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ABSTRACT

Despite the prevalence of modern audio technology, vacuum tube
amplifiers continue to play a vital role in the music industry. For
this reason, over the years, many different digital techniques have
been introduced for accomplishing their emulation. In this paper,
we propose a novel quadric surface model for tube simulations
able to overcome the Cardarilli model in terms of efficiency whilst
retaining comparable accuracy when grid current is negligible. Af-
ter showing the model capability to well outline tubes starting from
measurement data, we perform an efficiency comparison by imple-
menting the considered tube models as nonlinear 3-port elements
in the Wave Digital domain. We do this by taking into account the
typical common-cathode gain stage employed in vacuum tube gui-
tar amplifiers. The proposed model turns out to be characterized
by a speedup of 4.6× with respect to the Cardarilli model, proving
thus to be promising for real-time Virtual Analog applications.

1. INTRODUCTION

Vintage audio gear based on tube amplifiers is known for produc-
ing many of the distinctive sounds that characterize music genres
such as blues, rock, and metal. Many professional electric gui-
tar players prefer tube amplifiers due to the pleasing distortion
they produce, resulting in a rich and warm sound. However, the
high cost of reproducing tube-based analog audio gear and the de-
creasing supply of electrical components used in popular pieces
of audio equipment have made these sounds inaccessible to many.
As a result, Virtual Analog (VA) modeling has become a popular
alternative as it seeks to create digital algorithms that accurately
replicate the behavior of analog audio effects. This has resulted
in many software implementations that serve as convenient digital
counterparts for expensive, bulky, and fragile analog equipment,
of which tube guitar amplifiers are a noteworthy example.

Two broad categories of models are used in VA modeling:
“black-box” models that emulate the effect of a specific piece of
gear by replicating its input-output behavior, using, for example,
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neural networks [1], Volterra series [2], or block-oriented Wiener-
Hammerstein models [3]; “white-box” methods which emulate the
reference circuit by solving the corresponding system of ordinary
differential equations (or differential algebraic equations), using,
for example, the Port-Hamiltonian approach [4], the State-space
approach [5], or Wave Digital Filters (WDFs) [6, 7]. In this work,
we are interested in deriving efficient “white-box” models of audio
circuits with vacuum tubes, such that we can leverage the knowl-
edge of schematics in order to address VA modeling.

Among vacuum tubes, triodes are the most widespread [8].
Before the advent of solid-state electronics, these devices were
used in a variety of audio circuits, including preamplifiers, power
amplifiers, equalizers, and compressors. In particular, the basic
construction of a triode vacuum tube consists of three main com-
ponents [9]: a cathode, a grid, and an anode (also known as plate).
The cathode is a heated filament that emits electrons, while the an-
ode is a positively charged electrode that attracts the electrons. The
grid is a wire mesh located between the cathode and the anode that
can control the flow of electrons between them. Over the years,
many other designs of vacuum tubes have been introduced, mostly
adding other grids between cathode and plate (e.g., pentodes).

Several models of vacuum tubes have been presented so far [8,
10]. In [11], tubes are modeled by combining linear filters and
waveshapers, while the state-space approach and numerical meth-
ods are used in [12] and [13], respectively. Nonetheless, numer-
ous implementations make use of WDFs. In fact, in the WD do-
main, circuits with up to one nonlinear element described by an
explicit mapping can be solved with no use of iterative solvers,
even using stable discretization methods (e.g., Backward Euler,
trapezoidal rule, etc.), making WDFs interesting for real-time sce-
narios [14]. For instance, examples of WDF tube implementations
can be found in [15], [16], [17], [18], [19], or [20], in which tri-
odes are modeled combining Wave Digital (WD) principles to neu-
ral networks. However, most of the implementations available in
the literature refer to two triode models: Koren [21] and Cardarilli
models [22]. The first is based on a phenomenological model of
the triode operation, while the second provides a simple yet accu-
rate representation of triodes using a set of analytical expressions
that describe the tube transfer function.

