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Recent use of thermionic valves has grown to such a level that factories are being reopened, and many manufacturers offer equipment boasting the use
of valves, commanding a great price. Interest in the design of valve equipment has lead to the appearance of CAD models of valves. We show that the

theoretical model of a triode is a poor representation of its actual operation. We present an improved model. We show that our new model, based on

experience gained modelling GaAs FETs, offers excellent agreement with values measured using two example tubes.



0 Introduction

" Western Electric (AT&T) is reopening its vacuum tube plant, Westrex
Tubes, in Kansas City, that closed in 1988.[1] Westrex state that
“most high-end manufacturers offer a valve product”. Recent interest
in thermionic valves has grown to a level where factories are being
reopened, while manufacturers offer equipment boasting the use of
valves, and commanding a great price. Interest in the design of valve
equipment has lead to the appearance of CAD models of valves.[2]
One company offering a SPICE product reports a significant number
of enquiries for valve models.

In this paper, we show that the generally-accepted theoretical model of
a triode (the “standard” or conventional model), and thus the CAD
model normally used with programs such as SPICE,[3, 4] is a poor
representation of its actual operation. Next, we present a new model,
based on experience gained modelling GaAs FETs. We will show that
it offers excellent agreement with measured performance.

1 Theoretical Model of a Triode

The plate current of a triode is given in textbooks as
Iy = K(uyVy + )} (1)

when p,V, +V, > 0 and 0 otherwise, where V, is the grid-cathode
potential, V, is the plate-cathode potential, and K and p, are model
parameters associated with the individual valve. Equation 1 is usually
presented as shown in figure 1.

A SPICE triode model thus consists of a voltage-controlled current
source (Gxx card) implementing the above equation, plus fixed inter-
electrode capacitances. (The conditional is sometimes implemented

with diodes and/or BJTs.)

6BMS K |p,| P | K, |relative error
Standard | ~3u [54 | 1.5 | - 0.000423
Enhanced | ~ 28y | 64 | 1.07 | - 0.000216
New A 261 | 66 | 1.09 | 22 0.000124

Table 1: Parameter values for the 6BM8 used in calculations shown
in figures.

12AX7 K pg | P | K, | relative error
Standard |~ 174 [ 79| 1.5 | - 0.0046
Enhanced | =~ 9.3 | 88| 1.18 | - 0.0022
New ~80p |91 |1.21] 28 0.0009

Table 2: Parameter values for the 12AX7 used in calculations shown
in figures.

2 Comparison with Measured Values

Equation 1 may be fitted to measured values by straightforward nu-
merical means. Using the Solver function in Excel, values for K and
g have been found for two sets of data measured from two representa-
tive triode valves, a 12AX7 and the triode in a 6BMS triode-pentode.
Figures 3 and 2 plot measured data against values calculated using the
standard model, for these two valves. The fit is obviously rather crude.
Values of the parameters K and p, for these valves may be found in
tables 1 and 2. The tables give also parameter values relevant in the
following sections, and relative error estimates that provide some sort
of objective if simple measure of the closeness of the fit.



3 Enhanced Standard Model

' Although classical physics predicts that the power relating voltage to
plate current will be 1.5, it may be that this is not strictly true. For
example, in solid-state semiconductor physics, the “ideality constant”,
n, is apt to vary with a number of factors, and is infrequently the
expected value of 2. Can the standard model be used, simply by
allowing another degree of freedom in the fit (allowing the power, P
to vary)?

Figures 5 and 4 plot measured data against values calculated using the
standard model, for these two valves, but with the power, P, treated
as a variable instead of a constant. Note that the curvature in the
main forward operating region is better represented. Although the fit
is better, it remains weak especially in the region where the device
approaches cutoff. The region where plate voltage is above 200V and
the gate is at its most negative is conspicuously erroneous. (This is
the equivalent of the so-called subthreshold region in a FET, where
drain voltage is high but the gate is reverse biased close to cutoff.)

