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Active device models and layouts 

1. MOSFET layouts 

Layout description 

The layout of a planar MOSFET including drain and source contacts is shown in the bottom-left corner 

of Fig.1. The longitudinal (AA’) and transverse (BB’) cross sections of the device are shown on the top 

and bottom-left corners, respectively. These pictures are representative of both the p and n devices. For 

this reason, the type of doping is not specified. Clearly, doping of the drain/source regions are of opposite 

type with respect of the body region.  

 

 

 

Fig. 1 Planar MOSFET layout with longitudinal (AA’) and transverse (BB’) cross-sections. Metal 1 and D/S implant layers 

are not shown in the layout for simplicity.  

 

Ideally, a MOSFET is formed when an active area is crossed by a polysilicon line. The width of the 

polysilicon line determine the channel length (L), while the width of the active area is the channel width 

(W). The source and drain areas coincides with the two portions of the active area that are not covered 

by polysilicon and face each other across the channel. The drain/source regions are nominally rectangles 
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of LC size along the longitudinal direction and W size along the transverse one. Dimension LC can be 

indicated as drain/source length. Note that, generally, LC is set to the minimum value allowed by the 

design rules, in order to minimize parasitic junction capacitances. The drain/source areas are filled with 

the maximum number of contacts allowed by the design rules in order to reduce the drain/source series 

resistance.  

In a real device, extension of the drain-source doped regions under the gate reduces the effective channel 

length (Leff) with respect to the nominal (drawn) value (L). For the same reason, the actual drain/source 

lengths (LCeff) are longer than LC. Note that the drain/source doped areas extends under the gate mainly 

with their LDD (Light Doping) portions.  

Similarly, the effective width of the MOSFET (Weff) is slightly different from the drawn geometry (W). 

The reason is less intuitive than for the channel length reduction.  The effect is caused by the presence 

of boundary regions located at the interface of the active area with the field oxide. In these points, the 

distance between the polysilicon gate and the MOSFET body gradually increases as the polysilicon line 

goes out of the active area. As a result, there are channel portions (within the drawn width W) where 

inversion is less effective (smaller density of mobile charge) and zones, beyond the nominal width, where 

the gate induces depletion charges into the substrate (fixed charge). The presence of these boundary 

regions generally result in reduction of the effective width (Weff < W). 

Generally, it is not necessary for the layout designer to draw all the masks required to complete the 

MOSFET fabrication. For example, in many process PDK, the spacer oxide and the LDD doping is 

automatically drawn when the polysilicon, active area and drain / source doping layers are drawn. 

Simplified layout for the n-MOSFET and p-MOSFET are shown in Fig. 2 and Fig.3, respectively.  

 

Fig.2. Simplified cross-section (a) and layout (b) of an n-MOSFET. An extract of the layout showing only active, poly and 

contact layer is proposed in (c), with indication of the most relevant lengths.  
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Fig.3. Simplified cross-section (a) and layout (b) of a p-MOSFET. The difference with respect to the n-MOSFET layout is 

the p-plus doping (in place of n-plus) and enclosure into an n-Well.  

 

The approach of giving the designer the minimum number of layers that are necessary to define a standard 

layout is not the only possible choice. There are foundries that give more control to the designer, 

including also layers that refer to process steps that can be generated automatically.  

In a PDK oriented to analog design, MOSFETs are placed into the layout by creating an instance of the 

corresponding p-cell, which coincides with the layout view of the device. Through a graphical interface, 

it is possible to choose W and L of the device being placed. This procedure commands drawing of all 

required layers, including contacts. The role of the layout designer is then arranging the devices inside 

the assigned area and making all connections.  

Designer options 

Processes may offer different MOSFET families as an option: for example, low threshold devices, or 

devices with increased oxide thickness for handling higher logical levels may be available as an 

alternative to the regular complementary (n and p) devices. For any MOSFETs that the designer places 

into the circuit, the width (W) and length (L) should be specified. Another degree of freedom that is 

under control of the designer is the type of layout. For example, instead of the simple layouts shown in 

Fig.2 and 3, it is possible to use fingered layouts, which are particularly convenient for MOSFETs with 

large W values.  

2. Mosfet models  

In this part, we will consider an n-MOSFET (enhancement type), since most quantities (currents and 

voltages) are positive for this type of device. Type-p devices will be briefly reviewed at the end of this 
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document. The large signal model of an n-MOSFET is shown in Fig.4. The core of the device is the IDS 

controlled source. Resistors RS and RD, connect the edge of the channel, S’ and D’, to the actual source 

and drain contacts, S and D, respectively. Diodes DBS and DBD represent the junctions that isolate the 

source and drain from the body (B). The various capacitances are generally characterized by a non-linear 

relationship between voltage and charge. In the following part of this document, the series resistance will 

be neglected for simplicity. Then, we will consider that S≡S’ and D≡D’.  

