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This spreadsheet shows how Class-AB wingspread plots can be generated by equations.

Approximate THD plots can be calculated directly from the wingspread equations for any power 
level and bias conditions. The effect of junction temperature are also included.

An improved definition for optimum biasing to Olvier's criterion is revealed by these equations.

This new method was first used by Thomas Banwell (IEEE 2000) showing how we can now 
analytically solve transistor circuits in large signal using the W-function. This spreadsheet 
evaluates Class-AB currents and gains to 0.03% accuracy (similar to SPICE default Reltol).

Using the spreadsheet
After downloading and running the spreadsheet you can see the plots change several input 
values in RED such as RE1, RE2, and transistor Tj, ISn, ISp and BetaN and BetaP. You see the 
updated plots after pressing Enter for a new value. Spin buttons can be added (see Appendix).

The idle bias point is set by “Kb1” for the NPN and “Kb2” for the PNP. These are the number of 
Vt's added to a 'datum' bias level. For example, a Kb of 1 (giving 1 Vt of bias) also corresponds 
to 1·Vt of voltage across the source resistors, which is the Olivers criteria for “optimum bias”. 
The actual bias voltage generator voltages are displayed along with the bias currents.

The terms Vk1 and Vk2 are the datum bias voltages that I call the “knee” voltages – they are 
calculated from Ln(Is×Rs/Vt). This datum bias voltage is significant because it corresponds to 
the argument of zero in the W-function namely W(e^0) and this occurs when the bias voltage 
Vb is equal to Vk so they cancel to zero.

How it works
The large signal equation for transistor current is a modified form of Ohm's law using voltage 
“Vt” (26mV at room temperature) as the base voltage across a series resistor Rs and this 
voltage “Vt” is scaled by the W function which depends on the input voltage as below:

I =
Vt×W [e(

Vin−Vk
Vt )]

Rs
 where Vk = Vt×ln( Vt

Is⋅Rs)
Vin is the transistor Vbe without series resistance. Vk is the knee voltage mentioned above and 
for silicon power transistors it is around 550mV to get collector current to the 10mA range. 

Effectively, the W function scales voltage “Vt” by how much of the base voltage gets through to 
the resistance “Rs” where the diode is fed by Vin and Rs is connected to common – forming 
the equivalent of a voltage divider. It's a 21st century Ohm's law for large signal circuits.

Calculating Gm directly 

Transconductance Gm of a transistor is the slope ∆Ic/∆Vbe. It can be found by the difference 
of collector current for a small change in Vbe giving a numerical value at the operating point. 

The W-function can be differentiated giving the Gm gain in general as below:

d I
d Vin

=
1
Rs

×
W [e(

Vin−Vk
Vt )]

1+W [e(
Vin−Vk
Vt )]

 

This is powerful since we can analyse transistor Gm gains in general terms – we don't have to 
plug in component values or use an operating point as previously using small-signal analysis. 
It unlock a new approach for designing amplifiers. For example, for audio amplifiers it is 
variations in gain (or the nonlinearity) that generates distortion. Since we can calculate the 
gain in general it is now possible to find the distortion as a general equation without having to 
plug in specific values for the components and bias point. For example, we can also write 
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simple equations for the percent distortion for the 2nd and 3rd harmonics in general terms for 
our transistor circuits. 

In this spreadsheet the input voltage is stepped over ±80 increments allowing an approximate 
THD value at any particular input level (or power output) – it is done by a running average of 
gain deviation [footnote1] (more below).

Plotting Gm's and currents against Vin 

An equation solution for plotting Gm's and currents given Vin for the Common Emitter stage is 
relatively straight forward using the W-function once the circuit is converted to two D+R 
equivalent circuits [footnote2].

The spreadsheet assumes needs value for the supply voltage so the ±80 rows can be assigned 
voltage increments automatically. An estimate of the maximum input voltage (Vxmax) is 
calculated using a simple approximation of the voltage gain. The spreadsheet then uses a 
scatter X-Y plot with Vin for the X-axis.

Spreadsheet preset values 

The preset 'Is' value is 5e-12A for Q1 like the Cordell model for the MJL3281 (NPN) and 
7e-12A for the MJL1302 (PNP) which are a popular RET (Ring Emitter Transistor) for audio 
power amplifiers. One pair can provide 50W into 8 ohms or 100W into 4 ohms from a supply 
voltage of around ±35V.

The emitter resistances RE1 and RE2 are set at 0.22 ohms which is a safe resistance for a 50W 
audio amplifier [footnote3]. Higher power amplifiers typically use 0.22 ohms with multiple 
parallel transistors – too low Rs values can lead to thermal runaway from current hogging 
when paralleling transistors. 

The preset 'Tj' value is 27° which is the default used by LTspice.

Plotting THD against Vin 

Distortion can be estimated from the total Gm of a follower by first calculating the average 
deviation from the average gain for a given peak input voltage. This works because the 
distortion component is the difference between the average gain and the THD is the RMS of 
the deviation divided by the RMS of the signal [footnote4]. 

