F S fI I I i≈ = . 

 

 
Fig. 3 Output characteristics of a long-channel NMOS transistor at 
constant VS and VG. Voltages are referred to the substrate. 

Due to transistor symmetry, the relation between drain voltage 
and reverse inversion level is obtained substituting VS by VD 
and if by ir in (9).  Thus, from (9) we easily obtain expression 
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(11) for VDS in terms of the inversion levels at source if and 
drain ir.   
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In Fig. 4 we compare the normalized output characteristics in 
WI (a), MI (b) and SI (c-f) and the curves obtained using (11).  

 
Fig. 4 Normalized output characteristics of an NMOS transistor.  
a) if= 4.5x 10-2; (b) if= 65;  (c) if= 9.5x102 ;  (d) if= 3.1x 103 ; (e) if= 6.8x 103; 
(f) if= 1.2x 104 [6]. 
  
     IV SPECIFIC CURRENT EXTRACTORS  
 
The self cascode MOSFET (SCM) of Fig. 5 is the core of 
several self-biased current sources [7]-[10]. In the (SCM) of 
Fig. 5, M1 is in triode region and M2 is in the saturation 
region. Thus 

2 2 1 1 1( )D S f S f rI I i I i i= = −              (12)                                                        

Since 1 2r fi i=  we can calculate if1 in terms of if2 as  
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where � depends only on geometric ratios.   Applying (11) to 
transistor M1 we get 
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If M1 is operates in WI ( if2 << 1), (14) reduces to  

lnREF

t
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φ

→                                                (15)   

Thus, VREF is proportional to absolute temperature (PTAT) 
with a slope dependent on the ratio of the aspect ratios of the 
SCM transistors only [7]- [9].  

 
Fig. 5 Self cascode MOSFET (SCM) 

 
In the self-biased current source of Fig. 6 [10] two SCMs 
operate at the same current, due to the pMOS current mirror, 
and the operational amplifier connected in closed loop forces 
the intermediate voltages of both SCMs to be the same. Voff 
represents the sum of the opamp input offset voltage and the 
effect of the threshold voltage mismatch of the SCM 
transistors. If Voff = 0 and M1 and M2 operate in WI, it follows 
that  
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Fig. 6 Modular self-biased specific current extractor  [10] 

 
Thus, if4 (the inversion level of M4) is constant and dependent 
only on the geometrical ratios �1 and �3,

 and the output 
reference current I = IS4if4 is proportional  to the specific  
current of M4. Thus, the circuit can be regarded as a specific 
current extractor, useful to bias transistors at constant 
inversion levels, independent of the temperature and 
technology [7]. By operating all transistors in either weak or 
moderate inversion, the specific current extractor can be 
designed as an ultra-low-power circuit [9]. 
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 If if4
 = 3, the gate voltage of M4 equals VT0; thus, the circuit 

in Fig. 6 operates also as a threshold voltage extractor.   
Figure 7 shows a transistor-only implementation of the current 
source of Fig. 6. Here, the intermediate branch (M5-M6-M8), 
which substitutes for the operational amplifier of Fig. 6, 
imposes the equality of the potentials Vx and Vy,. In effect, if 
M6 is N times wider than M2, its source voltage equals Vx. On 
the other hand, if M3 is M times wider than M5, its drain 
voltage equals Vy.  Thus, the series connection of M5 and M6 
forces Vx =Vy [7].  
  

 
 

Fig. 7 Specific self-biased current extractor [7] 
 

Since the potentials at the intermediate nodes of the SCMs in 
Fig. 7 are no longer useful, transistors M1 and M2 can be 
merged into the single transistor M1, as well as M3 and M4 
into M3, as shown in Fig. 8.  
To conclude, it is important to remark that many other 
applications of the compact all-region model are presented in 
references [6] and [11].  

 
Fig. 8 Specific self-biased current extractor [8] 

 
CONCLUSIONS  

 
Starting from the classical weak and strong inversion models, 
a compact all-region expression for MOSFET sizing has been 
obtained, and from this law, the derivation of the accurate  
MOSFET model valid in weak, moderate and strong inversion 
has been presented. The use of the forward and reverse 
inversion levels of the transistor as key variables has been 
emphasized, allowing the design of circuits with transistors 
operating in all operating regions (WI, MI, SI), as well as in 

the triode and saturation regions. As an example, the analysis 
of a self-biased current source which allows the extraction of 
the specific current, as well as the threshold voltage, has been 
presented. 

 
APPENDIX 

 
From (6), (7) and (10), we obtain  
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Integrating (A1)  
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It is easy to verify that the choice of ip = 3 gives the cleanest 
definition of pinch-off.  
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