 

Fig.4. Large signal equivalent model of an n-MOSFET 

Control voltages and operating regions. 

The drain-current IDS depends on the voltages across the MOSFET terminals. There are two possible 

ways to define these voltages: source-referred or body-referred. Source referred potentials are more 

commonly used and consists of VGS, VBS and VDS. Body-referred voltages are VGB, VSB and VDB. 

Obviously, the two approaches are equivalent, since it is always possible to transform body-referred 

potentials into source referred ones and vice versa. However, source-referred potentials are simpler and 

more intuitive. The only real drawback of source-referred potentials is that, for a symmetrical MOSFET, 

it is necessary to determine which terminal is working as the source before writing down the current 

equations. We have to consider the voltages of the two terminals that are candidate to be the source or 

the drain and apply the following rule: 

 in an n-channel device, the source is the terminal that has the lower potential; 

 in a p-channel device, the source is the terminal that has the higher potential. 

The voltage VBS should be such that both the body-source and body-drain diodes do not carry a significant 

current. The ideal situation is to make sure that both diodes are reverse-biased or, at least zero-biased. 

For an n-MOSFET, this means: 

 BSBS VVV  0  (1) 

Voltage VBS affects the threshold voltage Vt through the body effect [1]: 

  
sBSstt VVV  0

 (2) 

where Vt0 is the threshold voltage for VBS=0, whereas   and s are equal to: 



P. Bruschi  Device Models for Analog Design    

 

5 

 

 
ox

ASi

i

AB
Bs

C

Nq

n

N

q

Tk 
















2
;ln22  (3) 

and: kB=Boltzmann constant, T=absolute temperature, q = electron charge, NA= dopant concentration of 

the body, eSi the silicon permittivity and Cox the gate capacitance-per-unit area.   

It is useful to calculate the sensitivity of Vt with respect to VBS. Due to (1), it is convenient to express the 

sensitivity with respect to VSB=-VBS, obtaining [2] 
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where m is the body-effect factor and Cdm is the depletion layer capacitance given by: 
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The value assumed by m for VBS=0 varies from 1.2 to 1.3, so that dVt/dVSB is in the range 0.2-0.3. The 

threshold voltage to body bias sensitivity decreases for increasing reverse voltages.  

As far as VGS and VDS are concerned, six regions can be roughly distinguished, as shown in Table 1, 

where VT is kBT/q. Note that VGS appears through the quantity (VGS-Vt) which is called “overdrive 

voltage” 

TABLE 1. MOSFET OPERATING REGIONS ON THE BASIS OF VGS AND VDS.  

 VGS Vt ≤ 0 0 ≤ VGS Vt ≤ 4VT VGSVt ≥ 4VT 

VDS ≤ VDSAT Triode – Weak Inversion Triode – Moderate Inversion Triode – Strong Inversion 

VDS ≥ VDSAT Saturation – Weak Inversion Saturation – Moderate Inversion Saturation – Strong Inversion 

 

Independently of the condition of strong or weak inversion, saturation region is characterized by reduced 

dependence of the IDS on the VDS. On the contrary, in triode region, the drain current shows a strong 

dependence on VDS. For very small VDS values (VDS<<VDSAT) the IDS vs VDS dependence is linear.  

Strong inversion is a region where the inversion layer is well formed and the depletion layer in the 

MOSFET body is not affected by VGS. In strong inversion, the dependence of IDS on VGS and VDS can be 

approximated by square laws (MOSFET parabolic equations). Weak inversion, also indicated with 

“subthreshold region”, is marked by exponential dependence of IDS vs VGS. Moderate inversion is the 

transition region between weak and strong inversion.  

For VGS << Vt , IDS becomes so small that the MOSFET can be considered turned off (off state).  

Drain current equations in strong inversion 

In strong inversion, the usual equations used in triode and saturation regions are: 
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where:  

 
eff

eff

OXnn
L

W
C .  Weff=W2WD,    Leff=LLD , (8) 

and n is the electron mobility in the channel. Parameters WD and LD are the reduction that the channel 

width and length, respectively, suffer from each side of the gate with respect to the corresponding drawn 

geometries W and L.  

Lambda () is an important parameter that determine the dependence of IDS on VDS in saturation region. 

