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Abstract: - The paper proposes a procedure to calculate the sensitivity factors of the quiescent drain current of a FET 
operating in the active region in conjunction with a general-purpose circuit simulator. Unlike the procedure developed 
for the sensitivity factors of the quiescent collector current in BJT, this one is not based on the drain current expression 
of the FET. We showed that the sensitivity factors of the quiescent drain current can be calculated by repeated 
simulations of the bias circuit modified according to the change of a parameter value.  
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1 Introduction 
In the practical design of transistor circuits, the quiescent 
operating point Q is carefully established to ensure that 
the transistor will operate over a specified range, that 
linearity will be achieved and that Pmax of device will not 
be exceeded. Once a design has been completed, it is 
necessary to check for quiescent point variations due to 
temperature changes and possible unit-to-unit parameter 
variations. These variations must be kept within 
acceptable limits as set by the specifications. Among the 
independent parameters which can cause a shift of the Q 
point of a FET are the following: the wide variation in 
the transconductance parameter β and threshold voltage 
for a particular transistor type; variation in the afore 
mentioned parameters due to their dependence on 
temperature; variations in the supply voltages due to 
imperfect regulation; variations in the circuit resistances 
due to tolerance and/or temperature effects [1] - [7].  

Some of these parameters, e.g. temperature effects, 
are of importance for all designs while others, e.g. 
resistor tolerance and FET parameter variations, are 
more important when we are concerned with a 
production run of a number of identical amplifiers or 
large analog circuits [8] - [16].  
 
 
2 Problem Formulation 
In a FET, the threshold voltage and the transconductance 
parameter are functions of temperature. These 
parameters also vary somewhat from unit to unit as a 
result of differences in manufacturing process. This 
paper presents a way to find out the sensitivity factors of 
the drain current in bias circuits with FETs. In the next 
section, we discuss several methods to calculate the 
sensitivity factors of the drain current with rapport with 

two parameters of FET using a generalized bias circuit 
that controls the bias variation in the devices and covers 
all types of n-channel devices (JFET, enhancement- and 
depletion-mode MOSFET). Although n-channel FETs 
are used throughout, the same technique can be used to 
bias the p-channel type [6]. 
 
 
2.1 Generalized bias circuit  
We consider a bias circuit widely used to control the bias 
variation in the FETs based on the DC negative feedback 
on drain current, which schematic diagram is shown in 
Fig. 1. The symbol n-channel written inside of the circle 
means any FET with n channel, i.e. NJFET, 
enhancement-mode NMOSFET and depletion-mode 
NMOSFET. This bias configuration is called generalized 
bias circuit because it can ensure the bias for all n-
channel FETs and contents even the particular bias 
topologies used for JFET and depletion-mode MOSFET 
(R2 = ∞). The resistance values and the supply voltage 
ensure a specified quiescent operating point in the active 
region for each device depending on its particular 
transfer characteristic curve. So, such a circuit must 
ensure a quiescent gate-to-source voltage VGSQ with 
polarity and value adequate to the FET type as follows 
[7]: 
 - for a NJFET and depletion-mode NMOSFET 
operating into depletion mode, VTh < VGSQ ≤ 0;   
- for an enhancement-mode NMOSFET, Vth< VGSQ  < 
VGSmax; 
- for a depletion-mode NMOSFET operating into 
enhancement mode, 0 ≤  VGSQ < VGSmax. 
The value of voltage VGSQ depends on the specified 
quiescent point of FET.  
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     Fig. 1. The schematic diagram of the generalized bias    

circuit 
 
2.1.1 Biasing the JFET  
We consider the bias circuit in Fig. 1. In order that this 
topology to operate as a small-signal amplifier, we wish 
to bias this stage at a prescribed nominal value of 
quiescent drain-to-source voltage VDSQ. The variation of 
the Q point with JFET-parameter variation is to remain 
within prescribed limits. To accomplish this, we must 
bias the JFET to ensure that the variation of quiescent 
drain current falls within prescribed limits since changes 
in IDQ are reflected directly in VDSQ.  

