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This paper deals with measurements of vacuum tubes to improve models and guitar amplifier simulations. A
measurement device has been created. A first experiment is dedicated to study the static regimes of real dual
triodes 12AX7s. A second one is used to study the dynamic regimes mainly involved by parasitic capacitances. By
using these measurements, a new static triode model is proposed. it includes : refinements of the Norman Koren’s
plate current model; associated parameters estimation procedure; grid current modeling, dependent on both plate-
to-cathode and grid-to-cathode voltages around triodes. The parameters of the static model are estimated for each
real triode measured, as well as the ”so-called”” Miller capacitance. It is available as a SPICE model.

1 Introduction

Studying vacuum tube guitar amplifiers particularly for
simulation purposes has been an important research subject
these last years, with several papers published in the scien-
tific literature (see e.g. [1, 2, 5, 6, 7]). The main goal of
these studies is to allow musicians to replace the original
devices with numerical equivalents, without sacrificing their
sonic personality.

In this article, the triode, one of the most important elec-
tronic component of vacuum tube guitar amplifiers, is studied
and measured, in order to improve the realism of amplifier
simulations. For this issue, a set up has been developed, and
the results of the experiments have been exploited to deduce
accurate models of triodes.

This paper is organized as follows. In section 2, our ex-
perimental setup is presented. An introduction is done about
the 12AX7s, used in the experiments, and the measurement
set up we have developed. In section 3, the procedure to mea-
sure the static behaviour of the 12AX7s is displayed. Then,
a new triode model is proposed, thanks to observations done
on measures, and its parameters are estimated for each real
triode. In section 4, another measurement procedure is de-
scribed, to capture the dynamic behaviour of triodes, and to
measure one of its parasitic capacitance. And finally, in sec-
tion 5, the results and their use for guitar amplifiers simula-
tion are discussed.

2 Presentation of the experiment setup

2.1 Triodes and 12AX7s

Triodes are vacuum tubes, with three pins : the grid (G),
the cathode (K) and the plate (P) (see figure 1). Indirectly
heated cathode causes electrons to be attracted to the posi-
tively charged plate, and creates a current, controlled by a
negative voltage applied to the grid, repelling back towards
the cathode an amount of electrons. However, when grid to
cathode voltage becomes positive, some current is leaking
into the grid. Consequently, the triode is considered equiva-
lent to two current sources /, and /, (see figure 1), dependent
on the voltages Vg (grid-cathode) and V, (plate-cathode).
These currents are always positive, around a few mA for
12AXT7s.
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Figure 1: Triode electronic model
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Triodes are also known to have small parasitic capaci-
tances (see table 1). In the common cathode triode (CCT)
amplifier, the most common triode circuits in guitar ampli-
fiers, only one parasitic capacitance has a significant impact
on the triode frequency response, which is the grid-to-plate
capacitance C,,. As seen in [6], its practical influence is mul-
tiplied by the circuit gain. It is due to the Miller effect. For
this reason, the effective capacitance is often called Miller
capacitance. Consequently, the capacitance Cg, is often the
only one considered in triode electronic models (see figure

D).

Cep
1.7 pF

Cor Cpk
1.6 pF  0.33 pF

Table 1: Parasitic capacitance values in 12AX7s

In this paper, the dual triode 12AX7/ECC83 is studied
and measured. It is widely used in audio preamplifiers be-
cause of its high gain factor ¢ around 100. Two sets of real
12AX7s to measure have been chosen, from different firms:
warn 12AX7s W1-W9, and new 12AX7s N1-N9 bought in
music stores. Each triode in dual 12AX7s is denoted X, and
Xp.

2.2 Measurement setup

To measure each triode, several elements are needed. First,
to perform the measurements successfully, the A/D board
DSpace DS2004 available at Ircam has been used [9]. It is
a high speed A/D board which can measure and send signals
very precisely, continuous or with frequencies very low to
several GHz, and execute real-time applications for data ac-
quisition using MATLAB and Simulink. The interface takes
as inputs and outputs voltages exclusively between -10 V and
+10 V.