This dependence is due to multiple phenomenon, such as channel length modulation or drain-induced 

barrier lowering (DIBL). The ideal situation would be =0, i.e. no dependence on VDS. In practice, it is 

difficult to obtain < 0.01 V-1. The most important parameter that affects  is the channel length. As a 

first order approximation it possible to express the inverse of lambda on channel length with a linear 

relationship, valid for lengths somewhat larger than the minimum L of the process: 

 
effLk




1  (9) 

where k (V/m) is a constant.  

Drain current in weak inversion 

Weak inversion is also indicated as sub-threshold region. Strictly speaking, sub-threshold region would 

require that VGS-Vt<0. In practice, the terms weak inversion and sub-threshold are both used to indicate 

a region where the IDS dependence on both VGS and VDS becomes exponential, according to the equation: 

  1 1
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where ISM is given by: 
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When VDS is high enough, the exponential term exp(-VDS/VT) can be neglected with respect to one and 

the drain current shows a reduced dependence on VDS (limited to the VDS term as in strong inversion. In 

this condition, the MOSFET is in saturation and (10) reduces to: 

  1

GS t

T

V V

mV

DS SM DS DSAT
I I e V V



          (12) 

For low VDS value, the exponential term in the round parentheses is no more negligible and the current 

begins to show a strong dependence on VDS. This is the analogue of the triode region defined for the 

strong inversion.  

Moderate inversion 

In moderate inversion, IDS dependence progressively changes from parabolic to exponential. Simple 

equations for this region do not exist. However, the EKV (Enz-Krummenacher-Vittoz) model [3] consists 

of a single IDS equation for all three regions (weak-moderate-strong inversion). This equation is rather 

complex for hand calculation and require the voltage to be expressed with the body-referred method.  

Saturation voltage, VDSAT 

The saturation voltage VDSAT can be approximated by the following expressions: 

 
 



 


inversion weak and moderatein )mV100(4

inversion strongin  

T

tGS

DSAT
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VV
V    (13) 

These, are empirical expressions that set a lower limit to VDS for having a small dependence of IDS on 

VDS. Definitions that are more related to physical phenomena can be also used. For example, textbooks 

on electron devices [4] often propose the expression (VGS-Vt))/m for VDSAT in strong inversion. Since m 

is slightly greater than one, using this definition lead to a lower VDSAT value. On the other hand, the 

definitions given in (13) are simpler to use for design purposes and give a good representation of the 

experimental MOSFET behavior.  

Junction currents 

The source-body and drain-body junctions are normally reverse biased. As a result, these junctions, 

represented by the DBS abd DBD diodes in Fig. 4, carries only the inverse saturation current, which is 

given by: 

 SJJ JAI   (14) 

where IJ is the current flowing through the junction, AJ is the area of the junction (source or drain area) 

and JS the inverse saturation current density. Considering the layout of Fig.4, AD and AS (drain a source 

areas, respectively) are both given by W∙LC. Typical values of JS at room temperature are of the order of 

0.1 fA/m2. 
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Temperature effects 

The effect of temperature on the MOSFET dc characteristics can be represented by the temperature 

dependence of n and Vt. Temperature affect b through the mobility, which generally decreases with 

temperature. The following equation can be used to represent the temperature dependence of n: 

 


















0

0 )()(
T

T
TT nn

 (15) 

where T0 is a reference temperature (for example 300 K) and  a process-dependent constant that can 

vary in the 1.2-2 interval.  

The temperature dependence of the threshold voltage is often approximated with a linear expression: 

   
00 )()( TTTVTV VTtt   (16) 

where VT is of the order of 1 mV/K. As temperature increases, both Vt and n decreases producing 

opposite effects on IDS: Vt reduction increases IDS while n reduction cause a proportional decrease of 

IDS. These effects generally do not compensate each other: 

 At low VGS-Vt, the threshold voltage dominates and the current increases with temperature. 

 At high VGS-Vt, it is n to dominate and the current increases with temperature. 

Compensation of the two effects occurs only for a particular value of VGS-Vt., which typically falls well 

into the strong inversion range. The presence of an operating point with low temperature sensitivity 

(ZTC, zero temperature coefficient) can be used for reference voltage generation [5].   

The behavior of p-channel devices is similar to n-channel ones. Expression (15) can be used also for 

p=pCoxWeff/Leff, while (16) is applicable when the absolute value of p-channel threshold voltage is 

considered. Then, for p-channel devices, the absolute value of Vt decreases with temperature, increasing 

the magnitude of IDS, just as for n-channel devices [5].  

