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Abstract – In a previous ARFTG paper, we presented the 
measurement of the thermally-induced transient drain voltage 
response of a power Si MOSFET to a step excitation in gate 
voltage.  The data was fit by assuming the drain voltage takes 
an exponential shape.  This relies on the assumption that the 
drain current is a step function, which is actually only 
approximate due to the dependence of the drain current on 
temperature.  In this work, we show that the exponential 
approximation actually possesses the same asymptotic 
behavior of a more accurate, model-based solution we have 
obtained that incorporates thermal feedback.  We show that 
the more theoretically accurate solution and exponential 
approximation of the solution both provide excellent fits to 
measured data for the Si MOSFET.    

I. INTRODUCTION

In a paper presented at the Fall 2007 ARFTG 
conference, we demonstrated a MOSFET transient voltage 
measurement setup that can be used to estimate the thermal 
time constant [1].  A very interesting question was raised 
regarding the validity of our approach to approximate the 
current excitation as a step function.  The approach assumes 
an electrothermal model for the transistor as shown in Fig. 1 
[2].  The analogous “circuit” consists of a parallel RC 
network describing the time- and frequency-dependent 
behavior of the channel temperature.  A reasonably good fit 
was obtained for this description of the behavior; following 
this description, an even more optimal fit was obtained 
using two parallel RC networks to describe the time 
dependence, an approach consistent with the multiple RC 
thermal modeling suggested in [3] and shown in Fig. 2.      

II. NATURE OF THE APPROXIMATION 

The experimental setup used for the experimentation is 
shown in Fig. 3 [1].  A step is applied in voltage vG(t) to 
“turn on” the transistor from threshold to a significant drain 
current.  As drain current iD(t) begins to flow, a voltage drop 
is immediately incurred across the 10.12  resistor.  
However, as current begins to flow through the transistor, 
the device begins to heat up more as time increases, causing 

iD(t) to decrease and vD(t) to increase.  The rate of this 
increase in vD(t) is determined by the electrothermal model 
parameters Rth (thermal resistance ) and th (thermal time 
constant).  The thermal time constant was estimated by 
fitting a simple exponential function to the measurement for 
vD(t), as reproduced in Fig. 4: 
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where C, D, and th were adjusted to fit the measured data.  
It was then assumed that the resultant value of th is can be 
used to find the Cth by equating th to RthCth.  The measured 
data is rather noisy in this experiment due to the limitations 
of the oscilloscope when placed in DC coupling mode and 
measuring voltage waveforms with significant DC 
components.     
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Fig. 1.  Thermal Subcircuit Used in Electrothermal Transistor 
Models [2]

These results are based upon an assumption that the 
excitation of the thermal equivalent circuit, PD (and hence 
the current iD(t)) is represented by a step function.  Is this 
approximation adequate?  In actuality, the current iD(t) is 
not exactly a step function because it varies as the channel 
temperature TC(t) changes.  As iD(t) becomes nonzero, the 
channel temperature TC(t) increases, causing a decrease in 
iD(t), causing an decrease in TC(t), causing an increase in 
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iD(t), and so forth.  The assumption that the response of the 
temperature (and drain voltage) are based on a step in iD(t)
is essential to assume exponential behavior.  The fact that 
iD(t) (and hence vD(t)) and TC(t) are interdependent means 
that this is not exactly correct.   

Fig. 2.  Thermal Equivalent Circuit with Multiple RC Networks [3] 

Fig. 3.  Experimental Setup for Transient Measurement   

We now compare the response of this circuit to 
behavior of the device based on a more accurate model to 
examine whether the exponential assumption can be used.  
This must be derived from the nodal differential equation 
taken from the single-RC thermal network of Figure 1: 
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The problem at hand is evident in the nonlinearity of 
this equation.  The form of the time-domain function 
solving the differential equation for the drain voltage as a 
function of time is 
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where  and  are temperature coefficients of the drain 
current based on a current-temperature approximation 
consistent with results given in [4]-[7], TA is the ambient 
temperature, RD is the drain resistance, and a, b, and c are 
constants; also note that c < 0.  Applying a simplification 
suggested by the assumption that the input is similar to a 
unit step (although for reasons explained earlier, it will not 
be exactly a unit step in most cases) give the form 

