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SPICE-derived 
distortion figures for 
mosfet power audio 
output stages are 
notoriously 
inaccurate. They can 
be as much as 63% 
out. Ian Hegglun’s 
breakthrough 
involves four new 
mosfet models that 
allow you to produce 
realistic SPICE 
distortion figures and 
data sheet curves. 

Hotter
SPICE

SPICE—an acronym for ‘Simulator Program with IC Emphasis’—was written in the seventies before power 

MOSFET's were developed. The SPICE Level-1 MOSFET model, also known as the Shickman and Hodges model,[1] is 

present in all simulators but the more accurate Level-3 MOSFET model is not [2]. 

The Level-1 model is a simple model that runs fast and presents few problems with numerical convergence. It was 

originally intended for analogue simulation of switching circuits. The Level-3 model is better suited for modelling linear 

circuits, although it is slower and has some annoying convergence problems in Class-AB circuits when several feedback 

loops are used. 

Better MOSFET models have been developed since then, but most of these are for IC's (BSIM models) or for microwave 

JFET devices [3] but are only found later and more expensive SPICE-3 versions. 

SPICE’s macromodel, or ‘subcircuit,’ technique, allows users to add new models to the standard library. Because macro-

models are made from predefined components it can be difficult to model some functions—particularly if your simulator 

lacks a multiplier. Consequently, I have developed several maths macromodels for use in power MOSFET macromodels. 
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A useful historical perspective over the last three decades of SPICE can be found on the Web [4] or from reference [5]. 

These MOSFET models are accurate enough for distortion simulations. In addition, they can be adapted to run on almost 

any version of SPICE because they use only standard SPICE components. 

Simulating distortion 

The Macquarie University team at Sydney showed Class-AB distortion using the SPICE Level-3 model gave a distortion 

result that was a third of the measured THD—or an error of 63%, see reference [6]. When a more accurate model was used, 

the distortion was within 20% of measured values. 

For Class-AB, the level of crossover distortion generated is sensitive to the bias setting. Subthreshold conduction is the 

conduction region where significant conduction begins and therefore plays a part in crossover distortion generation.[7] 

Subthreshold conduction is not modelled in the Level-1 MOSFET. Since 1990, the Level-3 parameter NFS has been 

included for subthreshold conduction, but not all simulators since then include the updated model. 

In the following macromodels, several missing effects are added; namely subthreshold conduction, velocity saturation, a 

smooth pinchoff and electrothermal effects. Electrothermal feedback is present in practical power amplifiers where junction 

temperature change during a cycle affects linearity and hence distortion. 

You may find that some of these effects are not essential for your application. But to discover whether they are needed or 

not, a simulation with and without these effects is usually necessary. The following four macromodels also show various 

techniques for those who would like to develop their own macromodels. 

Subthreshold conduction 

On a transconductance plot with gate-to-source voltage, i.e. gfs or gm versus VGS, subthreshold conduction is seen as a knee 

region near the VTH threshold voltage Fig 1a. 

On a log-linear plot, Fig 1b, the lower end of the knee region appears as a straight line indicating an exponential square-law 

region is set by the value of relationship with VGS. Approaching  VTH the relationship changes to a square-law for a limited 

range of gate voltage. There’s more on this in the panel entitled ‘Simple curve tracer.’

0.25

0.5

0.75

3.0 4.0 5.0

0

1.0

actual Level 1 or 3

Squarelaw regionModerate inversion
region

Exp.

region

[A/V]

[V]V
GS

V
TH

g
fs

Fig 1a. A gfs transconductance plot for a power MOSFET 
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Fig 1b. Logarithmic current plot for the same MOSFET.
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A simple curve tracer  can be made with a scope, signal generator, power supply and a few other 

discrete components. We have found this useful for demonstrating the various MOSFET operating regions. 

Approximate values for VTH and βeff can be obtained from the gfs/VGS curve. The circuit enables the ID/VGS 

curve and the gfs/VGS curve to be generated together. The value of VTH can be found from the gfs curve x-

intercept and β from the slope. To reduce self-heating, the sweep duty cycle is kept low, at around 0.15, by 

offsetting the signal generator. An 18V gate zener with a series resistor is a good idea to prevent the signal 

generator plus offset value exceeding the gate breakdown voltage. The peak seen in the gfs curve is caused by 

the MOSFET entering the resistance region. Here, VDS is only 5V to minimise heating effects. When VDS is 

much higher and the pulse time short the gfs curve levels off giving a linear ID/VGS curve. The second circuit 

gives the ID/VDS curve and gDS/VDS curve. The value of Lambda can be calculated from gDS/ID where gDS is the 

drain conductance beyond the knee region. In this rig the drain conductance incorrectly peaks at low VDS 

because the VDS ramp is not maintained below 1V. A power amplifier drive for VDS would overcome this 

problem. 
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The left hand circuit allows an ID/VGS curve and gfs/VGS to be generated simultaneously. The curves 

shown are for an ECF16N20 lateral power MOSFET for VDS of only 5V indicating VTH=0.3V and β=2A/V^2. 