The traditionally way to design such a circuit is based 
on the worst-case transfer characteristic curves of each 
particular JFET type utilizing a graphical procedure. 
These transfer curves are drawn assuming operation in 
the saturation or active region and show the worst-case 
variation of drain current as a function of gate-to-source 
voltage. For this operating mode, equation (1) or 
equivalently (2) applies: 
ID = IDSS [1-(VGS/Vth)]2,                          (1) 

 ID = β(VGS-Vth)2.                                        (2) 
In the above equations, IDSS denotes the nominal 
saturation current and β is the transconductance 
parameter: β = IDSS/(Vth)2. The equivalent form (2) of the 
drain current (1) allows us to unify the description of all 
FET types in the active region. So, the worst-case 
transfer curves give us the worst-case values of the JFET 
parameters: IDSSmin, respectively βmin and IDSSmax, 
respectively βmax, and Vthmin and Vthmin. These worst-case 
values of the JFET parameters are provided also by the 
manufacturer for each particular FET type.  

The bias circuit given in Fig. 2 is the Thevenin 
equivalent circuit of the generalized bias circuit in Fig. 1, 
where VGG = [R1/(R1+R2)]VDD and RG = (R1R2)/(R1+R2). 
Since no DC current can flow into the gate of the FET, 

no DC current flows in RG and the DC gate-to-source 
voltage is   
VGS = VGG-ID R3,                                          (3) 
where VGG=[R1/(R1+R2)]VDD. The drain current is given 
by (1) or (2) and the drain-to-source voltage is 
VDS = VDD-ID (R3+R4).                                        (4) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig. 2. The Thevenin equivalent circuit of the circuit 

given in Fig. 1.  
 

The graphical design procedure of the stage is based 
on the worst-case transfer curves of a JFET and it is 
described in all electronics textbooks. Briefly, it is 
assumed that the nominal quiescent operating point (IDQ 
and VDSQ) and supply voltage VDD are known. Also, the 
maximum allowable deviation from this nominal value 
∆IDQ is specified. Two worst-case operating points can 
be fixed on the transfer characteristics: Qmax 
corresponding to IDQ,,max and VGS1 and Qmin corresponding 
to IDQ,min and VGS2. The straight line representing 
equation (3) must pass through the points Qmax and Qmin 
as shown in Fig. 3. The intersection of this line and VGS 
axis yields VGG, while the slope of line is -1/R3. So, 
R3 = VGS1-VGS2/(IDQ,max-IDQ,min).                                 (5) 
Then, the resistance R4 is calculated: 
R4 = (VDD-VDSQ)/IDQ-R3.                                                (6) 
Choosing the current that flows through the resistors R1 
and R2, and VGG being known, the last resistances are 
calculated and the design of the bias circuit is now 
complete. 
 
2.1.2 Biasing the MOSFET  
The bias circuit in Fig. 1 works in the same fashion with 
JFET or MOSFET. The worst-case values of MOSFET 
parameters are given as kmax = βmax,  kmin = βmin, and Vthmax 
and Vthmin. When the MOSFET is operating in the active 
region, the worst-case equations of the drain current are: 
ID = βmax (VGS-Vth,min)2.                                   (7) 
ID = βmin (VGS-Vth,max)2.                                   (8) 
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Equation (7) yields the largest ID for a given value of 
VGS, while (8) produces the smallest ID. The design of the 
bias circuit is similar with that of JFET.  
 
2.1.3 Drain current expression  
Combining (2) and (3), we obtain a second-degree 
equation in unknown ID: 

02 =++ cbIaI DD            (9) 
where: 
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if the following inequality is accomplished: 
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Among these two above solutions only one accepted 
solution is the quiescent drain current IDQ namely that for 
which   

thDQGG VRIV 〉− 3 ,                    (12) 
for all types of n-channel FET. 

Now, we suppose that the worst-case of the FET 
parameters are known. The design problem of the bias 
circuit knows some aspects such as the following: 
1. The nominal quiescent operating point and the 
maximum variation of drain current being specified or 
for a given performance specification such as the gain of 
the small-signal amplifier, it must find out the values of 
the resistances R1, R2, R3 and R4. 
2. For given resistances R1, R2, R3 and R4, it must find 
out the maximum possible variation of IDQ and VDSQ 
taking into account the wide spread of the parameter 
values of FET and/or the temperature variations or 
voltage supply deviations.  

The solution of the former formulation of design 
problem can be found using either a graphical or an 
analytical procedure.  