In this paper, we propose a new quadric surface model of vac-
uum tubes which is characterized, at the same time, by high effi-
ciency and accuracy as long as grid current is negligible. Starting
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from the generic equation describing quadric surfaces and consid-
ering a grid current equal to zero, we obtain a multivariate quadric
equation able to outline the plate-to-cathode characteristics of tri-
odes in active region employing just three parameters. These can
be then fitted on datasheet or measurement data by applying a sim-
ple least squares method [23]. With respect to Koren model, the
proposed approach is more accurate and almost as accurate as Car-
darilli model if we assume a null grid current. Moreover, the model
is characterized by a lower number of parameters, making the fit-
ting operation more lightweight and simple. Although many dif-
ferent implementations of the proposed model can be pursued, we
decided to realize it as a 3-port Wave Digital (WD) block, which
we later employed for emulating the common-cathode gain stage
typically found in tube guitar amplifiers.

The paper is organized as follows. In Section 2, we provide
a background on triode modeling, by discussing both Koren and
Caradilli models. We introduce the proposed quadric surface model
in Section 3, and we draw a first comparison with the traditional
models presented in the previous section focusing on their accu-
racy. Then, in Section 4, we address the emulation of a typical
common-cathode gain stage considering the famous 12AX7 tri-
ode, and we run a comparison with Cardarilli model regarding the
efficiency. Section 5 concludes this paper.

2. BACKGROUND ON TRIODE MODELING

Let us consider the vacuum tube depicted in Fig. 1(a). Such a de-
vice presents three terminals, and thus, it is typically known under
the name of triode. The basic structure of a triode consists of an
evacuated glass envelope containing three electrodes: a cathode
“k” (or heated filament ), a grid “g”, and a plate “p” (also referred
to as anode). Such a vacuum tube is the ancestor of modern tran-
sistors; in fact, it functions as an electronic amplifier by controlling
the flow of electrons between the cathode and anode via the elec-
tric field generated by the grid [10]. By modulating the voltage
applied to the grid, the current flow between the cathode and an-
ode can be varied, allowing for amplification of signals. A triode
operates as a “normally on” device, meaning that electrons flow
to the positively biased plate even when the grid voltage is at its
quiescent value. As the grid becomes more negative with respect
to the cathode, the anode current is progressively reduced. Hence,
in order to prevent the anode current to be turned off, a constant
voltage is typically applied to the cathode. Moreover, the bias en-
sures that the positive peaks of the signal do not drive the grid
voltage close to the cathode one, which would result in nonlinear
behavior and the generation of grid current. The grid voltage that
completely blocks electrons from reaching the anode is, instead,
called cutoff voltage. Finally, in order to obtain linear amplifica-
tion, the voltage on the grid must remain above the cutoff voltage
without exceeding the cathode potential.

Different models of triodes are available in the literature. Usu-
ally, such models rely on a current source for the plate current
ip that is dependent on both the grid-to-cathode voltage Vgk and
the plate-to-cathode voltage Vpk [9]. In the following, we present
two traditional models widely used for VA applications, i.e., Ko-
ren [21] and Cardarilli [22] models.

2.1. Koren Model

In [21], Koren presents a phenomenological model able to describe
the behavior of triodes making use of a small amount of parame-
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Figure 1: (a) Circuit symbol of the triode reporting the current and
voltage conventions employed in this paper. The plate is marked
with “p”, the grid is marked with “g”, while the cathode is marked
with “k.” (b) Triode augmented with the reference node O.

Table 1: Parameters for modeling 12AX7 triode with Koren
model [21].

