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ABSTRACT

The Fender Bassman model 5F6-A was released in 1958 and has
become one of the most revered guitar amplifiers of all time. It is
the progenitor of a long line of related Fender designs in addition
to inspiring Marshall’s first amplifier design. This paper presents
a Wave Digital Filter study of the preamplifier circuit of 5F6-A-
based amplifiers, utilizing recent theoretical advances to enable
the simultaneous simulation of its four nonlinear vacuum tube tri-
odes. The Dempwolf triode model is applied along with an itera-
tive Newton solver to calculate the scattering at the 25 port R-type
adapter at the root of the WDF tree. Simulation results are com-
pared to “ground truth” SPICE data showing excellent agreement.

1. INTRODUCTION

The Fender Bassman amplifier was first introduced in 1952, under-
going multiple revisions before culminating in the seminal 5F6-A
version in 1958. This model is one of the most revered and imi-
tated amplifier circuits of all time [1], inspiring countless related
designs including the first Marshall—the JTM 45. Introduced in
1962 by London music store owner Jim Marshall, the JTM 45’s
original design borrowed heavily from the 5F6-A, a popular seller
and employee favorite [2]. The JTM 45 quickly became a success-
ful and much-praised amplifier in its own right and was a crucial
ingredient in the heady brew of hard rock, blues, and psychedelic
music that was the sound of 1960s London. Our goal is to develop
efficient, re-configurable digital emulations of the 5F6-A, JTM 45
and related circuits to serve as a research and design tool for DIY
amp-designers, circuit benders, and sonic historians considering
the evolution of this historic circuit.

A number of different approaches have been taken to the nu-
merical simulation of vacuum tube guitar amplifier circuits over
the years. For an historical overview as well as an introduction to
the physical principles of operation of triode tubes see [3]. Re-
cent years have seen the increased use of Wave Digital Filters
(WDFs) [4] as an effective tool for virtual analog modeling of au-
dio circuits [5]. New theoretical advances have enabled WDFs to
model circuits with complex topologies [6] and multiple nonlinear-
ities [7], a category that includes many audio circuits of interest.
In this paper we apply these techniques to the construction of a
WDF model of Bassman 5F6-A-derived preamplifiers. These cir-
cuits provide an ideal case study—they contain multiple vacuum
tube triodes in a complex circuit topology but with a modest part
count, limiting overall system complexity to a reasonable level.

The remainder of this work is structured as follows: Sec. 2
explores the circuit in detail, Sec. 3 reviews necessary background
information and derives the structure of the WDF simulation in-
cluding the novel application of the Dempwolf triode model and a

Newton-based root finder, Sec. 4 presents simulation results, and
Sec. 5 summarizes future work and conclusions.

2. BASSMAN 5F6-A PREAMPLIFIER CIRCUITS

This work defines the 5F6-A’s “preamplifier circuit” as consisting
of the following stages: the 12AY7 preamp, 12AX7 voltage amp,
and 12AX7 cathode follower (as in [1]) driving a nominal load
resistance RL. The circuit schematic is shown in Figure 1 with
component values listed in Table 1. The tone stack is not included
in the simulation as it is buffered from the preceding sections by
the cathode follower stage. The tone stack has already been con-
sidered in the context of WDFs [8, 9] and in an earlier non-WDF
study [10]. Nominal values cited in the remainder of Sec. 2 are
taken from [1] and are presented solely to provide insight into the
circuit’s operation.

Edge Comp Value Edge Comp Value
1 RGB1A 68 kΩ 14 RV BP αRvol

2 RGB1B 68 kΩ 15 RV BN (1− α)Rvol

3 RIB 1 MΩ 16 RV NN (1− α)Rvol

4 RK1 1 MΩ 17 RV NP αRvol

5 CK1 250 µF 18 CB1 100 pF
6 RGN1A 68 kΩ 19 RGB2 270 kΩ
7 RGN1B 68 kΩ 20 RGN2 270 kΩ
8 Vin − 21 RP2 100 kΩ
9 RIN 1 MΩ 22 RK2 820 Ω
10 RPB 100 kΩ 23 RL 100 kΩ
11 RPN 100 kΩ 24 VP 310 V
12 CON 20 nF 25 CB2 556 pF
13 COB 20 nF − Rvol 1 MΩ