We consider the nominal quiescent operating point 
given by IDQ, VDSQ, and the maximum variation of drain 
current specified as IDQmax and IDQmin. Firstly, we 
calculate the gate-to-source voltages corresponding to 
the variation limits of drain current: 
VGS1 = Vthmin + (IDQmax/βmax)1/2,                            (13) 
VGS2 = Vthmax + (IDQmin/βmin)1/2.                                    (14) 
Next, the Thevenin voltage VGG and the resistance R3 
can be calculated: 
VGG = (VGS1IDQmin-VGS2IDQmax)/(IDQmin-IDQmax),            (15) 
R3 = (VGS1-VGS2) /(IDQ,max-IDQ,min).                        (16) 

 Then, the resistance R4 is found: 

R4 = (VDD-VDSQ)/IDQ-R3.                                              (17) 
Choosing the current that flows through the resistors R1 
and R2, the last resistances are calculated and the design 
of the bias circuit is now complete. 

The second aspect of design problem is related to so-
called stability-factor analysis often used in engineering 
practice.  

 
 

3 Sensitivity Factor Analysis 
In the circuit in Fig. 1, any increase in drain current 
causes an increase in the source voltage, and therefore 
the gate-to-source voltage becomes more negative. This 
tends to reduce the current, thereby reducing the current 
increase which started the cycle. This sequence of events 
describes a negative feedback and resistor R2 is 
responsible of stabilizing influence of the bias circuit.  

Briefly stated, the problem of the stability-factor 
analysis is as follows: Given a physical variable (in our 
case, IDQ), what change will it undergo when the 
variables on which it depends (in our case, Vth, β, VDD 
etc.) change by prescribed (usually small) amounts? This 
type of analysis goes under various names, e.g., 
sensitivity analysis, variability analysis, and 
stability/sensitivity factor analysis. All these methods are 
based on assumption that, for small changes, the variable 
of interest is a linear function of the other variables and 
can be expressed in the form of a total differential. For 
our case, we write the quiescent drain current  
IDQ = IDQ (β, Vth, VDD).                      (18) 
Then the total differential is 
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Formally, likewise for a BJT, if the changes in the 
independent variables β, Vth and VDD are small, we could 
define here three sensitivity factors of IDQ as follows: 
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Now, we can write that the total change ∆IDQ in the 
quiescent drain current is proportional to the changes in 
each of the independent variables and to their sensitivity 
factors: 

DDVthVDQ VSVSSI
DDth
∆+∆+β∆=∆ β .                      (21) 

Unlike the quiescent collector current of a BJT, IDQ is a 
strongly nonlinear function on all three variables, i.e. β, 
Vth and VDD, as shows the equation (10). Moreover, large 
changes of the independent variables are involved. 
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Consequently, the procedure that applies to BJT to 
calculate the sensitivity factors cannot be applied to a 
bias circuit of a FET. However, in such a case, for given 
variation limits of β, Vth and VDD, the total change in the 
quiescent drain current must be obtained directly, i.e. 

( )
( )minDDmaxthminDQ

maxDDminthmaxDQDQ

V,V,I

V,V,II

β−

β=∆
.                   (22) 

In (22), the independent variables are chosen to 
maximize ∆IDQ in order to provide a worst-case 
condition. Using (22) in conjunction with (4), the total 
change in the quiescent drain-to-source voltage results:  
 ( )43 RRIVV DQDDDSQ +∆+∆=∆ .                  (23) 
Such a procedure can be implemented by help of a 
computational package as Mathematica, Mathcad, 
Matlab etc. 

To find each sensitivity factor of the quiescent drain 
current, we can employ a circuit simulator to calculate 
the actual increment of the quiescent drain current 
caused by the variation of only one independent variable 
[18]. This procedure will by described in the following. 

Suppose a given bias circuit as that in Fig. 1. The 
circuit consists of a JFET_N sample, for which the β0 
and Vth0 were measured at ambient temperature T=27oC. 
Let be VDD the nominal voltage value of the supply. Let 
be JFET_N_e0 the simplified user model constructed 
utilizing only two parameter model of JFET, i.e. β0 and 
Vth0, the rest of model parameter have the same values 
for all user models. Three other user models named in 
order JFET_N_b1 with the parameters β1 and Vth0, 
JFET_N_t1 with the parameters β0 and Vth1, and 
JFET_N_e with the parameters β1 and Vth1, respectively, 
will be constructed too.   