Scope x-axis represents VGS with 0.5V/div. For the y-axis ID~2A/div and gfs~1.3s/div. 

The right circuit generates an ID/VDS curve and gDS/VDS curve. For the ECF16N20 the value of Lambda is 

around 0.01V^-1. The knee in gDS at pinch-off where gDS continues to fall until VDS~7V at which point gDS 

is around 20ms. Here VGS=2.3V, Rs=0.1Ω, Rdiff =100Ω, C=10nF, f=1kHz, time base 50µs/div giving x-axis 

VDS~2V/div, and y-axis ID~0.5A/div and gDS~75ms/div.

In the MOSFET model world, the threshold voltage is defined as the x-intercept of a projection back from the square-law  

region, Fig 1a.  The initial slope of the gfs curve in square-law region is set by the β or KP for the Level-1. For the Level-3, 

β= KPW/L and KP= µCOX where µ is carrier mobility and COX is the dielectric capacitance per square metre of gate 

insulation. These process parameters may be ignored by setting W= L= 2µm so β= KP.

The transition region between the exponential and square law regions is the moderate inversion region. At higher currents, 

gfs curve levels off giving a reasonably linear region [for gfs] with VGS as in Fig 1b) once the gate voltage rises some 2V 

more than the threshold voltage.[8]

Throughout this article upper case subscripts denote the voltages measured at the MOSFET's terminals and lower case 

subscripts are for voltages at the MOSFET channel. It is necessary to make this distinction because the effect of ohmic volt 

drops at the drain and source are usually significant in power MOSFET's.

Adding subthreshold conduction 

Figure 2a shows a subcircuit or macromodel that can add subthreshold conduction to the core MOSFET. It uses the 

exponential nature of a diode for the region below the threshold voltage. With a series resistor the moderate inversion knee 

region in Fig 1a can be produced, closely resembling the behaviour of an actual power MOSFET. Series resistor 'R' 

ELECTRONICS WORLD May 1999 &July 1999



4

determines the threshold voltage while the shape of the knee region is determined by the diode emission coefficient 

parameter n. To help use this macromodel an empirical method for determining parameter values has been developed.

Fig 2a A macromodel for adding subthreshold conduction and additional 

Fig 2b. The resulting ID curve, gfs curve and the diode network 
transfer function Vg’. 

Parameter setting 

Several simulation are performed in transient mode to generate the gfs curve, Fig 2. An input voltage source for Vin provides 

a voltage ramp that effectively converts the x-axis to voltage as seen in Fig 2b).

The diode circuit is terminated at the macromodel’s source terminal for convenience. Unexpectedly, it can be alternatively 

terminated at the core MOSFET’s source terminal with little difference in the shape of the Vg’s transfer function.

Subthreshold conduction reduces the effective transconductance in the square law region, hence the effective values for 

VTH, β and θ are reduced, requiring higher values in the core MOSFET. Typically β must be set about 50% higher in this 

macromodel. The trail and error method for parameter setting can be used but β and θ parameters interact making this 

difficult. An empirical method based on several simulations is much easier. Before simulations can be performed, a value 

for diode emission coefficient, n in the above macromodel, needs to be determined. It can be found either from data sheets 

or via simple measurement of drain current below the threshold region. The slope of the log(ID)/VGS graph gives n using, 

where VT =25.86mV at 27ºC and slope is the slope of the log(IDS) graph expressed in decades/volt. The factor '2.3' comes 

from the log10 of e to convert decades to base-e and the factor of two allows for the squaring effect of the MOSFET.

A typical value of n for a vertical power MOSFET such as the 5A/100V IRF510 is five decades/volt giving n=6.5. For a 
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lateral audio power MOSFET such as a 7A/140V 2SK134 it is about 15 decades/volt or n=2.3V–1.