Parameter Value Parameter Value

k 1.4 kg1 1060 Vk/A
kk 600 µk 100
kvb 300 V2 − −

ters. The model equations are designed such that the plate current
ip > 0 whenever the plate-to-cathode voltage Vpk > 0. In particu-
lar, Koren model is defined as follows

ip =
V1

k

kg1
(1 + sgn(V1)) , (1)

ik = − ip − ig , (2)

where ik and ig are the cathode and grid currents, respectively, and

V1 =
Vpk

kk
log

1 + exp

kk

 1

µk
+

Vgk√
kvb + V 2

pk

 ,

Vgk =Vg − Vk , Vpk = Vp − Vk ,

(3)

whereas sgn(·) is the sign function, µk is the amplification fac-
tor, and k, kg1, kk, and kvb are real parameters. Moreover, Vp, Vg,
and Vk are the plate, grid, and cathode voltages, respectively. Ko-
ren already provides the values of such parameters for modeling
the main triodes found in audio circuitry [21], as well as fitting
methodologies for obtaining implementations of custom triodes.
The positive direction of tube currents and voltages are assumed
to be compliant with Fig 1(a). Furthermore, Koren model entails a
diode between grid and cathode; as a matter of fact, ig is typically
computed employing common diode models or approximated with
a time-varying resistor dependent on the grid-to-cathode voltage,
as explained in [24]. Finally, it is worth pointing out that such a
model is derived assuming that plate and grid are mutually insu-
lated [21].
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Table 2: Parameters for modeling 12AX7 triode with Cardarilli
model [22].

Parameter Value Parameter Value

G0 1.102 mA/V2/3 µ0 99.705

G1 15.12 µA/V5/3 µ1 −22.98 kV−1

G2 −31.56 µA/V8/3 µ2 −0.4489 V−2

G3 −3.286 µA/V11/3 µ3 −22.27 kV−3

h0 0.6 V Voff −0.2 V
h1 0 D 0.12
h2 0 V−1 K 1.1
h3 0 V−2 − −

2.2. Cardarilli Model

The triode model developed by Cardarilli et al. [22] relies on a
unique approach that combines physical and interpolative tech-
niques. This model replaces the constant parameters typically used
in classical formulations for plate current ip and grid current ig

with splines that depend on the grid-to-cathode voltage Vgk. The
resulting model, which is based on the current and voltage direc-
tions illustrated in Fig. 1(a), is defined as

ip = G

√(
Vgk +

Vpk

µ
+ h

)3

, (4)

ig =


ip

1+D

(
Vpk

Vgk−Voff

)K if Vgk > Voff

0 if Vgk ≤ Voff

, (5)

ik = − ip − ig , (6)

where

G =

3∑
i=0

GiV
i

gk , µ =

3∑
i=0

µiV
i

gk , h =

3∑
i=0

hiV
i

gk , (7)

and G is the perveance, µ is the amplification factor, h models
the effects introduced by the initial electron velocity, while Voff is
the threshold grid-to-cathode voltage above which grid current is
present. The classical plate-current formulation shown in (4) plays
a significant role in describing the behavior of triodes. In addition,
for the case Vgk > Voff, the grid current expression of (5) is simi-
lar to the empirical relation presented in [9], where the numerical
constants K and D help taking into account the contact potential
effect.

Together, these formulas offer a valuable insight into the func-
tioning of triodes and are useful tools for analyzing and modeling
their behavior in electronic circuits. Moreover, in [22] a technique
for calculating the values for all the parameters shown in (4), (5),
and (7) based on curve fitting of datasheet data is presented. This
approach helps to ensure the accuracy of the model, which has
been shown to reproduce the transconductance behavior of triodes
with high fidelity. Finally, unlike other triode models, Cardarilli
model can provide highly accurate results even in saturation con-
ditions.

Table 3: Parameters for modeling 12AX7 triode with the proposed
model.

Parameter Value Parameter Value

kp 1.014× 10−5 kpg 1.076× 10−5

kp2 5.498× 10−8 V2 − −

3. PROPOSED QUADRIC SURFACE MODEL

In this section, we propose a new memoryless triode model based
on a quadric surface approximation. The model is characterized by
a lower number of parameters and by simpler mathematical oper-
ations with respect to those involved in the two traditional models
of Section 2. On the other hand, for the sake of computational effi-
ciency, it assumes null grid current, thus sacrificing accuracy when
the grid voltage approaches and exceeds the cathode voltage.