The three actual increments of the quiescent drain 
current corresponding to the three independent variables 
are denoted and calculated as follows:  
- For a change in the transconductance parameter value, 
∆β=β1-β0, 
∆ID,β=IDQ(β1, Vth0, VDD)-IDQ(β0, Vth0, VDD).               (24a) 
- For a change in the threshold voltage, ∆Vth = Vth1 - Vth0, 
∆ID,Vth=IDQ (β0, Vth1, VDD)-IDQ(β0, Vth0, VDD).           (24b) 
- For a change in the supply voltage, ∆VDD = VDD1-VDD, 
∆ID,VDD=IDQ(β0, Vth0, VDD1)-IDQ(β0, Vth0, VDD).          (24c) 
If the variations of all three circuit parameters are 
considered to be simultaneous, then the total change in 
quiescent drain current will be 
∆IDQ = IDQ(β1, Vth1, VDD1)-IDQ(β0, Vth0, VDD).                (25) 

Four simulations of the bias circuit for a DC 
operating point analysis are needed to calculate the three 
actual increments of the quiescent drain current as 
follows: s0 = nominal simulation for JFET_N_e0 and 
VDD; s1 = simulation for JFET_N_b1 and VDD; s2 = a 
simulation for JFET_N_t1 and VDD; s3 = a simulation for 
JFET_N_e0 and VDD1.  An additional simulation, s4, 

performed for the same circuit with JFET_N_e and VDD1 
allows as to verify the validity of the equation (21) 
comparing its result with that given by equation (25). 

 
 

 4 Example 
The proposed procedure to calculate the sensitivity 
factors of the quiescent drain current of a FET will be 
illustrated on the bias circuit in Fig. 3, derived from that 
shown in Fig. 1 and constructed with the NJFET type 
BF245A.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig.3. Bias circuit to be simulated 
   

The proposed procedure has been tested by 
simulation with Multisim program [19]. For the first 
simulation, s0, the device model is BF245A_e0 where 
β0=1.2 mA/V2 and Vth0 = -1.7 V. Then, we perform the 
second simulation of circuit, s1, where the device model 
BF245A_b1 has the parameters β1=1.5 mA/V2 and Vth0 = 
-1.7 V. The third simulation, s2, is performed for device 
model BF245A_t1 with β0=1.2 mA/V2 and Vth1 = -1.5 V. 
Finally, the fourth simulation, s3, is performed for a 
device model BF245A_e with β1=1.5 mA/V2 and Vth1 = -
1.5 V, and VDD1=12 V. The simulation results are 
summarized in Table 1, from which the actual 
increments of the quiescent drain current can be 
calculated.  
 
Table 1. The simulation results. 
 

si IDQ  
(mA) 

∆IDQ  
(mA) 

∆p Sp 

s0 1.31    
s1 1.44 0,13 ∆β=0.3mA/V2 0.43 V2 
s2 1.09 -0.22 ∆Vth=0.2V -1.1mA/V 
s3 1.31 0 ∆VDD=2 V 0 
s4 1.22 -0.09 ∆β=0.3mA/V2 

∆Vth=0.2V 
 

 

Proceedings of the 4th WSEAS/IASME International Conference on Engineering Education, Agios Nikolaos, Crete Island, Greece, July 24-26, 2007        199



The following general notations are used in above table:  
si for the simulations (s0, s1, s2, s3 and s4), ∆p for the 
parameter variations (∆β, ∆Vth and ∆VDD) and Sp for the 
sensitivity factors of IDQ (Sβ, SVth and SVDD).  

The results given in Table 1 will be written again in 
order to be discussed. So, Sβ=0.433 V2, SVth=-1.1 mA/V 
and SVDD =0, because IDQ is independent on VDD in the 
derived bias circuit in Fig. 3. Substitution of the 
sensitivity factor values and the parameter variations, i.e. 
∆β=0.3 mA/V2, ∆Vth=0.2 V and ∆VDD=2 V in equation 
(21) yields ∆IDQ=0.43×0.3-1.1×0.2=0.13-0.22= -0.09 
mA. On the other hand, substituting the results of 
simulations s0 and s4 in equation (25), the previous result 
is recovered, i.e. ∆IDQ= -0.09 mA. This latest result 
validates the proposed procedure to calculate the 
sensitivity factors of quiescent drain current of a FET. 
Also, other result provided by simulations s0 and s4 is 
obtained in the form of total variation of the drain-to-
source voltage: ∆VDSQ= 1.65 V. Equation (23) for 
∆VDD=2 V and ∆IDQ= -0.09 mA yields the same result, 
i.e. ∆VDSQ= 1.65 V.  
 