>
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Figure 2: Schematic of the triode measuring device

Second, a device has been developed by Bruno Ferren
in Orosys firm, to measure behaviour of each triode in dual
12AX7s, modeled as seen in figure 1. Figure 2 shows a sim-
plified schematic of the triode measuring device. Its inputs
fix potentials Vv and V,;y, whereas its outputs give poten-
tials VgOUTl’ VpOUTl’ VgOUTZ and VpOUT2~ The voltages val-
ues are mapped from the DSpace working range (between
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-10 and +10 V) to the working range of triodes (between 0
and 400 V for the triode plate, and between -20 and +5 V for
the triode grid). This is another function of the measurement
device. With this data, and knowing the resistances in the
circuit (see table 2), it is possible to obtain the current values
I, and I,,, using Ohm’s law, cathode being connected to the
ground (V; = 0 V).

Ryn  Rg1 =Rgp Rym
468 Q  115kQ  10.05 kQ

R, =Ry
480 kQ

Table 2: Resistance values in the measuring device

And third, software allowing us to send and receive data
is developed with MATLAB, Simulink and the real-time work-
shop toolbox.

MATLAB
/Simulink
/Real-Time
Workshop

DSpace
DS2004

Measurement
device

Dual triode
12AX7

Figure 3: Schematic of the measurement setup

Another mapping is done using a separate voltage mea-
surement device, to calculate the equivalence between the
DSpace input/output voltages, and the data to record (see
equation (4).

Vo = 47.483V,0ur +0.2227 (1)
Vo = 47.319V,0p7 +0.1791 )
Vg = 7.7619Vopr1 +0.0133 3)
Vo = 7.7836V0ur2 +0.006 4)

3 Static behaviour of real 12AX7s

The static behaviour of real 12AX7s is studied in two
steps. First, real 12AX7s are measured, with the measure-
ment procedure of the section below. Second, a new triode
model is proposed, and its parameters are estimated from
each triode measurement.

3.1 Measurement of static triodes behaviour
3.1.1 Static measurement procedure and verifications

An experiment protocol is defined in a program devel-
oped with MATLAB and Simulink, with a particular atten-
tion on the conditions for the measurement. It needs to be
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done in a quasi-static context, in a way which the measure-
ment of currents can be obtained for the whole range of input
voltages around the triode, in a short time 7,,. To succeed,
low frequency sinus signals will fix the voltages Vv and
Vpin, with frequencies f and f, to obtain the complete map
of the static currents.

The frequencies f] and f> must be chosen low enough so
signals are not affected by parasitic capacitances (see section
4), and high enough so they do not affect the temperature (see
equation (5)), when the triode dissipates a lot of power. In-
deed, the emission of electrons in 12AX7s is performed by
heating a filament, connected to the cathode, and the elec-
tron flux is dependent on temperature. After a few prelimi-
nary measurements, it has been seen that 200 seconds need
to separate the ignition of the measurement device, and the
beginning of the following measurement procedures of real
12AX7s. This time constant gives also the low frequency
limit for fi and f>.

ftemp <hs fparasitic ®)

with fiemp ~ 1/200 Hz and fparasitic ~ 10 kHz

As aresult, fj = 40 Hz has been chosen, which satisfies
both constraints about temperature and frequency response
of the triode. In the experiments, a duration T, = 60 seconds
is chosen, and the sampling frequency is f; = 44100 Hz. The
frequency f, is calculated so T}, is a period for both sinus
signals :

f2=f1+ 1Ty (6)

In section 2, we have seen how the values of potentials
Va1, Vg2, V1 and V)5 can be measured. Knowing these po-
tentials, and the values of the resistances in the circuit (see
table 2), the plate and the grid current values are :

Ip = (Vpl - Vp2)/Rpm -
Ig = (Vgl - Vg2)/Rgm -

VpZ /RpZ (7)
Vg2 /Rg2 (8)

3.1.2 Results for one triode

Finally, measurements are obtained as quadruplets (1, I,
Vo2, Vi2)i, for plate voltages between 0 and 400 V, and grid
voltages between -20 and 5 V. Then, measured quadruplets
are used in MATLAB to generate a surface I, = f(Vg, Vi)
(see figure 4a) and a surface I, = f(Vg, Vi) (see figure 4b).