There are 80 increments of input voltage and each cell uses indirect addressing based on the 
increment number [footnote5] and this gives a running average from Vin=0 up to any input 
voltage used:

=AVEDEV(INDIRECT("U91:"&ADDRESS(CELL("row";U$91)+Inc;CELL("COL";U92)))) 

This metric requires a scaling factor of around 1/3 with large input levels but for small levels 
the scale factor needs to approach 1. This metric is not very accurate with a scaling factor. 

An improved metric is to repeat the AVEDEV(…) function, yes, it is done twice [footnote6] – then 
the THD follows the LTspice THD values quite accurately without post scaling. Bravo!

1 It works similar to Baxanadall's “total difference” method where the distortion can be extracted by nulling out the 
fundamental, then taking the RMS of the residual distortion and dividing by the fundamentals RMS.[WW 1977 p63]

2 The LTspice files can be download as a PDF then converted to .asc – the steps given in a help PDF (or email above).
3 MJL3281/1302 type transistors include some internal ohmic resistance of around 50mΩ. So enter 270mΩ in SS.
4 It was found that the rectified average using the AVEDEV functions was almost identical to the RMS calculation so 

the AVEDEV function was used to simplify the calculations.
5 The “Inc” value is label that sets the number of rows to do the calculation where Inc=0 when Vin=0 and 80 rows are 

used to cover the full input voltage swing and the default maximum input swing is ±40V so 160 rows are used in 
this spreadsheets to give the smallest step of 0.5V (or 7mW into 8 ohms).

6 A companion spreadsheet (PAK411 DoubleCross CE) shows the double AVEDEV(…) metric is a measure of the 
flatness of the wingspread plot from Vin=0 up to the Vin level used



Spreadsheet THD [Red] Points [blue] THD from LTspice using same circuit settings

The plot above from the spreadsheet shows THD along with several points where the THD has 
been found with LTspice for the exact same circuit settings. The dotted line shows the THD for 
positive Vin where the different plots below 0.03W is due to setting RE2 1mΩ more than RE1 
to see some asymmetry in the low power region (as seen in the Gm wingspread plot).

BJT Temperature effects 

Temperature is entered as “Tj” in °C. Temperature changes the thermal voltage Vt and the 
effective “IS” values for Q1 and Q2. 

Thermal voltage Vt = KT/q where K is Boltzman's constant and q is the electrons charge and T 
is temperature in Kelvin. 

Saturation current with temperature: IS=IS 0( TT 0)
XTI

exp( EGK /q( 1
T 0

−
1
T ))  where T0 is the 

reference temperature of the model (T0 is Tnom in SPICE), XTI is the power-law for IS, and 
“EG” is the exponential voltage constant – typically 1.11V (default value in SPICE). In the 
spreadsheet “IsQ1TF” is the ratio Is/Is0 in the above equation – IsQ1TF is the Temperature 
Factor for scaling Is0. Looking at the value of IsQ1TF when changing Tj in the spreadsheet you 
can see how much the reference IS is being scaled at that temperature. For example, when 
Tj=77°C (50°C above reference of 27°C) the value of IsQ1TF is about 500, or IS at 27°C is 
being scaled by a factor of 500! which is a huge increase for typical power transistors typically 
operating in this temperature range.

Now with IS0 being scaled by 500 times more than at ambient we would expect transistors to 
be too temperature sensitive to be much use. But we know there's not a serious problem with 
such large changes in the IS value because the gain (Gm) of the transistor doesn't actually 
change by that much since, recall, Gm = Ic/Vt and is not dependent on the IS value at all.

With Gm = Ic/Vt the Vt value changes a relatively small amount when Tj goes from 27°C to 
77°C (it's 26mV to 26*(77+273)/(27+273) or 26*350/300=26*1.167=30.3mV) only a 17% 
decrease in Gm when we keep Ic constant. To have a constant Gm when the transistors 
temperature increases we need to also increase Ic by +17% with 50°C increase in 
temperature, or increase Ic at the rate of about +0.3%/°C.

If we can change the bias voltage to the transistors when the junction temperature changes we 
will end up with a minuscule increase in the transistors Gm's with temperature changes. That's 
how come our transistor amplifiers can be made to work over quite large temperature changes 
despite transistor IS values changing by huge amounts.

The Table below for PP Common Emitter shows the change in bias from 27°C to 77°C.

Tj [°C] Vt [mV] Vk [mV] Vb* [mV] Io [mA]

27 25.86 618 615 63

77 30.17 537 535 73



diff 4.31 81 81 10

Temp.Co's +0.08mV/°C  or
+0.3%/°C

-1.62mV/°C or
-0.27%/°C

 -1.62mV/°C or 
-0.27%/°C

+0.2mA/°C 
~+0.3%/°C

*Kb1=Kb2=-0.09 and then Vb1=Vk1+Kb*Vt. 