The model is derived by exploiting the similarity between part
of the typical triode characteristics ip(Vgk, Vpk) and a quadric sur-
face. In particular, we start by considering the general quadric
surface equation [26]

kp2V
2

pk + kg2V
2

gk + k2i
2
p + kpgVgkVpk + kpkVpkip+

+kgkVgkip + kpVpk + kgVgk + k1ip + k0 = 0 ,
(8)

where kp2, kg2, k2, kpg, kpk, kgk, kp, kg, k1, k0 are real coefficients.
In order to exploit such an equation for modeling the plate current
ip, we set k1 = −1 and k2 = kpk = kgk = 0 for avoiding depen-
dences on ip cross-products or second-order powers, yielding

ip = kp2V
2

pk + kg2V
2

gk + kpgVgkVpk + kpVpk + kgVgk + k0 . (9)

It is worth pointing out that in (9), the terms Vgk and Vpk are present
with all the powers up to the second order, allowing us to account
for different contributions of both the plate-to-cathode voltage and
the grid-to-cathode voltage whilst increasing the descriptive capa-
bility of the model.

Looking at the typical triode characteristics in datasheets, we
recognize that the different curves obtained by varying Vgk are
somehow tangent to the Vpk-axis in the ip − Vpk plane. Therefore,
by imposing ip = 0 and solving for Vpk, we obtain

Vpk =

√
∆− Vgkkpg − kp

2kp2
(10)

with

∆ = V 2
gk(k

2
pg − 4kg2kp2)+Vgk (2kpkpg − 4kgkp2)− 4k0kp2 + k2

p ,
(11)

and, by enforcing ∆ = 0, we constraint the vertex of the quadric
to be on the Vpk-axis. If we then solve it for k0, we obtain

k0 =
V 2

gk(k
2
pg − 4kg2kp2) + Vgk(2kpkpg − 4kgkp2) + k2

p

4kp2
, (12)

which once substituted into (9) yields

ip = kp2V
2

pk +
k2

pg

4kp2
V 2

gk + kpgVgkVpk + kpVpk +
kpkpg

2kp2
Vgk +

k2
p

4kp2

= ip(Vpk) = ipk .
(13)
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Figure 2: Accuracy comparison between the ip − Vpk characteristics obtained with Koren model (a), Cardarilli model (b), and proposed
model (c) and the one reported on the 12AX7 datasheet [25].

For any given Vgk, (13) describes a parabola whose vertex lies
on the Vpk-axis. In order to match datasheet curves [25], we only
use the branch where the first derivative of ip with respect to Vpk,
i.e.,

i′p =
dip(Vpk)

dVpk
, (14)

is non-negative, and assume ip to be equal to zero otherwise. There-
fore, considering once again the conventions reported in Fig. 1(a)
and the initial hypothesis on the grid current, we may write down
the proposed quadric surface model as follows

ip =

{
ipk i′p ≥ 0
0 i′p < 0

, (15)

ig = 0 , (16)
ik = − ip − ig . (17)

In any case, Vpk ≥ 0 is also always assumed to hold true, as other-
wise a region with negative static resistance would be introduced.

It is worth pointing out that the real coefficients of (13) can be
computed starting from datasheets or measurements data, making
use of common fitting techniques, such as a simple least squares
method [23]. Moreover, as anticipated at the beginning of the sec-
tion, the model presents just three parameters, which do increase
the convergence performance of such fitting techniques, making it
suitable to model with ease triodes available on the market. Then,
the model mainly relies on a second-order formula which leads
to closed-form solutions when equated to similar simple expres-
sions (e.g., when coupled with linear systems), which makes it
particularly suited for implementing fully-explicit white-box cir-
cuit models when such conditions are met. Finally, the quadric
surface model is also able to describe pentodes in triode configu-
ration.