)1()( ct
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Fig. 4.  Si MOSFET Drain Voltage Versus Time for Measured 
Results (Solid Line) and Exponential Fit (Dotted Line) Using VDD
= 16 V and VGS Stepped from 0.3 V to 7.2 V [1] 

In comparing the actual solution of equation (3) and the 
approximation of equation (4), very interesting 
correspondence can be observed.  The limit as t --> 0 for 
both the approximation (3) and the actual equation (4) is  

βα −−= DADDD RTVv )0( ,                         (5)                  

and the limit as t  for both equations (because c < 0) is 

DDADDD aRRTVtv αβα −−−=∞→ )( .             (6) 

This states that, under most conditions, both the 
approximation and the actual function have the same initial 
value and asymptotically approach the same value in the 
steady state.  This lends hope for the usefulness of the 
approximation.   

III. MEASUREMENT COMPARISON OF ACTUAL SOLUTION 
AND APPROXIMATION

A comparison can be performed between using the 
forms of the approximation and the more detailed 
differential equation solution for vD(t) and their usefulness 
in fitting measured data from the Si power MOSFET.  The 
approximation can be written as  
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where A1, A2, and th are adjusted to fit the measurement 
data.  The more detailed differential equation solution can 
be written as  
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where C1, C2, C3, and C4 are adjusted to fit the measurement 
data.   

A comparison between the measured data, 
approximation equation fit, and the fit of the differential 
equation solution is was performed.  A least squares error fit 
was performed to the measurement data by varying A1 and 
A2 in equation (7) (the single-exponential approximation) 
and by varying C1, C2, C3, and C4 in equation (8) (the more 
detailed model).  Fig. 5 shows a comparison between these 
fits of vDapprox(t) and vDexact(t) to the measured data.  For each 
fit, the mean-square error (MSE) can be used as a measure 
of the fit quality.  While the more detailed model (MSE = 
0.00214) fits the data more exactly than the single-
exponential (MSE = 0.00242) derived from the step-
response approximation, the step-response approximation 
MSE is not much larger than the detailed model.  
Qualitatively it can be noted from Fig. 5 that while the more 
detailed model shows a better correspondence for low 
values of time, the step approximation seems to be 
reasonably accurate in predicting the transient behavior of 
the device.  When the step response approximation is used 
with an electrothermal circuit containing two RC networks 
in parallel, the results for the approximation improve even 
further and more accurately portray the fit of the exact 
equation, as shown in Fig. 6.  For the double-exponential 
approximation, the MSE (MSE = 0.00200) was even lower 
than for the more detailed model (MSE = 0.00214); 
however, this is sensible, as the detailed model is based on 
an electrothermal model containing a single RC network, 
while the approximation assumes two RC networks.   

IV. CONCLUSIONS

The question of whether it is permissible to assume that 
the voltage transient measurement of Fig. 3 can be assumed 
to be a step response (and hence exponential in nature) 
arising from discussions related to our paper at the Fall 
2007 ARFTG Conference has prompted efforts to validate 
this approximation.  The results we have presented in this 
paper suggest that the approximation of the drain voltage as 
an exponential step response appears to, with a high level of 
accuracy, fit both measurement data and an equation 
derived representing more exact representation of the time 
dependence.  The equation forms of the approximation and 
more detailed model demonstrate the same initial behavior 
and asymptotically approach the same final value.  Fitting 
the approximation and more exact model equations to 
measured data has demonstrated that, while the mean-
square error is larger for the single-exponential 
approximation than for the more exact model, the difference 
in MSE is reasonably small.  It appears that the 

approximation can be used to represent the actual device 
behavior in the transient measurement with reasonable 
success.
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Fig. 5.  Comparison of Si MOSFET Measured Data (VDD = 16 V 
and VGS Stepped from 0.3 V to 7.2 V) with the Step 
Approximation for a Single-RC Thermal Circuit and Exact 
Equation Modeling for a Single-RC Circuit of the Thermally-
Induced Voltage Transient (Note that the numbers on the 
horizontal axis are in hundreds of milliseconds.) 
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Fig. 6.  Comparison of Si MOSFET Measured Data (VDD = 16 V 
and VGS Stepped from 0.3 V to 7.2 V) with the Step 
Approximation for a Double-RC Thermal Circuit and Exact 
Equation Modeling for a Single-RC Circuit of the Thermally-
Induced Voltage Transient (Note that the numbers on the 
horizontal axis are in hundreds of milliseconds.) 
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