-20

-20
Vpk (V) o Vgk (V) Vgk (V) 400 Vpk (V)

(a) (b)

Figure 4: Characterization surfaces for the plate (a) and grid
(b) currents of triode (Ola)

These measurements show that plate current is mono-
tonic, and increases with Vi and V. It is null when plate
voltage is null and when grid voltage is below -15 V. Grid
current is seen negligible when Vg is below -5 V, but it is as
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important as plate current for positive values of V,;. More-
over, grid current is dependent with both voltages V, and
Vok, whereas its dependence with V. is usually neglected,
as in [6].

3.2 New models and estimation of parameters

In [6], the triode model is the Norman Koren’s one for the
plate current :

2EV /K, if E; 20

I, = ©)
0 otherwise
V 1 Ve + V.
E = X1 1 +exp|K, LS
Kp H \ Ky, + ng

Table 3 shows typical parameters values of Norman Ko-
ren’s model for 12AX7s.

E
1.4

Kg KP
1060 600

Kvb Vct
300 0.5

U
100

12AX7

Table 3: Typical parameters values of Norman Koren’s
triode model

Moreover, a grid current model has been proposed in [6].
In this model, Ry is the slope of the grid current behaviour
for high grid-to-cathode voltages, and K, parameters the tran-
sition between this area, and the area where the grid current
is null. The constant a, b, and ¢ are dependent on K,,, V, and
Ry

0 if Vg <V, - K,
I,={ aVg +bVg+c  ifV,—K, < Vg <V, +K,
V”;—_Vy otherwise
gk

(10

By using our measurements, it is possible to obtain the
parameters values for our real triodes. Indeed, Norman Ko-
ren suggests several methods to estimate these parameters
from measurements, better than a trial-and-error method [1].
Another one has been proposed in [6]. They use often a num-
ber n of measurements, optimization methods from MAT-
LAB, or direct calculation of the parameters with measure-
ments chosen at key locations.

However, by using our measurements, these models have
shown some limits. The estimated model does not match per-
fectly with measurements curves, more particularly for pos-
itive grid voltages. Moreover, our grid model is not able to
model the dependence of I, with V,, displayed in the mea-
surements. That suggests that the previous model - with
Norman Koren’s plate current model and our grid current
model - is not able to mimic exactly the static real triodes
behaviour. Consequently, we have decided to propose a new
triode model :

2EY /K, if E»>0
I, = (an
0 otherwise
_pkln

e (1 vewe 5 5+ )
ok (L, Vet Va
K, P ™ Trv0
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f(Vpk)

\/ Kup + V2, + Kua Vi
In(1 + exp(a(Vgr + Vy)))”
X(L/(bVy + 1)+ 1/c)

The new plate current model is an improvement of Nor-
man Koren’s model with the introduction of an additional pa-
rameter K. It allows the correction of the original Norman
Koren’s model for low plate-to-cathode voltages and positive
grid-to-cathode voltages.

Moreover, the new grid current model is dependent on
both plate-to-cathode and grid-to-cathode voltages, unlike the
previous grid current model introduced in [6]. It has been de-
veloped to mimic the measurement of grid currents from real
triodes.

The figures 5 and 6 show the accuracy the new model and
the old model, compared with the measurements.