As far as leakage is concerned, it should be observed that the junction saturation currents of all junctions 

(e.g. body-drain, body-source junctions) doubles for every temperature increment of 10 °C. This means 

that these currents are multiplied by about a factor of 1000 for a temperature increment of 100 °C.  

Small signal model and parameters 

The small signal model of the MOSFET is shown in Fig. 5. Notice that, for simplicity, the series 

resistances RS and RD have been neglected in the small signal circuit. The reduced circuit for dc signals 

is obtained from the circuit of Fig.5 by removing all parasitic capacitors. The result is shown in Fig.6 
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Fig.5. MOSFET small signal model. 

 

   

Fig.6. MOSFET small signal model for dc signals. 

 

Let us start from the dc equivalent circuit. It is important to study how the parameters vary with the 

operating point. We will focus on gm and rd, since gmb is related to gm by the following relationship: 

 mmmb ggmg 2.0)1(   (17) 

which is a direct consequence of (4).  

It is interesting to consider the following two aspects: 

 How gm and rd varies as a function of VDS for a fixed overdrive voltage (VGS-Vt): 

 How gm varies in saturation region as a function of VGS-Vt.  

The first point will be analyzed considering (VGS-Vt)>4Vt, i.e. strong inversion. Then, considering (6), 

we can calculate the values of gm and gds=1/rd in triode region: 
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In saturation region, the same parameters can be find using (7), and neglecting the dependence of VDSAT 

on VGS. : 

      
,

1

DS BS

DS

m n GS t DS DSAT n GS t

GS V V const

I
g V V V V V V

V
  



 
          

 
     (for VDS ≥ VDSAT) (20) 

  
DStGS

n

constVVDS

DS
ds

d

IVV
V

I
g

r
BSGS

























2

,
2

1
                    (for VDS ≥ VDSAT) (21) 

For VDS=VDSAT=VGS-Vt, triode expression (19) yields gds =0, while, for the same VDS, the saturation 

formula (20) gives gds =ID. The reason is the discontinuity (of both IDS  and its first derivative) obtained 

for VDS=VDSAT using (6) and (7). Assuming that the correct value of gds for VDS=VDSAT is given by the 

saturation equations, the simplified behavior of gm and gds across both triode and saturation region are 

represented in Fig. 7.  

 

Fig.7. Simplified plots of gm and gds as a function of VDS for constant VGS-Vt, in strong inversion.  

 

A similar behavior can be derived for VGS-Vt values that set the device in weak or moderate inversion, 

but with different values for gm, gds and VDSAT.  

In all cases, it is important to observe that in saturation both gm and rd=1/gds assume their maximum value 

in saturation. When VDS gets lower than VDSAT and the device gets into triode region, both gm and rd start 
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decreasing progressively, down to their minimum values that are reached for VDS=0. In particular, for 

VDS=0 gm is zero. 

Transconductance models in saturation region 

The second point can be analyzed considering three different equivalent expressions for gm in strong 

inversion: 

  
tGSnm VVg   (22) 
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The first one simply coincides with (20), The second one can be obtained from (22) considering that, 

neglecting the VDS term in (7), then the overdrive voltage in strong inversion is given by:   
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The third expression, (24), can be obtained considering that, neglecting VDS in (7), VGS-Vt is equal to 

2ID/n(VGS-Vt).  

In weak inversion, using (12), it is possible to find the following expression for gm: 
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Considering that for a BJT gm=IC/VT, it is possible to use the following gm expression for a MOSFET in 

strong, moderate and weak inversion and extend it to the BJT: 
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where VTE (equivalent VT) is a voltage, defined just by equation (27), which assumes the following value: 
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The typical behavior of VTE is represented in Fig.8 

 

Fig.8. Behavior of the VTE parameter as a function of VGS-Vt, compared with the BJT value.  

A parameter that is sometimes quoted in scientific articles on analog design [6] is gm/ID, equal to 1/VTE. 

This parameter is sometimes referred to as “transconductance efficiency”, since a high gm/ID value means 

that it is possible to obtain large transconductances with relatively small ID. Notice that it is often 

necessary to obtain a large gm from selected devices in a circuit, in order to achieve low noise and/or 

wide bandwidth performances. With high values of gm/ID it is possible to meet noise and bandwidth 

specifications with lower current consumption. Considering that VTE is the inverse of gm/ID, Fig.8 means 

that, for a MOSFET, the best efficiency is found at the lowest overdrive voltages, ideally in weak 

inversion. Due to the factor m>1, a BJT achieves a VTE lower than a MOSFET in weak inversion. Then 

BJT are superior to MOSFETs in this respect.  