Table 1: Circuit Components

2.1. The Preamp Section

The preamp’s first stage is a dual channel inverting amplifier pow-
ered by a 12AY7 tube consisting of triodes T1B and T1N for bright
and normal channels respectively. The grid stopper resistorsRGB1A,
RGB1B , RGN1A, RGN1B combine with the triodes’ Miller ca-
pacitances [11] to form a low-pass filter that suppresses RF inter-
ference. Each channel has two inputs: high sensitivity #1 with
input resistances RIB and RIN and voltage gain of −32.2 and
low sensitivity #2 with input resistances of RGB1A +RGB1B and
RGN1A + RGN1B and voltage gain of −16.1 (−6 dB attenuation
relative to #1). With no cables inserted in the input jacks, their tip
and switch terminals are shorted as shown on the left-hand side of
Figure 1. When a cable is inserted, this connection is broken and
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Figure 1: 5F6-A/JTM 45 preamplifier circuit with no inputs (left) and using Normal 1 input with a jumper between Normal 2 and Bright 1
(right). Circuit element values are listed in Table 1.

the tip terminal is routed into the larger circuit as shown on the
right. The cathode resistor RK sets the bias point of the triodes
and is fully bypassed by the capacitor CK at audio frequencies.
The output voltage of this section is developed across plate resis-
tors RPB1 and RPB2 and is transmitted to the next stage through
the output coupling capacitors COB and CON .

2.2. The Voltage Amp Section

The second stage consists of a 12AX7 triode T2 in an inverting am-
plifier configuration with a net voltage gain of−20.7 at maximum
volume. Bright and normal volume levels are set via 1 MΩ po-
tentiometers parameterized by αB and αN respectively with 0 ≤
α ≤ 1, sub-dividing the pots into resistorsRV BN = (1−α)·Rvol,
RV BP = α ·Rvol,RV NN = (1−α) ·Rvol, andRV NP = α ·Rvol.
In practice these resistors are restricted to R ≥ 1 Ω and we con-
sider only the case αB = αN = α. Capacitors CB1 and CB2

provide the treble boost that gives the bright channel its name and
RGB1 and RGB2 are again grid stopper resistors. Cathode resis-
tor RK2 sets T2’s bias, with average plate current on the order
of 1 mA. As will be seen in the results section, this triode’s grid
current can grow to an appreciable fraction of the overall cathode
current at higher volume settings.

2.3. The Cathode Follower Section

The third section employs a 12AX7 triode T3 in a non-inverting
cathode follower configuration with slightly below unity gain (≈
0.984). This stage presents a low output impedance of 615 Ω, ef-
fectively decoupling it from the tone stack and making it an ideal
final stage in our WDF simulation. Even more dramatically than in
the case of T2, T3’s grid current can become appreciable at higher
volumes. This has a significant impact on the preamplifier’s out-
put waveform, leading to asymmetric clipping and its concomitant
even order harmonics. For this reason, models that fail to take
grid current into account are unable to satisfactorily reproduce the

sound of an over-driven guitar preamplifier.

2.4. Marshall JTM 45

The pre-amp of the JTM 45 is nearly identical to the 5F6-A with
three important exceptions. First, a higher gain ECC83 (12AX7)
replaces the Bassman’s 12AY7 triodes T1B and T1N in the preamp
section producing more overall gain and slightly different loading
characteristics. Second, the lead version of the JTM 45 includes
an additional bypass capacitor CB2 across the bright input to T2

that is not present in the 5F6-A, leading to a more pronounced tre-
ble boost for the bright channel. Third, the plate supply voltage
VP is reduced from 325 V to 310 V [1]. For reasons discussed in
Sec. 3.4, this work will specifically consider the JTM 45 preampli-
fier.

2.5. Jumpers

It is common for guitar players to explore different tones by em-
ploying a jumper cable between two of the unused input chan-
nels. This practice can appreciably alter the amplifier’s overall re-
sponse and further complicate the circuit’s already complex topol-
ogy. This case study specifically considers only one of the most
common configurations [12] using the Normal #1 input with a
jumper between Normal #2 and Bright #1 inputs as shown in Fig-
ure 1. A more general model incorporating real-time switchable
jumpers will be the subject of future work.

3. WDF CIRCUIT SIMULATION

3.1. Previous Work

Wave Digital Filters (WDFs) are efficient, modular filter structures
with attractive numerical properties including low sensitivity to co-
efficient round-off and guaranteed incremental passivity of passive
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circuit elements (capacitors, inductors, resistors, etc.) when sim-
ple rounding rules are applied [4]. Using other numerical methods
these "passive" elements can become locally active with rounding
error pumping energy into the system if care is not taken to ensure
energy conservation. WDFs were invented to facilitate the design
of digital emulations of analog ladder and lattice filters, which not
coincidentally also feature low sensitivity to component value vari-
ance. Recent years have seen steady growth in the application of
WDFs to other areas of study removed from their original intended
use, including virtual analog modeling of audio circuits [5].