4 A New Model

The conventional triode model, derived from simple physics, is inef-
fective at representing the true operation of a real-world device. Sim-
ilar circumstances are not uncommon in the world of modelling GaAs
FETSs, in particular MESFETs and HEMTs.[5, 6, 7] Drawing on the
idea of “nested transforms”, it is possible to improve the “fittability”
of a model, and at the same time to increase simulation speed.! A
suitable modification, borrowed from III-V semiconductor modelling,

IThe numerical methods embodied in the matrix engine of SPICE are seriously
impeded by non-differentiability of functions, as is the case when conditionals
occur.[8] This is overcome by the use of nested transforms.{7]

of equation 1 is

rgVg+Vp

I, = K,{K,In[e"" %) 4 1}7 (2)

where again V; is the grid-cathode potential, V, is the plate-cathode
potential, but K, K,, p,, and now also P, are the model parame-
ters associated with the individual valve. The elimination of the con-
ditional associated with equation 1 also improves simulation speed.
(Equation 2 returns I, > 0 for all values of V, and V,,.)

5 Performance of New Model

Figures 7 and 6 plot measured data against values calculated using the
new model, for the same two valves. Parameter values and residual
errors are again given in tables 1 and 2. The fit is greatly improved.
In particular, note the close fit in the region approaching cutoff.

5.1 Simulation Example

Consider the circuit shown in figure 8. Using the conventional and
new models yields very different predictions of THD at 1kHz. The
predicted output spectra are shown in figure 9. THD of -72dB and
-83dB respectively is predicted, while a value of less than -80dB is
found by actual measurement.

6 Implications

We have observed that the g power-law of the basic equation is far from
realistic. Two things follow. One implication is that algebraic calcu-
lations, using equation 1, designed to minimise distortion by playing



on the power law expected from theory, will be all but useless. The
second implication is that the simple physics used to derive equation 1
misses out on much that is going on inside the valve.

7 Conclusion

The decline in the use of thermionic valves prior to the rise of powerful
numerical tools for electronic circuit simulation left the tuning of char-
acteristic equations to practical performance undone. We have shown
that the effort devoted to this problem with modern, solid-state, field-
effect devices can be applied to the triode with great success. We
have presented a model suitable for SPICE implementation, and that
describes actual triode valves with good accuracy. There are good
prospects for applying numerical tools to the simulation, design and
understanding of valve circuits.

A PSPICE Subcircuit

A subcircuit implementation for the 12A X7 suitable for use in PSPICE
is given below.

* triode subcircuit (12AX7)

.param KP=8u

.param KV=28

.param P=1.21

.param UG=91

.subckt Vi12ax7 a g k

Gplate a k

+ VALUE={KP* (KV*PWR (EXP (log ((V(g,k)*UG+V(a,k))/KV)+1),P))}

Cgp ag 1.5p
Cgk k g 1.5p
Cak k a 0.5p
.ends
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Figure 1: Plot of theoretical triode plate current curves against plate
voltage for grid voltages from -2 to +0.25V in 0.25V steps.
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Figure 2: Characteristics measured and predicted with the standard Figure 3: Characteristics measured and predicted with the standard
triode equation, for the triode half of a 6BMS8 valve. triode equation, for a 12AX7 valve.



Enhanced Standard Model (6BM8)

Enhanced Standard Model (12AX7)
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Figure 4: Characteristics measured and predicted with the triode
equation using 3 degrees of freedom, for the triode half of a 6BMS
valve.

Figure 5: Characteristics measured and predicted with the triode
equation using 3 degrees of freedom, for a 12AX7 valve.
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Figure 6: Characteristics measured and predicted with the new equa- Figure 7: Characteristics measured and predicted with the new equa-
tion, for the triode half of a 6BM8 valve. tion, for a 12AXT valve.
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Figure 8: Triode preamplifier circuit using a 12AX7 twin-triode valve.
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Figure 9: Predicted spectrum for the circuit of figure 8. The inset
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shows the output signal in the time domain.
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