Capacitance models 

Parasitic capacitances shown in the circuit of Fig. 5 are the small signal equivalent of non-linear 

capacitors shown in Fig. 4. 

Each one of the capacitances that involve the gate, (cgs, cgd, cgb) can be divided into two components, 

named “overlap” and “intrinsic” capacitances, according to: 
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where the apex (ov) stands for “overlap” and (i) for “intrinsic”. Overlap capacitances are simply due to 

the fact that the gate is partially superimposed to the other electrodes. For example, examining Fig.1, it 

is possible to recognize the gate-source and gate-drain overlap areas. Gate-body overlap is due to the 

boundary regions, where the gate layer (polysilicon in Fig.1) progressively gets away from the substrate. 

In these regions the gate is still close enough to the substrate to create a significant capacitance, but not 
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so close to be able to invert the substrate surface and create the channel. Overlap capacitances are 

practically independent of the state of the channel (i.e. depletion, inversion, etc.) and do not depend on 

the MOSFET terminal voltage. Their value is given by: 

 overlap capacitances: 
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where cgso, cgdo, cgbo are constant capacitance-per-unit length coefficients (unity: F/m). Inspection of Fig.1 

shows that the gate-source and gate-drain overlap capacitances are located along the gate width , whereas 

the gate-body capacitance is distributed along the gate length. For this reason the overlap components of 

cgs, cgd, are proportional to W, while the gate-body one is proportional to L.  

The intrinsic capacitances are strictly related to the charge accumulation in the channel. These 

capacitances are strongly non-linear. Simplified expressions, which are often used for hand calculations 

consist in the so-called Meyer model. According to this model the first order approximation of the three 

intrinsic capacitances in off-region (VGS<<Vt), triode and saturation regions are given in table 2. 

TABLE 2. MEYER MODEL FOR THE MOSFET  INTRINSIC CAPACITANCES 

 Off –state Triode Saturation 
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A major drawback of the Meyer model is that it does not respect charge conservation. Such a model fails 

to represent transient phenomena where a MOSFET crosses different operating region, as occurs with 

logical gates or switches (pass – transistors). A more accurate description requires that the intrinsic 

capacitances be replaced by “capacitance coefficients” generically defined by: 

 
j
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V

Q
c




  (31) 

where Qi is the charge accumulated on terminal “i” and Vj is the voltage of terminal “j”. The terminal 

taken into consideration are drain, gate and source. The body is used as a reference for the voltage of the 

other electrodes. Then we have three self-capacitance coefficients (cdd, cgg, css) which are all positive, 

and six mutual capacitance coefficients (cgd, cdg, cgs, csg, csd, cds), which are negative, since the charge 

displaced on an electrode by a positive voltage change applied to a different electrode is negative (as 

happens even in an ideal parallel plate capacitor). Capacitances csd and cds are generally negligible. 
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Finally, it should be observed that, generally, cij is different from cji, due to the nonlinear behavior of the 

MOSFET. As a result, the mutual charge induction between the gate and the other two electrode cannot 

be represented by a simple capacitance, but two distinct coefficients are required. This model is called 

charge-oriented model and was introduced by Dutton and Ward [7]. All modern simulation model adopt 

the charge-oriented model for the intrinsic capacitances.  

Finally, cbd and cds are junction capacitances, marked by a strong dependence on voltage. Normally, the 

drain-body and source-body junctions are reverse biased. The larger the (reverse) bias, the smaller the 

capacitance. Commonly used expressions for these capacitances are the following: 
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where: AS=source area, PS= source perimeter, AD=drain area, PD= drain perimeter. Parameters CJ and 

CJSW are the (zero-bias) capacitances per unit area and unit perimeter, respectively. V0 is the built-in 

potential of the junction whereas mj and mjsw exponents, called “grading coefficients”, depend on the 

doping profiles across the bottom and sidewalls of the source/drain implants, respectively. These 

exponents are generally in the range 0.33-0.5.  

The overlap capacitance and the junction capacitances are classified as extrinsic capacitances.   

Matching parameters 

The most frequently used expressions for the standard deviation of the threshold voltage and 

transconductance factor () matching errors of two matched MOSFETs, are the following: 
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3. Bipolar Transistor Layouts.  