Early WDF tube amplifier studies [13] often modeled triodes
as one port devices, ignoring grid current completely and using
grid voltage as a cross-control on the plate port current. The clas-
sic Fairchild 670 compressor was modeled [14] using a similar
approach with additional unit delays to decouple the push/pull am-
plifier sections. An enhanced model [15] more accurately captured
triode behavior, modeling the plate-to-cathode port via a nonlin-
ear resistor parametrized by Koren’s model [16] and grid current
via a diode model. However, this approach still relies on unit de-
lays to yield computable structures. A case study by Pakarinen et
al. [17] applies this model to the output chain of a vacuum tube
amplifier. An iterative secant-method based solver has also been
employed [18] to simultaneously solve the coupled equations of
the Cardarilli triode model [19].

Two recent theoretical developments have enabled the use of
WDFs to model vacuum tube circuits without making any of the
ad-hoc assumptions of earlier work. First, an approach informed
by Modified Nodal Analysis (MNA) [20] was developed to model
complex circuit topologies that cannot be decomposed into simple
series and parallel combinations [6]. Second, the use of this ap-
proach was extended to circuits containing multiple non-adaptable
nonlinear ports [7]. Crucially these new developments separate
nonlinearities from topology, ensuring that the most challenging
part of the problem (solving for the scattering at the root) scales
with the number of nonlinear ports instead of the total system size.

3.2. WDF Simulation Structure

Following the methodology of [6] the first step is to translate the
schematic into the biconnected graph shown in Figure 2 with nodes
representing physical circuit nodes and edges representing circuit
components. The three unlabeled nodes in Figure 2 have been
added to group the nonlinearities into a nonseparable replacement
graph. The separation methods described in [21] can then be ap-
plied to reduce the graph into the set of split components show in
Figure 3. These split components are used to construct the SPQR-
tree representation shown in Figure 4 with the R-type node at the
root of the tree, connected via real edges to the Q-type nodes and
virtual edges to the S-type and P-type nodes.

This representation directly yields the WDF structure shown in
Figure 5 with the R-type node at the root and 17 child sub-trees.
The problem then becomes solving for the scattering of incoming
waves a to outgoing waves b at the rootR-type node governed by
the equation

b = Sa . (1)

The topological scattering matrix S can be calculated [6] using

S = I + 2
[
0 R

]
X−1 [0 I

]T
, (2)

where R is the diagonal matrix of port resistances and X is the
MNA matrix. Omitted here due to space constraints, a full deriva-
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Figure 2: Biconnected circuit graph. Node labels correspond to
those in figure 1, edge numbers are defined in table 1.

tion of X for the JTM 45 can be found in the supplemental mate-
rials online [22]. Note that the nonlinearities have been absorbed
into the R-type node and are considered to be connected to the
topological scattering via “internal ports” while “external ports”
connect the root element to its sub-trees. Internal incoming and
outgoing wave variables are denoted as aI and bI respectively,
external waves as aE and bE . We can then decompose equation
(1) in terms of the vector nonlinear function aI = f (bI) that
maps aI to bI and the partitioned S-matrix as

aI = f (bI) (3)wave nonlinearity
{
bI = S11aI + S12aE (4)

scattering

{
bE = S21aI + S22aE . (5)

These equations comprise a non-computable, delay-free loop as
the outgoing internal wave variables depend instantaneously on the
incoming waves that in turn depend instantaneously on bI .

The vast majority of nonlinear circuit elements lack a closed-
form wave domain description and are therefore most commonly
and straightforwardly defined in the Kirchhoff domain. We denote
the vector Kirchhoff nonlinear function that maps voltage into cur-
rent as h (vC). In the case of the 5F6-A preamplifier this function
is eight dimensional, consisting of four identical two-port triode
models of two equations each (discussed in 3.4). When utilizing a
Kirchhoff nonlinearity a wave-to-Kirchhoff conversion matrix C
must be included and is partitioned into internal and external com-
ponents as with the scattering matrix S. These further definitions
yield the following set of equations:


iC = h (vC)

vC = EaE + FiC

bE = MaE + NiC

with

H = (I−C22S11)−1

E = C12 (I + S11HC22)S12

F = C12S11HC21 + C11

M = S21HC22S12 + S22

N = S21HC21 . (6)

By setting up the problem in this way, the delay-free loop has
been confined to a set of equations whose size equals the number
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Figure 3: S-, P-, andR-type split components of the biconnected
circuit graph.

of nonlinear ports. Werner et al. chose to resolve the delay-free
loop by applying the K-method to shear the nonlinearity [6]. As
the sheared nonlinearity has no closed-form solution, its values
are tabulated and interpolated at run-time. This approach has the
drawback that as the number of nonlinear ports in the circuit grows
a compromise between table resolution and an increasingly rapidly
ballooning memory footprint must be made.