In order to test the accuracy of the representation, we compare
the ip − Vpk characteristics found on datasheets to that obtained
by means of the proposed model. We do this also for the two tra-
ditional models presented in Section 2. Let us take into account
the famous 12AX7 triode, which was employed in many different
tube stages, as our reference vacuum tube. Tables 1, 2, 3 report
the values of the coefficients to be used for modeling such a triode
with Koren model, Cardarilli model, and proposed model, respec-
tively. Fig. 2, instead, reports the results of such a comparison;

the 11 curves present in each of the three plots are obtained by
considering different values of Vgk. From the leftmost up to the
rightmost, these curves are computed with Vgk equal to 0, −0.5,
−1, −1.5, −2, −2.5, −3, −3.5, −4, −4.5, −5. In particular,
in Fig. 2(a) the results of Koren model are reported, in Fig. 2(b)
those of Cardarilli model, while in Fig. 2(c) those of the quadric
surface model. In all the three plots, the data acquired from the
12AX7 datasheet [25] are marked with blue crosses. In Fig. 2, it
is possible to observe that, in common operating regions [27], the
proposed model is more accurate than Koren model and is almost
as accurate as Cardarilli model, while featuring a lower number of
parameters. In fact, the 15 parameters controlling Cardarilli model
allows this to better grasp the nuances at higher Vpk. Nonetheless,
we can state that the proposed model maintain, in general, a com-
parable accuracy since the of values of Vpk for which it starts to de-
viate from the measured characteristics are not often encountered
in real applications.

3.1. 3-port Wave Digital Implementation

Although the proposed model can be implemented making use of
different techniques, in this work we decided to use WDFs. The
design procedure of WDFs entails a port-wise description of the
reference circuit, whose elements and topological interconnections
are realized as input-output blocks characterized by scattering re-
lations. In order to accomplish such a description, WDFs make
use of a change of variable, turning port voltage v and port cur-
rent i (the so-called Kirchhoff variables) into incident wave a and
reflected wave b with the addition of a free parameter per port Z
called port resistance [6]. Such a free parameter constitutes a pow-
erful mean for removing delay-free loops formed when Wave Dig-
ital (WD) blocks are interconnected [6, 28]. Among the differ-
ent wave definitions present in the literature [6, 29, 30], the most
widespread is that of voltage waves, i.e.,

a = v + Zi , b = v − Zi ,

v =
a+ b

2
, i =

a− b

2Z
,

(18)

which is employed for deriving WD implementations of circuit el-
ements [7, 31] and N -port topological junctions [32]. We aim at
deriving a triode WD implementation of the quadric surface model
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Figure 3: Typical common-cathode gain stage found in tube am-
plifiers.

such that it can be used in common WD structures. In particular,
we here derive a 3-port triode model following the approach de-
scribed in [18, 33]. Hence, we add a reference node O to the tri-
ode model, as shown in Fig. 1(b), and name the port between the p
node and O as port 1, the port between the g node and O as port 2,
and the port between the k node and O as port 3. Such a reference
node will be coincident with the ground node when the model is
exploited for circuit emulation. Then, each of these ports is charac-
terized by the set of variables {ax, bx, Zx} with x = 1, 2, 3 being
the port number.

If we apply the linear transformation in (18) to (16) and (17),
and solving for b2 and b3 we readily obtain

b2 = a2 , (19)

b3 = a3 +
Z3

Z1
(a1 − b1) , (20)

while doing the same with (15) and solving for b1 gives us

b1 = ±
√
∆1√

2Z1kp2γ
− 1

4Z1kp2γ2
− η , (21)

where

∆1 =
1

8Z1kp2γ2
+ a1 + η , (22)

γ = 1 +
Z3

Z1

(
1 +

kpg

4kp2

)
, (23)

η =
β + α

2

kp2γ
, (24)

α = kp + kpg

(
a2 − a3 −

Z3

2Z1
a1

)
, (25)

β = kp2

(
1− Z3

Z1

2
a1 − a3

)
. (26)