Layout descriptions 

Typical BJTs that are available in a standard bipolar or BiCMOS process are the vertical NPN and the 

lateral PNP transistors. Both devices are created inside a moderately n-doped region, which is isolated 

from the surrounding p-doped substrate. These isolated n-type areas are generally called “pockets”. In 

earlier pure bipolar process, the pockets were obtained from an n-doped epitaxial layer, grown onto a p-

substrate. The epi-layer was divided into isolated pockets (epi-pockets) by means of isolation p+ 

implants, or trenches filled by silicon dioxide. Modern BiCMOS process are generally derived by simpler 

CMOS process. Therefore, the n-pockets are simply n-wells diffused through a p epitaxial layer. In order 

to reduce the resistivity of the pocket, without altering the superficial moderately doped region, a highly 

n-doped buried layer (or buried well) is created on the bottom of pocket. A possible cross-section and 

layout of a vertical NPN BJT built inside an n-well are shown in Fig. 9. The n-pocket coincides with the 

collector. Creation of the base region requires a special doping (p-base), which is normally not available 

in a standard CMOS process. The emitter can be obtained with an n+ implant, or by simply putting an n-

doped polysilicon strip in contact with the p-base diffusion [2].  

 

Fig. 9 Cross section (a) and  Layout (b) of a vertical npn BJT. A layout excluding n-plus, p-plus and  

metal layers is shown in (c).  

The cross-section and layout of a lateral PNP BJT are shown in Fig. 10 (a). The pocket is the base, while 

the emitter and collector are p-diffusions (p-base in the example of Fig.10). Transport of holes from the 

emitter to the collector occurs laterally, under control of the thin n-well (n-pocket) layer that separates 

them and acts as the base. In early Bipolar processes, lateral PNP BJTs had a very low beta, due to the 
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difficulty of reducing the base length. With modern photolithography resolutions, this no more a limiting 

factor and PNP transistors with beta of the order of one hundred or more can be easily obtained. One of 

the major limitations of lateral PNP transistors is the possibility to control the doping profiles of the 

emitter and collector independently.  

 

Fig.10. Cross-section and layout of a lateral BJT (a) and of a substrate PNP (b).  

The high resistivity of the base (n-pocket) introduce a parasitic base resistance that adversely affect noise 

and high frequency performances. In spite of these limitations, lateral PNP transistors are widely used in 

general-purpose analog circuits, such as operational and instrumentation amplifiers. Bipolar analog 

circuit requiring NPN and PNP transistors with similar characteristics should be based on both NPN and 

PNP vertical transistors (Complementary Bipolar Processes).  

A vertical PNP BJT, which is available even in standard n-Well CMOS technology with no need of 

additional masks or process steps, is shown in Fig.10 (b). The base is formed by an n-Well, while the 

emitter is a p+ region (doped active area) created into the n-Well. The emitter doping is introduced with 

the same step used to create the drain/source of p-MOSFETs. A major limitation of this kind of device 

is that the collector the substrate, thus it should be mandatorily fixed to the smallest supply voltage. 

Substrate BJTs in CMOS processes are typically used to build reference voltage circuit based on the 

Band-Gap principle.  

Designer options for BJTs 

Process design kits (PDK) generally give the designer less freedom to customize bipolar transistors with 

respect to MOSFEts. We have seen that the designer may assign both the width and length of a MOSFET 

within a very wide interval of values. The PDK offers a set of BJTs both npn and pnp, that differ for the 
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type of layout. These devices are called elementary transistors. The designer can place an elementary 

device directly into the circuit or personalize it through a dimensionless parameter called area. The area 

acts as a multiplier for many parameters of the elementary device. The saturation current (IS) and parasitic 

capacitances are multiplied by the area factor, while the series resistances are divided by area. These 

transformations of parameters are taken into account by the electrical simulator. The parameter area must 

be greater or equal to one, meaning that we can modify an elementary transistor only making it bigger, 

not smaller. As far as the layout is concerned, the parameter area can be implemented in different ways. 

The simplest method, which is always available, is placing a number N of elementary devices in parallel. 

In this way area=N. The main limitation is that area must be an integer. A different approach that allows 

also factionary area values (but still area ≥ 1) is stretching the layout of the elementary transistor along 

a selected direction. For example, for the vertical transistor of Fig.9, it is possible to stretch the layout by 

a factor equal to area along the Y direction. This increases the effective emitter area, proportionally 

increasing IS . Layout stretching is not possible for the lateral PNP of Fig.10 (a), thus the only option for 

this type of device is paralleling elementary transistors (integer areas only).  

4. Bipolar transistor models 

Large signal model 

Large signal dc analysis of bipolar transistors is performed using the Ebers Moll equivalent circuit, 

properly modified to take into account the Early effect. As far as large-signal transient analysis is 

concerned, the charge-control model is generally used [3]. Here, we will limit to recall the simplified 

collector current equation in the forward-active region, which is used by SPICE-like simulators [8]: 
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where IS is the saturation current, VT=kBT/q and VA is the Early voltage.  