The effective or target velocity saturation parameter θeff can be determined from measured IDsat /VGS points.[8] The value for 

θ for direct entry into the Level-3 MOSFET can be calculated using θ≅ θeff(A+Bθeff) where constants A and B are found 

from simulated points, the moderate inversion region. At higher currents, gfs curve levels off giving a reasonably linear 

region with VGS as in Fig 1b once the gate voltage rises some 2V more than the threshold voltage.[8] 

Throughout this article upper case subscripts denote the voltages measured at the MOSFET's terminals and lower case 

subscripts are for voltages at the MOSFET channel. It is necessary to make this distinction because the effect of ohmic volt 

drops at the drain and source are usually significant in power MOSFET's. 

Model symbols used in the Windows-based circuit simulation tool,  
Tina, distributed in the UK by Quickroute (does valves too, Ed). 

Adding subthreshold conduction

Figure 2a shows a subcircuit or macromodel that can add subthreshold conduction to the core MOSFET. It uses the 

exponential nature of a diode for the region below the threshold voltage.
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Fig 3. A macromodel for adding velocity saturation and subthreshold conduction. Only  
Level-1 MOSFET's are used here to ensure convergence in difficult circuits such as  

[perfectly] symmetric Class-AB. 
[Postscript: This model is intended only for the Saturation region (ie internal voltage Vds > Vgs-Vth]

Subthreshold conduction reduces the effective transconductance in the square law region, hence the effective values for 
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VTH, β and θ are reduced, requiring higher values in the core MOSFET. Typically β must be set about 50% higher in this 

macromodel. The trail and error method for parameter setting can be used but β and θ parameters interact making this 

difficult. An empirical method based on several simulations is much easier. 

Before simulations can be performed, a value for diode emission coefficient, n in the above macromodel, needs to be 

determined. It can be found either from data sheets or via simple measurement of drain current below the threshold region. 

The slope of the log(IDS)/VGS graph gives n using n=
2

2.3×slope×V T

where VT=25.86mV at 27ºC and slope is the 

slope of the log IDS graph expressed in decades/volt. The factor 2.3 comes from the log10 of e to convert decades to base e 

and the factor of two allows for the squaring effect of the MOSFET. A typical value of n for a vertical power MOSFET 

such as the 5A/100V IRF510 is five decades/volt giving n=6.5. For a lateral audio power MOSFET such as a 7A/140V 

2SK134 it is about 15 decades/volt or n=2.3V–1.

The effective or target velocity saturation parameter θeff can be determined from measured IDsat/VGS points.[8] The value 

for θ for direct entry into the Level-3 MOSFET can be calculated using θ≅ θeff(A+Bθeff) where constants A and B are found 

from simulated points, Table 1. Constants A and B can then be found by plotting the ratio θ/θeff (y-axis) and θeff (x-axis), 

or use linear regression. The value for A is the y-intercept and B is the gradient. 

The value of β for the core MOSFET can be calculated from β≅ C×βeff (1+ D×θeff)2 

Constants C and D are found from points in Table 1 by plotting √(β/βeff) with θeff. The resulting slope gives D, and C is 

found by squaring the y-intercept. 

Table 1. Simulations used to find a relationship between model settings and results. 

n = 2.3 (2SK134) n = 6 (IRF510) 

θ VTH βeff gfslim θeff VTH βeff gfslim θeff

0 1.50 0.998 none 0 4.20 1.0 none  0

0.1 1.29 0.770 4.84 0.080 3.74 0.650 4.82 0.067

0.2 1.26 0.694 2.47 0.140 3.66 0.552 2.47 0.112

0.3 1.25 0.643 1.75 0.184 3.64 0.489 1.65 0.148

0.4 1.23 0.603 1.24 0.243 3.60 0.443 1.24 0.179

0.5 1.23 0.568 1.00 0.284

0.6 1.23 0.540 0.83 0.325

Note: β is fixed at unity, n=6, Is=100pA and 'R' is 1Ω. The term qeff=b/2gfslim is derived from the Level-3 Crawford 

equation, where gfslim is the simulated gain limit with large VGS such as 30V—provided VDS is kept larger than VGS to ensure 

current saturation. The value of β can be found accurately by differentiating gfs and reading the peak value. 

Table 2 shows the results for the 2SK134 lateral audio MOSFET and the IRF510 vertical MOSFET. The resulting effective 

values are within 10% of the target values. This accuracy should not be confused with modelling accuracy since it is only 

the accuracy for converting the β and θ values from raw extracted values to values need in this macromodel. 

The final threshold voltage can be set by finding VTH from a simulation with R=1Ω and Vtrim=0. Then set Vtrim to the 

difference between the simulated and required values. The value of Rs can be varied while θ is reduced according to θnew = 

θ - βRS. This allows the high current end to be altered while not affecting lower currents. Since the value of n is reasonably 

independent of die size, constants A-D above can be applied to other MOSFET's of the same family even where n differs 

by up to 20%. 
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Table 2. Values for the 2SK134 lateral audio power MOSFET and the IRF510 vertical MOSFET. 