 
5 Conclusion 
The paper proposes a procedure to calculate the 
sensitivity factors of the quiescent drain current of a FET 
operating in the active region in conjunction with a 
general-purpose circuit simulator. Unlike the procedure 
developed for the sensitivity factors of the quiescent 
collector current in BJT, this one is not based on the 
drain current expression of the FET. We demonstrated 
that the sensitivity factors of the quiescent drain current 
can be calculated by repeated simulations of the bias 
circuit. Each change of a circuit parameter involved in 
the sensitivity analysis modifies either the device model 
or the parameter values.   
 
 
References: 
[1] R. F. Pierret. Semiconductor Device Fundamentals, 

Addison Wesley, Reading, MA, 1996. 
[2] D. Johns, and K. Martin, Analog Integrated Circuit 

Design, New York, John Wiley & Sons, 1997. 
[3] E. W. Greeneich, Analog Integrated Circuits, 

Chapman & Hall, 1997 
[4] T. A. Fjeldly, T. Y. Herdal and M. Shur, Introduction 

to Device Modelling and Circuit Simulation, John 
Wiley and Sons, 1998. 

[5] P.E. Allen and D. R. Holberg, CMOS Analog Circuit 
Design, Oxford University Press, 2002 

[6] E. Niculescu and D.M. Purcaru, Electronic Devices 
and Circuits. Vol. 1 (in Romanian), Universitaria 
Publishing House, Romania, 2002. 

 

[7] P.G. Drennan and C.C. Andrew, Understanding 
MOSFET Mismatch for Analog Design, IEEE 
Journal of Solid-State Circuits, vol. 38, No. 3, March 
2003, pp. 450-456. 

[8] D. D’mello and G. Gulak, Design Approaches to 
Field-Programmable Analog Integrated Circuits, 
Analog Integrated Circuits and Signal Processing, 
vol. 17, no. 2, 1998, pp. 7–34. 

[9] M. Worsman, and M. W. T. Wong, Non linear analog 
circuit fault diagnosis with large change sensitivity, 
International Journal of Circuit Theory and 
Applications, vol 28, 2000, pp. 281-303. 

[10] M. Kransnicki et al., ASF: A Practical Simulation-
Based Methodology for the Synthesis of Custom 
Analog Circuits. Proc. of the IEEE/ACM International 
Conference on Computer Aided Design, 2001, pp. 
350–357. 

[11] B. Pankiewicz, M. Wojcikowski, S. Szczepanski, 
and Y. Sun, A Field Programmable Analog Array for 
CMOS continuous-time OTA-C filter applications, 
IEEE Journal of Solid-State Circuits, vol. 37, no. 2, 
2002, pp. 125–136. 

[12] M. Mar, B. Sullam, and E. Blom, An Architecture 
for a Configurable Mixed-Signal Device, IEEE 
Journal of Solid-State Circuits, vol. 38, no. 3, 2003, 
pp. 565–568. 

[13] H. Stratigopoulos and Y. Makris, An Analog 
Checker with Dynamically Adjustable Error 
Threshold for Fully Differential Circuits, Proc. of the  
IEEE VLSI Test Symposium, 2003, pp. 209–214. 

[14] M. B. Blyzniuk and I. Y. Kazymyra, Approach to 
Raising the Students Interest to Electronics and 
Microelectronics//Communication-Knowledge 
Engineering Education Today, Proc. of the 32th 
International Engineering Education Symposium, 
2003, pp. 352-355. 

[15] H. Wang, S. Kulkarni, and S. Tragoudas, Circuit 
Techniqes for Field Programmable Analog Array On-
Line Testing,  Proc. of the 10th International Mixed-
Signal Testing Workshop, 2004, pp. 237–244. 

[16] S. X.-D. Tan, W. Guo, and Z. Qi, Hierarchical 
Approach to Exact Symbolic Analysis of Large 
Analog Circuits, Proc. of the DAC 2004, 2004, pp. 
860-863. 

[17] M. B. Blyzniuk and I. Y. Kazymyra, Teaching for 
Understanding in Electronics/Microelectronics by 
Training CAD Tools, Elektronica ir Elektrotechnika, 
Nr. 6(55), 2004, pp. 14-19. 

[18] E. Niculescu, D.M. Purcaru, and M. Maria, 
Electronics. Simulations, Analyses and Experiments 
(in Romanian), Reprograph Publishing House, 
Romania, 2006. 

[19] Multisim 2001. Getting Started and Tutorial, 
Interactive Image Technologies Ltd., 2000. 

  

Proceedings of the 4th WSEAS/IASME International Conference on Engineering Education, Agios Nikolaos, Crete Island, Greece, July 24-26, 2007        200