This equation is often simplified by considering that VCB=VCE-VBE and that VBE is nearly constant in the 

forward-active region. By this simplification, this leads the following equation, which is generally 

referred to in most textbook on electronic design: 
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The base current can be estimated by means of the well-known relationship: 
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where  is the dc current gain.  

The active region is characterized by VCE ≥ VCESAT. Textbooks on electron devices define saturation as a 

condition where both the BE and BC junctions are forward-biased. From this definition, VCESAT would 
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be such that VBC=0, then VCESAT= VBE. For practical purposes, saturation is considered the region where 

IC starts to exhibit a strong dependence on VCE and the base current gets much larger than the value given 

by (37). Typical values of VCESAT that corresponds to the practical definition are in the range 100-200 mV.  

Equations (36) and (37) represent a good approximation of IC and IB over a large interval of collector 

currents. In particular, the exponential behavior represented by (36) is generally maintained across an IC 

range of several decades. Outside this range, the collector current deviates from the exponential behavior. 

This is well represented by the so-called Gummel plot, which is generally included in the process manuals 

for any elementary device. An example of Gummel plot is shown in Fig. 11. The plot gives a 

representation of the collector and base currents as a function of the base-emitter voltage, for a fixed 

collector-emitter voltage. The latter is chosen to keep the device in forward-active region. Considering 

the semi-logarithmic scale (linear voltage, logarithmic currents), an exponential behavior turns out into 

a straight line.  

 

Fig.11. Example of Gummel plot. 

Equation (36) holds true region where the IC curve is well approximated by a straight line. Deviation 

from the straight-line at low currents is mainly due to leakage currents (e.g. currents from the reverse-

biased CB junction). At high currents, the discrepancy is due to high-injection effects and to the base 

series resistance. Due to the logarithmic scale, the distance between the IC and IB curve is proportional to 

log(). At low and high collector currents, the IC and IB curves get closer, meaning a reduction of . This 

is well represented by the curve of  (see Fig.12), which is also generally included into the process 

manual.  

The fall of beta at low currents is mainly due to generation-recombination and tunneling current 

associated to the base-emitter junction. The beta decrease at high currents is due to base widening effects 

occurring at high current densities (e.g. Kirk effect) [2].  
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Fig.12. Beta as a function of IC.  

For a transistor having area > 1, the same Gummel plot (or same beta plot) of the corresponding 

elementary device can be used by simply dividing the actual device current by the area factor. As an 

example, let us consider an elementary BJT having the Gummel plot of Fig. 11. If we bias the elementary 

device (area=1) with a current of 10 mA, then we are out of the region where the exponential equations 

hold. This may have several adverse consequences. For example, the VBE cannot be considered as a quasi-

constant voltage any more but it increases much faster with IC than in the exponential region. 

Furthermore, there are circuits that rely on the exponential behavior, such as band-gap voltage references 

or analog multipliers. If we cannot reduce the bias current (e.g., due to noise or bandwidth constraints), 

we can still set the area parameter to a value greater than one. Using area=10, the equivalent IC current 

to be used in the Gummel plot of the elementary device is the actual IC current (10 mA) by 10. The 

resulting value (1 mA) is well within the exponential region. Obviously, the maximum collector current 

of a device is area times as large as the maximum current of the elementary transistor.  

BJT small signal model  

A simplified small-signal equivalent circuit of a vertical BJT is shown in Fig.13. This circuit is similar 

to the MOSFET equivalent circuit (with the exception of the input resistance rbe), allowing 

straightforward porting of circuit analysis results across the two device types. For this reasons the circuit 

of Fig.13 is more frequently used than h-parameter one for integrated circuit design.  

 

Fig.13. BJT small signal equivalent circuit 

Terminal “s” represents the substrate. In a vertical npn BJT (see Fig.9), the substrate (p-doped) forms a 

junction with the collector (n-doped). This junction is reverse-biased by setting the substrate to the 

smaller supply voltage. Nevertheless, due to the junction, a capacitance (ccs in Fig.13) is present between 

the collector and the substrate. Due to the large extension of the collector body, this capacitance can be 

relatively large, affecting the performances of circuit that use npn BJTs. In the case of a lateral structure 

such as the pnp BJT of Fig. 10 (a) it is the base to be coupled to the substrate with a junction capacitance.  
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The dc parameters, namely gm, r0 and rbe can be derived from (36) and (37), obtaining the following 

expressions: 
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Notice that expression (40) is an approximation, which is acceptable only if  can be considered 

independent of IC. The dc version of circuit in Fig. 13 is equivalent to the well-known hybrid parameter 

circuit with hre=0. Equivalence with the remaining h-parameters are: hie=rbe, hoe=1/ro, hfe=gmrbe.  