MOSFET n A B C D βtarget βeff θτarget θeff β θ 

2SK134 2.3 1.0 3.3 1.08 1.0. 0.636 0.628 300m 332m 1.15 595m

IRF510 6.5 1.1 6.0 1.15 2.15. 1.30 1.26 90m 91m 2.13 151m
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Fig 4b. Simulated and actual results for the 2SK134 with the dotted line showing 
the effect of reducing β0. The lower family of curves shows drain conductance. 

Adding velocity Saturation

Although the Level-3 model includes the velocity saturation parameter θ, it has some unfortunate convergence 

problems. Also for SPICE-2 simulators it is reported that all MOSFET's should be of the same level (9 in Pt 2).

The Level-1 model is quite reliable but does not include the velocity saturation parameter θ. Instead additional 

source resistance is usually used to emulate the effect of velocity saturation. The total value for Rs can be 

calculated using Rs ≅ 0.8 (θeff/βeff). The factor 0.8 minimises modelling error up to the devices current rating, 

giving an averaged error of around +/-5%. The error increases rapidly at high currents and makes distortion 

prediction unrealistic for large signal levels, both for class A and class B amplifiers.
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Fig 3 shows a macromodel that emulates the Level-3 model by adding the parameter θ. In the Level-1 the 

model error increases with the square of the gate voltage (VGS - VTH). Generating (VGS - VTH)2 with a second 

MOSFET and subtracting it from the input voltage allows this error to be almost completely removed.

In Fig 3 sensing the source current with a controlled source generates a virtual source resistance. This allows 

the true physical source resistance to be used for a more realistic model particularly in the controlled resistance 

region. The value of θ can be entered at the controlled source marked. The core MOSFET's β setting is fixed at 

1 because of interaction between β and θ. Instead, β is set using a controlled current source. The resulting 

curves are within 1% of the Level-3 model over the normally used range of current. 

In a second article[following], Ian looks at pinch-off issues, maths functions for SPICE, modelling crossover distortion 

and thermal considerations. He also outlines how to put the models into practice. 

Further reading 
● APLAC reports CT-8, CT-9, CT-10 for Level-1, 3 and BSIM (try http://radio.aalto.fi/en/publications/ ) 

● Philips Level-9 http://www.nxp.com/wcm_documents/models/mos-models/model-9/m903.pdf  

● Williams, R., Masarratii, I., Bautani A., ‘SPICE models power MOSFET's’, EDN, 2 Mar 1995 

http://www.edn.com/Pdf/ViewPdf?contentItemId=4351828 

● Wheatley, C. F., Ronan, H.R. Jr., Donly, G.M., ‘Spicing-up SPICE II software for power MOSFET modelling’, 

GE/RCA Solid State. 

● M. A. Wyatt, ‘SPICE runs thermal analysis, EDN, 18 August 1994. http://www.edn.com/Pdf/ViewPdf  

● D. Self, ‘Thermal dynamics in audio power’, Electronics World May 1996 p410-415. Also in Ch.12 Audio Power 

Amplifier Design Handbook, D Self, Newnes 3rd Ed. 2002, pp427.
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Hotter SPICE II
Electronics World July 1999 p585-589

In this second article presenting a breakthrough in power MOSFET modelling for audio design, 
Ian Hegglun adds compensation for MOSFET electrothermal effects and answers the question 
of whether subthreshold conduction is needed for simulating crossover distortion.

The macromodels presented in the May issue do not show the effect of junction heating with time. This occurs 

when a curve tracer generates manufacturer data sheet curves.

Trying to fit models to published power MOSFET curves will cause significant errors in the region where VDS and 

ID are both high and the sweep time is not short enough to limit junction temperature rise to only a few degrees.

The only way to simulate MOSFET's subjected to large cyclical junction temperature changes is to use an 

electrothermal model. The effect of junction temperature can be modelled to a first approximation using, 

β=
β0

1+J β(T J−T 0 ) and V TH =V T0+J VTH (T J−T 0)

where Jβ is the temperature coefficient for β, typically -0.5m/ºC for vertical MOSFET's [9], and JVTH is the 

temperature coefficient for the threshold voltage, typically -5.5mV/ºC. 