Using the above equations, we can express

i′p = kpgVgk + 2kp2Vpk + kp =

= kpg

(
Z3

2Z1
(b1 − a1) + a2 − a3

)
+

+ kp2

(
Z3

Z1
(b1 − a1) + b1 + a1 − 2a3

)
+ kp ,

(27)

and hence
i′p ≥ 0 ⇔ b1 ≥ −η , (28)

assuming that all the involved model parameters and port resis-
tances are positive. This should always be the case given how the
model was constructed and that negative port resistances are re-
lated to incompatible sign conventions [34]. By comparing (28)
with (21), it is evident that the first term in this last equation must
be positive (necessary but not sufficient condition), hence the square
root must be taken with the positive sign.

Since (21) is effectively the solution of the intersection of a
line with a paraboloid pointing downwards in a 4-dimensional space,
the cases in which ∆1 < 0, and thus in which such an intersection
does not exist, can be interpreted as if Vpk or ipk are too small or
negative. In order to handle these occurrences, as well as the cases
in which the resulting Vpk, ipk, or i′p are negative, we propose the
following algorithm:

1. compute ∆1 using (22);

2. if ∆1 ≥ 0 then

(a) compute b1 using (21) taking the square root with
positive sign;

(b) if i′p < 0, computed according to (27), force ip = 0
(open circuit condition) by setting b1 = a1;

otherwise, if ∆1 < 0 set b1 = a1 (i.e., ip = 0, open circuit
condition);

3. if the resulting Vpk < 0, force it to be Vpk = 0 by setting

b1 =
(Z3 − Z1)a1 + 2Z1a3

Z1 + Z3
(29)

according to (18) and (20).

Please notice that such a model is implemented in a fully ex-
plicit fashion, i.e., without the need for iterative solvers. Further-
more, it is worth pointing out that the quadric surface model can
be also realized as a 2-port WD block, for example by employing
the vector definition of waves in [30, 35], or, more generally, as
a N -port with N ≤ 6 following the approach discussed in [33].
Different WD implementations of the proposed model may lead
to different advantages, potentially broadening the class of circuit
models that can be implemented in an explicit fashion. For in-
stance, the WD 2-port implementation by means of vector waves
would allows us to explicitly realize triode stages with Miller ca-
pacitance or characterized by complicated topologies [9], which,
instead, may not be realized by means of the 3-port implementa-
tion. However, when the number of multi-port nonlinear elements
is ≥ 2, iterative methods must be employed for the solution of the
WD structure [31].

4. EXAMPLE OF APPLICATION

Let us consider the common-cathode gain stage shown in Fig. 3,
typically found in tube amplifiers. The same circuit has been taken
into account in many other publications concerning the emulation
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Table 4: Values of the circuital components of Fig. 3.

Parameter Value Parameter Value

Vdd 250 V Rp 100 kΩ
Ri 1 MΩ Ro 1 MΩ
Rg 20 kΩ Rk 1 kΩ
Ck 10 µF Ci 100 nF
Co 10 nF − −

of vacuum tubes, e.g., in [18]. With reference to the triode stage,
the input signal is represented by the voltage generator Vin. Capac-
itor Ci and resistor Ri form a highpass filter which removes the DC
(Direct-Current) component from the input if present. The cathode
circuit, instead, is composed of a parallel connection between re-
sistor Rk and capacitor Ck, and sets the signal-dependent biasing
for the triode. The plate is connected to the DC voltage source Vdd

via resistor Rp, which is responsible for the node “p” bias point.
Then, the plate is also connected to the series between the DC de-
coupling capacitor Co and load resistance Ro, whose voltage is
taken as output variable. The values of the circuital parameters are
reported in Table 4. The nonlinear amplification introduced by the
triode together with the dynamic nature of the stage can generate
a rather complex signal-dependent distortion on the output Vout.