Ip (mA)

NNN N NN

NN N N N

Ip (mA)

200 300 400 (] 200 300
Vpk (V) Vpk (V)

2 o
Vgk (V)

2 o
Vgk (V)

Figure 5: Measurements and estimated model for the old
and improved Norman Koren’s plate current models

o 1
Vgk (V)

o 1
Vgk (V)

Figure 6: Measurements and estimated model for the old
and new grid current models
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4 Parasitic capacitances of real 12AX7s

4.1 Measurement of dynamic triodes behaviour

Static behaviour of triodes is well known in textbooks,
but less information is available about their dynamics. One
advice about this question is given in the datasheets, with
measured values of several parasitic capacitances (see table
1). To improve our triode model, we propose in this section
a method to obtain the value of the parasitic capacitance C,),
in a real 12AX7. Indeed, a simple capacitance meter is not
useful to get their very low values. Instead, the frequency re-
sponse of the measurement device to a logarithmic sinusoidal
sweep is measured, leading to a deduction of the capacitance
value.

4.1.1 SPICE model of the measurement device

At first, the SPICE model of the measurement device is
studied (see figure 2) with a generic triode model and three
parasitic capacitances. Because the triode is in a CCT am-
plifier in the measurement device, the capacitance Cy, is ex-
pected to cause a lowpass-like filtering in the audible band-
width, thanks to the Miller effect (see [6]). Let f *3 dB be the
cutoff frequency of the low-pass-like filtering caused by the
Miller effect for small input signals. This frequency depends
on circuit parameters, but also on circuit voltages at equilib-
rium around the triode, functions of the input voltages.

With voltages Vv = =2 V and Vv = 300 V at equilib-
rium, SPICE simulations display a cutoff frequency f.3 4p
of 5.22 MHz. This frequency is too high to give the infor-
mation needed, because the measurement device has been
developed to work with audible frequencies. Consequently,
the values of components R, and R, have been changed in
SPICE (see table 4) to reduce the value of f.3 qg. It becomes
15.49 kHz with these new values, which is more acceptable.
The real measurement device has been modified accordingly,
to perform the triode dynamics measurements.

Rgm Rgl = Rg2 Rpm
300 kQ 115 kQ 300 kQ

Rpl = Rp2
480 kQ

Table 4: New resistance values in the measuring device

4.1.2 Measurement of frequency response to small in-
put signals

Now, the value of f_3 qp is going to be measured on real
triodes, by using the Hammerstein series [4, 3]. They are
simplifications of the Volterra series, limited to their diago-
nal elements, called kernels and denoted /#;. Hammerstein
series are a great tool to estimate weakly nonlinear systems
behaviour, and to measure very accurately their impulse re-
sponse, which are the kernels /;. They are represented the
following way :

yinl = hi[nlx[n] + ho[n]xX?[n] + hs[nl[n] + ... (12)

To identify the kernels, a logarithmic sweep sine is sent
into the system, and a deconvolution operation is applied
to the output. Because of the properties of the logarithmic
sweep sine, the impulse response of the system is obtained,
but also each kernel of the Hammerstein series.
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In our case, the voltage V,,; is fixed to 300 V, and a loga-
rithmic sweep sine is sent into Vi, with an amplitude of 1V,
and a variable offset which defines an equilibrium point U*.
Then, the deconvolution is applied to V,,, to get the impulse
response, and a frequency response of the measurement de-
vice to small signals.

The frequency response obtained for the triode Wla is
seen in figure 7. For low frequencies, the amplitude is a con-
stant A,. The cutoff frequency f.3 4g may be obtained at the

frequency where the amplitude is A,/ V2.

Figure 7: Frequency response measured on V), for the
triode Wla

For each triode, f.3 qg is measured, but also the equi-
librium values of V; and V. This information will be im-
portant later. The table 5 shows these values for the triode
Wila.

f3dB ng sz
9.756 kHz -1.214V 138.6V

Table 5: Measured parameters for the dynamics of the triode
Wila

4.2 [Estimation of the parasitic capacitances

In section 4.1, the frequency response of the measure-
ment device for small input signals, similar to a lowpass-like
filtering, has been obtained for each triode. Associated “dy-
namic” parameters have been deduced : the cutoff frequency
f-3dB. the voltages at equilibrium V;z and V;z. They are
used to calculate the value of the parasitic capacitance Cg),.