SPICE FET models that include electrothermal feedback are rare. The Parker Skellern (Level-4) MESFET 

model is one. This is now included as standard in some of the latest versions of SPICE. It can be adapted to 

behave like a MOSFET by disabling the gate diodes (by setting IS=1e-30 and N = 10). This also models 

subthreshold conduction and is reported to run fast [3].

Fig 5 shows an electrothermal model, which includes subthreshold conduction, velocity saturation and smooth, 

pinch-off. A two quadrant multiplier/divider subcircuit (Fig C) generates velocity saturation and the overall drain 

conductance. A four-quadrant multiplier (Fig D) is used to calculate the instantaneous power dissipated by 

multiplying VDS×ID, which allows for power dissipation in drain and source termination resistances. 

The VDS x ID product is passed to a thermal model using a 3-stage RC low pass network which models the 

thermal impedance of the die and mounting. The resulting junction temperature appears at the output of the RC 

network, which then changes the threshold voltage and β parameter. If a VCG cell included in the drain path the 

parameter λ of the core MOSFET must be set to zero as previously mentioned.

To set up the model first fix the junction temperature to 25ºC by inserting a fixed voltage source in place of the 

output of the RC thermal network. First fit values for β, θ, VTH, λ and β0, then raise the temperature setting to that 

of the data sheet the temperature and vary the temperature coefficient for β and VTH until correct curve is 

achieved, as Fig 6a. Finally remove the fixed source and reconnect the thermal model.
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Fig 5. An electrothermal model including subthreshold conduction, velocity saturation and smooth pinchoff. A two  
quadrant multiplier/divider subcircuit (Fig D) is used to modify the current from the core MOSFET and also  

generates the overall drain conductance. [thermal model values are not for a specific device] 

An oscilloscope in X-Y mode allows thermal looping of the ID/VDS curve to be viewed Fig 6b. Even at 2.5μs 

(100kHz) the junction temperature rises by 20ºC. Data sheet curves do not usually show the return trace which 

typically for 20μs pulses which is significantly different to the forward trace at high currents.

Fig 6c shows gfs peaking due to junction heating. Note the peak transconductance depends on pulse duration 

for currents above 2A for VDS of 30V. Hence large signal linearity in a power amplifier will depend on frequency, 

with deviation increasing as frequency falls. In most cases the increasing amount of negative feedback as 

frequency falls would offset these thermal effects. Longer term thermally induced changes in the bias point for 

Class-AB circuits usually leads to a net increase in distortion. Lateral audio MOSFET's such as the 2SK134 are 

almost unaffected by thermally induced bias point changes because the zero temperature coefficient point lies 

in the region for optimum bias. But not all lateral MOSFET's have this property, the 2SK400/2SJ114 pair being 

one exception. [Postscript 2008: it seems 2SK400/2SJ114 are vertical D-MOSFET's and not lateral's]
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Fig 6a. An ID/VGS plot with a fixed Tj for a 2SK134
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Fig 6b. Thermal looping oscilloscope plot for different sweep rates when VGS = 10V and Tamb = 25°C.
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Fig 6c. This shows gfs peaking due to junction heating. Notice the peak transconductance depends on pulse duration.

The thermal model

A 3 stage RC low-pass model is used for the IRF510 for accuracy down to 10μs pulses based on the data 

sheet. The rolloff slope of thermal impedance for the IRF510 falls by one decade every 2 decades of pulse 

duration reduction, or half the rate of a simple RC integrator. 

A 3-stage network has its time constants staggered over 6 decades of time. The slowest RC time constant is 

assigned the value of 0.2s, one decade higher than the devices time constant of 20ms as seen on the log RqJC/ 

log(tPULSE) graph (Fig 7). This places the shortest at 20μs where the value of RqJC is read as 75mΩ—this value is 

used for the first resistor closest to the junction. 

[s]t PULSE

Z   JC

0.1

10m

1

10

10u 100u 1m 10m 100m 1

Single pulse

Fig 7. Transient thermal impedance junction to case for the IRF510 (International Rectifier datasheet)

The next resistor is the value of RqJC at 2ms, 2 decades to the right, read as 750mΩ. The final resistor value is 

RqJC at DC less the sum of the other resistors (ie 3.5 - 0.825 = 2.675Ω). The first capacitor is assigned the same 

ELECTRONICS WORLD May 1999 &July 1999



12

numeric value as the first resistor, ie 75mF, and the second 0.75F. The last capacitor is the impedance 

extrapolated out to the slowest time (0.2s), giving 10°C/W or 10F. 

An infinite heatsink is simulated using shorted output at the case. This keeps the thermal time constant to a 

minimum to reduce the simulation time to reach a temperature close to the final value if this ever needed. 