We implement the common-cathode stage in the WD domain
following the same approach and using the same WD structure
employed in [18], i.e., by considering the 3-port WD block mod-
eling the triode at the root of a connection tree. In order to test
the accuracy of the WD implementation, we realize the same cir-
cuit in LTspice, which is a widespread freeware software for cir-
cuit simulations, together with the proposed triode model. We set
Vin = A sin (2πkf0/fs), where A = 2.5 V is the amplitude, k is
the sampling index, f0 = 1 kHz is the fundamental frequency, and
fs = 44.1 kHz is the sampling frequency; in addition, we consider
the duration of the sinusoidal input equal to 1 s. We select once
again the 12AX7 as our reference triode, whose mdoel parameters
are reported in Table 3. Fig 4 shows the output of the simulation,
in particular the first three periods. The green dashed curve repre-
senting the LTspice simulation is overlapped with the continuous
blue curve representing the WD simulation, pointing out the ac-
curacy of the representation. Moreover, Fig. 4 also reports the re-
sults of the WD simulation obtained substituting the proposed tri-
ode model with the WD 3-port implementation of Cardarilli model
(with no grid current) proposed in [18]. We select Cardarilli model
over Koren model for drawing a comparison with state-of-the-art
implementations of triodes since it is characterized by a higher ac-
curacy, as shown in Fig. 2. Looking at Fig. 4, we can state that the
two different realizations of the common-cathode stage are consis-
tent, and that just a slightly different behavior can be spotted for
the negative half-wave, which reflects the lack in restricting Vpk to
non-negative values in the Cardarilli model.

As a final test, we perform an efficiency comparison simu-
lating the same common-cathode stage in the WD domain em-
ploying both the proposed model and Cardarilli model. The two
WD implementations, realized as GNU Octave scripts and avail-
able at https://dangelo.audio/dafx2023-quadric.
html, differ only for the considered 3-port WD triode model. Un-
der same operating conditions, we launch 20 runs of both algo-
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Figure 4: Voltage Vout at the output of the triode stage shown in
Fig 3. The continuous black curve represents the result of the WD
simulation employing the proposed model, the dotted blue curve
represents the result of the WD simulation employing Cardarilli
model, while the dashed green curve represents the LTspice simu-
lation employing the proposed model.

rithms on an AMD Ryzen 3 3200G processor, considering as in-
put a mono guitar audio signal of duration 16 s and sampled at
fs = 96 kHz. We then measure the simulation time tsim, and we
average it over the number of runs for obtaining a fairer estimate.
While the WD implementation with Cardarilli model takes on av-
erage 355.02 s, the WD implementation with the proposed model
takes on average 76.55 s, showing thus a speedup of about 4.6×
over the traditional approach. It follows that the proposed quadric
surface model is able to run much faster without compromising
the accuracy of the representation, and, for this reason, can be a
valuable triode model to be employed for real-time Virtual Analog
applications.

5. CONCLUSIONS

In this paper, we proposed a novel triode model based on a quadric
surface approximation. The model is characterized by only three
parameters, involves simpler mathematical operations with respect
to traditional models, such as Koren [21] and Cardarilli [22], and
can lead to fully-explicit white box models. Considering the fa-
mous 12AX7 as a reference triode, we compared the plate current
characteristics obtained with both the Cardarilli and Koren mod-
els and the proposed model to the one reported on its datasheet,
showing that, when grid current is negligible, the new approach is
more accurate than Koren’s and almost as accurate as Cardarilli’s
even though the latter presents a number of parameters five times
higher. Although the model can be realized in many circuit simu-
lation methods, we decided to implement it as a 3-port WD block,
which we later employed for the emulation of the typical common-
cathode gain stage found in tube amplifiers. Under the same oper-
ating and modeling conditions, we drew an efficiency comparison
between the quadric surface model and Cardarilli model, measur-
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ing a 4.6× speedup, which makes the proposed methodology very
appealing for Virtual Analog applications.

Further work may concern the extension of the proposed model
to other operating conditions by including, e.g., the tube diode be-
tween grid and cathode and the modeling of more complex vac-
uum tubes, such as tetrodes, pentodes, etc., by applying the same
modeling methodology introduced in this paper but considering
quadric hypersurfaces.
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