The capacitances that appear in the equivalent circuit are all due to junctions, and then are strongly 

voltage dependent. In active-forward region, the base-collector and collector-substrate junctions are 

generally reverse biased. The only exception occurs for VCESAT ≤ VCE ≤ VBE, where the base-collector is 

be weakly forward biased. In all cases, cbc and ccs are dominated by the depletion-layer capacitance, given 

by: 

 
jcm

JC
bc

C
c













JC

CB

V

V
1

,     
jsm

JS
cs

C
c













JS

CS

V

V
1

 (41) 

where CJC and CJS are the corresponding zero-bias capacitances, VJC and VJS are the built-in potentials of 

the two junctions and mjc, mjs the corresponding grading coefficients.  

On the other hand, the base-emitter junction is forward biased in the forward-active region. Therefore, 

both the depletion-layer (cte) and diffusion (cde) capacitances must be considered. Then, cbe=cte+cde, with: 
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where F is the forward transit time [2]. At sufficently high IC values, cde is much larger than cte and cbc. 

In these conditions, the forward transit time can be related to the transition frequency (fT) of the bipolar 

transistor through the following equation: 
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5. Considerations about small-signal resistances seen across device terminals or 

from one terminal to ground 

Classification of resistances according to their magnitude 

Depending on the configuration, the small-signal resistances seen across terminal pairs or netween a 

terminal and ground may vary by several orders of magnitude. Clearly, resistances depend also on the 

device bias, thus comparison should be made only in condition of equal bias. For a given bias point, 

resistances can be classified in small, medium and large, and very large, according to the following table:  

TABLE 3. CLASSIFICATION OF SMALL-SIGNAL RESISTANCES ACCORDING TO MAGNITUDE 

 Small Medium Medium-Large Very large 

MOSFETs 1/gm - rd (gmrd)rd 

BJTs 1/gm hie r0 hfero 

 

Notice that, for the MOSFET, from one category to the successive the resistance increases by a factor 

gmrd, that by nearly two orders of magnitude. For the BJT it is necessary to use one more resistance class 

(medium), in order to arrange hie which, on average, is only 5-10 times smaller than ro.  

Notable cases of small-signal resistances 

The knowledge of approximate expressions for small-signal resistances can be very useful to understand 

the operating principle of a large number of circuits. In many cases, it is sufficient to classify resistances 

on the basis of the categories represented in table 3. Such a knowledge may allow calculating the order 

of magnitude of an amplifier gain or deciding, which path a small-signal current follows.  

The cases that are treated in this document are shown in Fig.14. The first three cases, namely rV1, rV2 and 

rV3 concern MOSFET circuits. These resistances have been obtained using the small signal circuit of 

Fig. 6, considering gmb=0.  

Case rv1: Resistance seen from source to ground.  
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Approximate result: 
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Fig.14. Notable cases of small-signal resistance.  

 

Case rv2: Resistance from the drain to ground, with source degeneration (RS is series to the source).  

Exact result: 

  
SmdSv RgrRr  12

 (47) 

If RS<<rd  

  
Smdv Rgrr  12  (48) 

The factor 1+gmRS is a multiplier that is often used to increase the resistance seen from the drain of a 

MOSFET.  

Case rv3: Resistance of  a diode-connected MOSFET. 
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Resistances rv4, rv5  and rv6 concern circuits using bipolar transistors. They correspond to the three 

MOSFET resistances rv1, rv2, rv3, respectively. Expressions for BJTs are slightly more complicated due 

to the presence of the base-emitter resistance rbe. The following resistances have been calculated using 

the dc version of the small signal circuit of Fig. 13 (same circuit as in Fig.13 but with no capacitors). 

Notice that, from the circuit of Fig.13t: 
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Furthermore, due to resistance RB, which is placed between ground and the BJT base, it is convenient to 

consider an equivalent Gm, indicated as Gmeq: 
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If RB<< rbe, gmeq coincides with gm.  

Case rv4: Resistance seen from emitter to ground.  

Exact result: 
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Approximate results: 
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Case rv5: Resistance seen from collector to ground, in the presence of emitter degeneration. 

Exact result: 

  
EeqmeqoEeqv RgrRr  15

 (54) 

where:  

     // EieBEeq RhRR   (55) 

Useful approximations can be found for two opposite conditions: 
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Case rv6: Resistance of a diode-connected BJT. 
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