Simulation shows the junction temperature reaches 90% of the final value in around 50ms with these settings.

All diode capacitance’s and time delays should be set to zero to avoid instability. Wherever possible, the internal 

circuitry has been level shifted to ground reference most of the circuit in an attempt to minimise convergence 

problems. In some cases it was necessary to enable the 'calculate operating point' option when performing a 

transient simulation so the simulation can get started. When simulating very low frequencies with the 

electrothermal model setting the first two capacitors in the thermal model to zero may help.

Simulating crossover distortion

Distortion simulations are run in transient mode with a sine source with 500 time-steps per cycle and applying 

Fourier analysis to 1 complete cycle [10]. Other effects due to gate termination resistance, lead inductance’s 

and junction capacitance’s can be neglected for most audio frequency simulations to speed up simulations. 

Open loop simulations are faster and more likely to reach convergence than closed loop. Also, in closed loop, 

distortion may be hard to measure due to limited numeric accuracy. TINA [11] can resolve down to 0.0002% 

THD, sufficient for most closed loop simulations.

When subthreshold conduction is included in a Class-AB circuit the open loop gain curves are slightly smoother 

(Fig 8). In Fig 8 bias voltages for the solid curves are be offset by 200mV to obtain a similar match. If bias 

voltages derived from a bench test are entered into simulator (as was done in reference 6), the linearity and 

THD of the simulation will be different from measured values by a large amount.

However, when the bias voltage is offset to allow for the effect of subthreshold conduction (Fig 1a) then similar 

THD values result and quiescent currents are similar. In this case THD is around 1% THD if either of the upper 

curves in Fig 8 are chosen. The macromodels described here are still necessary for circuit simulations where 

error correction is used or where electrothermal effects are significant. 

Vin [V]

gfs [S]

-5 -2.5 0 2.5 5

0.5

1.0

1.5

Fig 8. Comparison of 2SK134/2SJ49 with and without subthreshold conduction [smoother corners are 
with subthreshold conduction]. Fig 2 macromodel is used here with a Level-1 core MOSFET (β=1.15, 
λ=10m, Rs=400mW). Diode n=2.3, Is=100pA and Vtrim=1.2V. The load is 8Ω and supply rails are 55V. 

Bias voltage is stepped from 0.4V to 1.0V with subthreshold conduction and 0.2 to 0.8V without 
subthreshold conduction. 
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Anyone using SPICE will sooner or later discover some non-convergence problems. TINA's help file under 'Set 

Parameters' in the 'Analysis' may help. More information can be found from reference 9 and 13. 

Simulators often require the same diagnostic skills as for real circuits just to get them to run properly. Once you 

get to know their limitations and shortcomings, you you should find it possible lo live with them. 

Ian's first article on this topic was presented in the May issue. As the two articles are closely linked, this one should 

have been presented in the June issue. Sorry for the gap. Ed. [All's forgiven☺IH]

References (continued from Part 1)

9. C. E. Hymowitz, 'Step-by-step procedures help you solve SPICE convergence problems', EDN, 3 Mar 1994

10. Owen Bishop, 'Distortion by design', Electronics World, Jan 1996 p79-82

11. C. Ouseby, 'Design Lab Bytes', Electronics World, Sept 1996 p663-665

12. Self, D., 'Fets versus BJTs', Electronics World + Wireless World May 1995 p 387,8

13. T. L . Quaries, 'Analysis of Performance and Convergence Issues for Circuit Simulaton', University of California, 

Berkely, ERL memo, M98/42.

Fig 9. Circuit used to generate the open loop curves of Fig 5 using Tina. Closed-loop gain  
obtained by connecting the load to the source and moving the earth to the supply centre tap. The  

bias generator can be stepped to generate a family of curves. Note: Source resistors are part of the  
macromodel for generating velocity saturation. 

[Note: This figure was partly covered in the EW print version on p588-Oops!]

Maths functions for SPICE

The Shockley equation can be used to make log and anti-log subcircuits. By setting a user defined diode with zero series resistance, Is = 1A 

and the diodes emission coefficient parameter n to 27.88 (ie, 1/VT @ 27°C) we get ID = exp(VD) - 1. Converting ID to voltage and adding 1V 

gives Vout = exp(VD). The natural log can be generated by applying a voltage controlled current and measuring the diode voltage giving 

Vout = ln(VD+1). Subtracting 1V from the input gives Vout = ln(VD).

