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This spreadsheet demonstrates that wingspread plots can be generated directly by equations.
It shows there is now a general solution for the Common Emitter Push-Pull output stage.

Previously we had to use a simulator to get these plots. 
But now it can be done with a calculator.

This represents a breakthrough in circuit analysis. 
This method has only been available since year 2000 when Thomas Banwell published a paper 
showing how some of our circuits can now be solved analytically using the W-function. 

The W-function is new and isn't a button on you calculators (but soon will be) nor is it in Excel or 
other spreadsheets (but soon will be soon). The W-function allows solutions to exponentials plus a 
linear term like a diode and resistor in series and transistors and resistors.
My spreadsheet uses an algorithm to evaluate the W function. In fact most of the columns in my 
spreadsheet are used to evaluate the W function to better than 0.1% accuracy. If the W function was 
in the spreadsheet functions then it could be done with only a few columns to generate the plots.

The spreadsheet
You can see the plots change with different input values for the circuit. For example, change the idle 
bias point from the pre-set “1” to “2” or “0”and the wingspread plots immediately update.

This value is the number of Vt's used in the bias voltage generator relative to the optimum bias 
level. Transistors work in units of Vt's which is the thermal voltage generated by thermal activity 
in the semiconductor and at room temperature one Vt is 26mV. So the transistor is very sensitive to 
voltage changes in units of 26mV. That is, once the base-emitter voltage has been raised by about 
600mV (which is just over 20 Vt units) then the transistor currents are in the mA region where they 
are typically biased for use in amplifiers.
The equation solution for transistor circuits using the W function all use units of Vt as their 
common denominator. The equation solution for transistor circuits using the W function is 
basically Ohm's law using one Vt as the voltage and a resistor Rs represented by a series 
resistance. The ratio Vt/Rs is then scaled by the W function which is a number that 
depends on the input voltage. This is shown below:

I =
Vt
Rs

×We(Vin−Vk
Vt )   Equation for current through a diode plus resistor.

Rs could be the resistance in series with a diode and Vk is the “knee voltage” needed to get 
significant current flowing, as mentioned around 600mV in the spreadsheet example. Notice the 
Vt/Rs is Ohm's law scaled by the W-value, and the W-value depends on how many Vt's above Vk 
you connect to the circuit. The the W function does not have any dimensions – it is a scale factor.

It's that simple – our new Ohm's law for semiconductors. This is new to the world of electronics 
and is a 21st century breakthrough for analysing transistor circuits. A 21st century new Ohm's law.
Calculating gain directly

This spreadsheet demonstrates calculating the gains directly using the derivative of the current 
(equation above). The derivative is given by calculus below:

d I
d Vin

=
1
Rs

×

We(Vin−Vk
Vt )

1+We(Vin−Vk
Vt )

  Derivative of current through a diode plus resistor.

The derivative is not found numerically like a simulator, but by using calculus. Since it uses 
calculus we can analyse transistor circuits gains in general terms – we don't have to plug in 
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component values. 

Transistor circuit gains that are more fundamentally important than currents. For example in audio 
amplifiers it is gain nonlinearity that generates distortion that we hear. 
Previously, before the W-function became available, we could not analyse circuits gain 
nonlinearity like push-pull output stages in general terms. We had to use simulators to generate 
plots, but those plots are only for specific values – we could not analyse the circuits directly using 
on paper using equations with general values for all the components. 

That was called the “transcendental barrier” for circuit analysis. The best that could be done on 
paper was small-signal analysis but small-signal analysis was not able to analyse gain nonlinearity 
because small-signal analysis reduces the gain nonlinearites to zero at one operating point. 
The other approach before simulators was graphical, with the use of load-lines on characteristic 
curves. Simulators have replaced the graphical method by using mathematical equation models that 
generate the same plots and then use numerical nonlinear matrix methods solve the load line 
intersections. SPICE is basically a glorified graphical plot load-line solving machine.

Back to the spreadsheet.
When you run the PAK204 spreadsheet you can change the red values. Below those values you get 
readout of the knee voltage in mV, the bias voltage (see spreadsheet's circuit “Vb”), and the 
resulting idle current in mA through each transistor. 

The preset 'Is' value is 5e-10A which is the value for a typical 15A power transistor in a 50W audio 
amplifier. 
The emitter resistance 'Re' is 0.33 ohms which is a typical resistance for a 50W audio amplifier. 

The 'Vt' value is preset at 25.86mV which is the voltage for 300K or about 27°C (it is the default 
setting for SPICE simulators). If you wanted to change it for an extra 100°C (to 127°C) then that 
would be for 400K, so Vt increases proportionally by the factor of 400/300×25.86 = 34.48mV.
The spreadsheet equations are on Sheet2. All the equations are in symbolic form rather than 
standard cell references so you can more easily see what is going on. Nice.

I takes four columns to evaluate one W-value. For example to the the W-value for Cell L3, it starts 
from cell I3. J3 is an approximate value to 3% accuracy, then L3 with a second iteration giving and 
accuracy of about 0.03%. 
So four columns give 'PosWe', and another four for 'NegWe'. Then the GM's are calculated using the 
derivative equation I gave above. The currents are also calculated from 'PosWe' and 'NegWe' using 
the first “Ohm's law”equation above. 

You may be wondering what the “e” in the We(…) means. It means W[e(…)] or W[exp(…)] which is 
my shorthand to keep the equations easier to follow and printout on paper.
Any queries are welcome. I can add them o the QnA section. Use 'Contact' on my PAKlaunchsite.

Q and A
1.  Q. Is there a spreadsheet for the Emitter Follower output stage? It is used in nearly all audio 

amplifiers. The Common Emitter output stage is not used very much.
A.  A spreadsheet for the Emitter Follower output stage is under way. The solution is 
covered in PAK206 and PAK301 (if you want to check progress).

2.  Q. What is the motivation for using the W-function for circuit analysis?
It's a bit like the bear that has been tied to a chain all it's life and when you take his chain off 
the bear does not know that it is free to go wherever he likes so stays put as if still on a 
chain. Well that's what has happened in analysis of transistor circuits – for about 70 years we 
have been told we cannot solve transistor circuits because of the “transcendental barrier” – 
we can only do very limited small-signal analysis without any of the transistor nonlinearity 
and distortion. Or we can use a simulator but that does not allow any algebraic analysis only 
specific instances. So like the bear we are not interested in breaking free from these 
limitations and analyse transistor circuits for large signal nonlinearites without a simulator.

https://paklaunchsite.jimdo.com/contact/