The estimation procedure is the following. First, the mea-
surement device is modeled, by knowing the circuit and the
exact values of each components. Secondly, an expression of
the cutoff-like frequency f.34p is deduced, as a function of
the parasitic capacitance C,),, the circuit components, and lo-
cal derivatives of the triode static model. Third, the voltages
at equilibrium Vi, and V), are used to calculate the model
derivatives and finally, the parasitic capacitance value can be
obtained.

A model of the measurement device circuit, with the par-
asitic capacitance Cg, (see figure 8), is proposed with ex-
tended state-space representations (ESSRs).

To simulate electronic circuits, a set of differential al-
gebraic equations is derived from their formulation, using
Kirchhoff laws and component models, and converted into
discrete-time equations with discretization methods, to be
solved in real-time. However, a specific formatting of origi-
nal equations needs to be done, to allow the systematic dis-
cretization. The ESSR is such a formulation of circuit equa-



23-27 April 2012, Nantes, France

Figure 8: Schematic of the 12AX7’s measuring device

tions, which gives a general modeling of nonlinear systems
in the time-continuous domain, without any dependence on
a particular discretization method, which can be applied di-
rectly. More information about ESSRs is available in [6].

To enlight the qualitative low-pass effect due to Cy,, the
local linear dynamics of this circuit are studied around its
equilibrium point, for inputs U = U* + u(¢) (U is a constant,
u(?) is small) with U* = [300 — 2]7. The circuit behaviour
can be expressed by a transfer function H(s) = % in the
Laplace domain. After a few calculations, it is possible to
obtain the expression of its zero z and its pole p (strictly neg-
ative) :

gm/Cep 13)

_((RgZ + Rgm)(RpZ + Rpm + RpZRpm/rp))
/(Cgp((RgZ + Rgm)RPZRpm + RgQRgm(RpZ + Rpm)
+(gm + 1/rp)Rg2Rngp2Rpm))

The pole gives an analytical expression of the cutoft-like
frequency :

f3dB = abs(p)/2n (14)

With this formula, it is possible to obtain Cg, knowing
f-3q (from measurements), g,, and r,. These last param-
eters are calculated using the static model of the real triode
measured, depending on Ve and Vv, measured previously.
For example, with the triode Wla, and the parameters values
seen in table 5, g,, = 0.9605 mA/V, r, = 92.247 kQ, and the
value of the capacitance Cy,, is around 1.6 pF.

5 Discussion of the results

The improvement of the static triode model is obvious
for the grid current, introducing the dependence on plate-
to-cathode voltage, and perfectly matching the curves from
measurements. For the plate current, the new model is bet-
ter but still imperfect for voltages involving high dissipating
power. However, it is satisfactory for simulation purposes.

Moreover, by using the measurements of dynamic param-
eters, and the estimated static models obtained previously,
the parasitic capacitances C,, of each triode have been esti-
mated and are around 1.8 pF. A SPICE model with static and
dynamic parameters estimation of each real triode is avail-
able on http://www.orosys.com/cohen/acs2012.htm.

However, new estimation procedures must be proposed,
with refined dynamic measurement devices, to estimate more
accurately the parasitic capacitance Cg,, but also the para-
sitic capacitances C,; and Cg. Indeed, these capacitances
become important when triode circuits which are not CCT
amplifiers are modeled.
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6 Conclusion

By using measurements of several 12AX7s, we have been
able to develop accurate models of triodes, and estimate their
parameters for each triode in our disposal. They have been
used for simulation purposes yet, in real-time and SPICE ap-
plications. Future work will show the influence of tubes in
real and simulated guitar amplifiers, using the real 12AX7s
from our sets, and corresponding estimated models. Then,
a specific study will evaluate the realism of guitar amplifiers
simulations.
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