A multiplier can be constructed by adding logs then taking the anti-log. Negative inputs can be handled by offset an input by a positive 

amount and the additional expansion terms are removed by subtraction. Fig C shows a combination two quadrant multiplier and divider. 

Input 1 may vary in the range of -99.9V to several kV positive while inputs 2 and 3 must be greater than 0. The output voltage is given by 

Vout = V1xV2/V3.

A 4-quadrant multiplier can be constructed as shown in Fig D while Fig E, also a 4 quadrant multiplier, uses MOSFET's. In Fig E the output 

is valid when |V1|+|V2< Voffset. Simulators may only allow VGS to go to 30V but this restriction can be overcome by scaling the input to 

allow a much higher input level and then scale the output to compensate. The MOSFET drain supply also needs to be greater than the 

highest gate voltage for square-law operation.

Some versions of SPICE-2 allow the Voltage Controlled Voltage Source (VCVS) to be configured as a multiplier. This can be done using the 

POLY x x 0 0 0 0 1 statement, as described in the book "SPICE: Practical Device modelling" by Ron Kielkowski (McGraw Hill ISBN 0-07-

911524-1). This statement will simplify some macromodels as well as make them run faster. Some of the graphical based simulators such 

as Electronics Workbench include a multiplier, but note the multiplier in Electronics Workbench V4 cannot be used in negative feedback 

arrangement. Workbench version 5/EDA has overcome this problem.
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Maths functions for SPICE

1 1

1 Vout Vin

 Is = 1A, n = 27.88, Rs = 0

Fig A. Implementing the exponential function  
using an ideal diode.

1

-1-1

 Is = 1A, n = 27.88, Rs = 0
 Vin Vout

Fig B. Implementing natural logarithms.

Mult V1

-100

-100

100 

1

-1-1

1-1 1

1

1-1

ALL DIODES Is = 1A, n = 1, Rs = 0

Mult V2

Divide V3

Vout

Fig C. Implementing a two quadrant multiplier/divider with diodes.

Vout

V2

V1

-10k

-100

-100
100

100

1

1

1

1

-1

-1

1

ALL DIODES Is = 1A, n = 1, Rs = 0

Fig D. A 4 quadrant multiplier using logs and antilogs.

b=2

b=2

0.5

-10.0

100

Vout

1.0

1.0

Sine

10

Triangular

|V1|+|V2|<Voffset
100

level 1

level 1

Voffset

Fig E. A 4 quadrant multiplier based on the difference of two square-laws

SPICE does not include a voltage-controlled conductance. Fig F shows one constructed using the square-law multiplier and a voltage 

controlled current source. The output current is given by Iout = β0 V1 V2. By making V2 = Vout we get Iout/Vout = β0 V1. This is a linear 

voltage controlled conductance. Vout should be kept within the range of voltage allowable. This is increased by scaling Vout by 0.1 in this 

case to increase the output voltage range.
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b=1

b=1

0.5

-10

100

IL

0.1

0.1

100

Triangle

100

10 -1

Sine wave

VL1

VL2

Sine wave

|VL|+|Vc|<0.1VoffsetVoffset

Vc+

1
Vc-

Fig F. A floating linear voltage controlled conductance cell and test components

-------------oo00oo-------------
[End of article]

Postscript notes (August 2015):
1. Figure 5 Part 1: This model is intended only for the Saturation region, i.e. internal voltage Vds > Vgs-Vth.

2. Figure 9 Part 2: This figure was partly covered in the EW print version on p588 as “Fig 5.”

3. Dec 16th 2014 is a historic date in SPICE history since Mike Engelhardt (of Linear Technology Inc) added 

subthreshold conduction to the VDMOS model in the free LTspice http://www.linear.com/designtools/software/#LTspice. 

The following entry appeared in the ChangeLog.txt file (same directory as the LTspice .exe resides) 

“12/16/14 Revised the subthreshold conduction equations for VDMOS” 

This replaced an earlier subthreshold equation that misbehaved at certain points. The new subthreshold parameter 

used in the VDMOS model is called 'Ksubthres' and is the inverse of the subthreshold slope measured in decades 

per volt. Typical values for the lateral power MOSFET's are 0.08 to 0.12 depending on the junction temperature. 

The equation used is undocumented but appears to be of the form:

Vgs=Ksubthres×ln(1+exp(V GS−V TH

Ksubthres ))  

And typical figures for Ksubthres of 0.09 to 0.12 are in the range of 1.5 to 2 times VT at room temperature, which 

are typical for MOSFET's (see Cunha A. Et al, IEEE SSC V33 No 10 p1510). This function does not model 

moderate inversion perfectly (it switches too fast) but it is close enough for modelling lateral power MOSFET's 

for power amplifier simulations.  