BTW the temp. co for a typical BJT is -2.2mV/°C which is about -0.33%/°C (at Tj~27°C). In 
the table above the bias voltage temp. co for Vk and Vb are -1.6mV/°C or 0.28%/°C (at 
Tj~50°C). This is with SPICE model parameters for the MJL3281 (NPN) which agree with the 
datasheet. Also the table shows that when the bias voltage changes at -1.6mV/°C or 
0.28%/°C by using the calculated knee voltage (Vk) from first principles, then the idle current 
increases at +0.3%/°C which ensures the wingspread plot remains essentially the same (same 
Gm) and the THD does not alter when Tj changes over such a large range. 

Interestingly, the temp. co for Vt of +0.3%/C is the same as the bias current temp. co of 
+0.3%/C – that's when the bias voltage changes at -1.6mV/°C or -0.28%/°C by using the 
calculated knee voltage (Vk) from first principles to give the same wingspread curve with 
changing temperature. 

Interesting also because Douglas Self also found that the idle current should increase slightly, 
at the same rate as the Thermal voltage Vt [ref?], as implied by Oliver's criterion [footnote7], 
where Vt increases with temperature at about +0.3%/C at room temperatures or slightly 
above this, therefore the idle current should increase at about +0.3%/°C with junction 
temperature, contrary to common belief that the idle current should be as constant s possible 
with temperature. This spreadsheet puts a nail in that wrong belief using first principles maths.

The plot below for PP Common Emitter shows the change in voltage gain from 27°C to 77°C.

CE PP change in gain for Tj 27°C to 77°C [Red 27°C]. 

Notice the change in gain of the Common Emitter stage is very small when using the calculated 
knee voltage (Vk) from first principles to give the same wingspread curve with changing 
temperature and then increasing the additional bias from Vk by Vt's temp. co of about 
+0.3%/°C with junction temperature. It means thermal effects on the THD could be virtually 
eliminated by changing the bias voltages with Tj in the same way the calculations in this 
spreadsheet. 

Unfortunately, the Tj value is not directly available to the physical world. But it may be possible 
to extract reasonable approximate value of Tj in real-time using a mirror arrangement to 
obtain much better bias control over temperature changes in the power transistors.

Any queries are welcome (use link above).

Appendix: Adding a spin box to an OpenOffice Calc spreadsheet 

7 Oliver's criterion where biasing effectively gives one Vt on the emitter resistors (plus associated parasitic emitter 
and base resistances) and Vt increases with junction temperature at about 0.3%/°C.



To add to a spin box eg  to OpenOffice Calc first download the file with a spin button [spinbutton.ods]. 
Open the spin button spreadsheet and copy the button. Open you spreadsheet and place the cursor on the cell next to 
the one you would like to increment (for D3 place the cursor on 3) and paste. Click the “Design Mode on/off” icon   
(to enable the toolbar: View>Toolbars>Form Controls). Right click and select Control to view the properties. To 
change orientation to horizontal. Set Min value, Max value, Default, Increment (is only integers). Data tab and set 
Linked Cell to E3 (this example). Design Mode on/off to accept values and watch D3 value change when clicking the 
spin button (set the alignment of E3 to Right justify to see the number. To get cell D3 to change enter an equation in D3 
like “=E3/100” for increments of 0.01 when E3 is set to increment by 1. Choose the Max value–Min value to suit your 
application with the divisor value.

Tip

To add to a spin box eg  to OpenOffice Calc first download the file with a spin button [spinbutton.ods]. 
Open the spin button spreadsheet and copy the button. Open you spreadsheet and place the cursor on the cell next to 
the one you would like to increment (for D3 place the cursor on 3) and paste. Click the “Design Mode on/off” icon   
(to enable the toolbar: View>Toolbars>Form Controls). Right click and select Control to view the properties. To 
change orientation to horizontal. Set Min value, Max value, Default, Increment (is only integers). Data tab and set 
Linked Cell to E3 (this example). Design Mode on/off to accept values and watch D3 value change when clicking the 
spin button (set the alignment of E3 to Right justify to see the number. To get cell D3 to change enter an equation in D3 
like “=E3/100” for increments of 0.01 when E3 is set to increment by 1. Choose the Max value–Min value to suit your 
application with the divisor value.

Q and A 

1.  Q. Has the effect of Beta (current gain) been included in this spreadsheet? If 
so has the effect of Beta falling at large currents been included in this SS?

A1. Yes, the effect of Beta (current gain) has been included in this spreadsheet. The 
Beta is used to calculate the effective emitter resistance, as seen on the collector side. 
With a Beta of 100 the collector current is 1% lower than the emitter current so the 
effective emitter resistance for the collector side is increased by 1%. Therefore the 
effect of varying the Beta by say 10% has only a 0.1% change in the collector current 
calculation and the Gm calculation. 
A2 2nd part: No, the effect of Beta falling at large currents isn't included in this 
spreadsheet as it's effect is so small. This is because this circuit is voltage driven. If the 
circuit was closer to current driven then calculations need to include the effect of Beta 
falling at large currents. 

2.  Q. 2. [add]
 A. [add]

3.  Q. [add]
 A. [add]

https://forum.openoffice.org/en/forum/download/file.php?id=4105&sid=e4b860b0de55858ceb755ef181019ce0
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