4. Another useful undocumented parameter in the VDMOS is the 'Mtriode' parameter which scales the voltage where 

the MOSFET enters/leaves saturation for hard clipping allowing a good model fit for lateral MOSFET's with 

typically less than 1% average error over a wide current range (which is very good for the simple equations used 

in VDMOS). Mtriode appears to be a power-law applied to the ohmic region equation. The quasi-saturation region 

(see datasheet excerpt below) is seen in lateral MOSFET's and is not modelled by the VDMOS or the EKV.  The 

'VCG' macromodel above in Fig 4a does not provide a suitable quasi-saturation effect. A new hybrid VDMOS 

subcircuit model has been developed (August 2015) to model the quasi-saturation region (due for release soon) 

and can be part of an electrothermal VDMOS subcircuit which can model the temperature change on Rds as well 

as any other VDMOS parameter.

Fitting the VDMOS parameters is documented by Hendrik Zwerver  including all the capacitances and the body 

diode here www.magma.ca/~legg/SR5/LTspice_build_in_VDmos_model.pdf .
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Quasi-saturation effect (not modelled in VDMOS)

Lateral power MOSFET output characteristic curves  showing the quasi-saturation region that is not modelled by 

the LTspice VDMOS or the EKV.  Exicon ECW20N20-Z [L] and ECW20P20-Z [R]

5. On the switching accuracy of the D+R Hotter Spice macromodel. This approach (like the LTspice VDMOS) does 

not accurately model moderate inversion – but it is close enough for modelling lateral power MOSFET's. With a 

D+R circuit for adding subthreshold conduction there is an unwanted peaking in the inversion function (seen 

above in Fig 2b); this prevents an accurate fit to the moderate and strong inversion regions. But simulations of 

Class-AB higher order crossover distortion products is much improved over models with no subthreshold 

conduction. The new BSIM6 marketing [www.mos-ak.org/sanfrancisco_2012/presentations/T07_Chauhan_MOS-AK_121212.pdf] 

says they have a good 'bridge' across the moderate inversion region using the Lambert W-function. Hopefully. 

6. An interesting paper that appears to give us a better model of the inversion function is “A Rigorous analytic 

solution for the drain current of … MOSFETs” by Fransisco Sanchez www.researchgate.net/profile/Francisco_Garcia-

Sanchez2 . Present models use a single 'smoothing function' to inversion, but this paper breaks it into 3 separate 

current terms that are summed together; one dominates at high currents while the other two dominate at low 

currents (subthreshold weak and moderate inversion). 

7. On electrothermal or 'Self-Heating Effect' (SHE) modelling of the high voltage VDMOSFET and LDMOSFET's 

in the 'quasi-saturation' region. See Yogesh Singh Chauhan's Thesis "Compact Modeling of High Voltage 

MOSFETs" http://infoscience.epfl.ch/record/109934/files/EPFL_TH3915.pdf. Yogesh is one of the BSIM6 

developers and is also developing a HV-BSIM6 with SHE for HV MOSFET's. 

8. A nifty way to get a fairly constant Tj is to use a pseudo random 'sweep' signal and a S/H once each change has 

settled as used by Anthony Parker (Macquarie University) to plot microwave power FET's see 

http://www.ee.usyd.edu.au/people/jim.rathmell/UserFiles/File/crc00.pdf  

9. On the use of a two stage MOSFET model for power MOSFET's (like the 'VCG' macromodel) has been explored: 

EG→ Jang S-L, T-H. Tang, Y-S. Chen, C.-J Sheu, 'Modeling of hot carrier stressed characteristics of sub-

micrometer p-MOSFET’s', Solid St. El., Vol. 39, 1996, p1043-1049. New generation of model. Pseudo-2D spatial 

model in 2 channel sections of charge density split into unsaturated and saturated parts (similar to VCG model) 

with an analytical solution to model hot carrier degradation stress over time. EG→ Pan Y, 'A physical-based 

analytical model for the hot-carrier induced saturation current degradation of p-MOSFETs', IEEE Trans. El. Dev. 

Jan 1994, p84-89.  EG→ Xu S, et al, 'Dummy gated radio frequency VDMOSFET with high breakdown voltage 

and low feedback capacitance', IE3 ISPSD'2000 p385-388. Dummy gate (DG) reduces Cdg by typically 3 times 

and Vds breakdown is 20% more (gm 10% less). They suggest a vertical-DMOS should be a 2 part model. 

-------------oo00oo-------------
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