3.3. Newton’s Method with Backtracking

For this study we take a different approach, directly applying a
Newton solver to the set of nonlinear equations (6), eliminating the
need to store and interpolate tables. Newton solvers have the fur-
ther benefit of giving the algorithm designer access to the tradeoff
space between accuracy and computation time via a single tunable
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Figure 4: SPQR tree representation of the circuit graph.

tolerance parameter. The relevant entries of (6) can be re-arranged
to make it clear that the problem can be stated in terms of finding
the roots of the eight-dimensional equation

f (vC) = EaE − vC + Fh (vC) . (7)

Specifically a form of Newton’s method is used that includes back-
tracking to improve convergence robustness for a wide range of
operating conditions. Initial guesses for the port voltages at the
beginning of each audio sample’s Newton iterations are calculated
using the current value of the incoming external waves and the
previous value of the internal port currents according to

vC0[n] = FiC [n− 1]−EaE [n]. (8)

A more detailed discussion of the use of Newton’s method with
backtracking in the context of WDFs is presented in [23]. Again, it
is emphasized that the dimensionality of the iterative Newton root-
finding in the current work is limited to the number of nonlinear
ports.

3.4. Triode Model

The final step required to arrive at a working WDF simulation is to
define an appropriate triode model. We consider the three-terminal
electrical device as a two-port nonlinear WDF element with port
voltages VPK and VGK and corresponding port currents IPK and
IGK . We adopt the convention of amplifier texts such as [1] with
the letter “P” referring to plate, “G” to grid and “K” to cathode.
Further, we use a two-letter naming convention to make explicit
that all voltages are referenced to the cathode voltage. See Fig-
ure 6) for a graphical representation of these port definitions.

Previous WDF triode circuit studies have employed the Car-
darilli model [19] which defines grid and plate currents in a piece-
wise manner above and below a critical grid voltage VGK = 0.2 V
as shown in Figure 7. The piece-wise nature of the model can
lead to poor performance with Newton-based root finders near
this critical voltage. Therefore this study employs the Dempwolf
model [24] which features a smooth transition across the critical
voltage. Cathode, grid, and plate currents are defined as follows:

IK = G ·

(
log

(
1 + exp

(
C ·
( 1

µ
· VPK + VGK

)))
· 1

C

)γ

IGK = G ·
(

log
(

1 + exp
(
Cg · VGK

))
· 1

Cg

)ξ
IPK = IK − IGK .

(9)
The model parameters are perveances G, Gg, adaption parameters
C, Cg and (positive) exponents γ, and ξ. For a discussion of the
physical interpretation of these parameters and how to extract them
from measured triode data see [24]. As the paper presents only
12AX7 triode parameters we choose to begin our investigation of
the Bassman family of preamplifiers with the JTM 45. Evaluation
of the perceptual accuracy of the Dempwolf model in the current
work will be limited as it is impossible without physical measure-
ments with which to compare. A comparison of various triode
models to measurements of a physical amplifier will be the subject
of future work.
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Figure 6: Dempwolf triode current and voltage definitions (left)
and port variable definitions (right).

4. RESULTS

For rendered example audio output see the supplemental materials
online [22]. All simulation results presented here were performed
in MATLAB at 4× oversampling of a typical base audio sampling
rate of 44.1 kHz (176.4 kHz) using 1 kHz, 125 mV peak-to-peak si-
nusoids as input signals unless otherwise noted. This voltage was
chosen as a middle ground between the output level of a hot single
coil and a lower-output humbucker pickup [25]. WDF results are
compared to LTspice simulations carried out with an identically
parameterized Dempwolf triode model. Time domain results for α
values of 0.25, 0.5, 0.75, and 1.0 are presented in Figure 8, show-
ing excellent agreement with SPICE results for all volume settings.
For α = 0.25, the output waveform is still highly sinusoidal but
as volume is raised to α = 1.0 soft clipping distortion character-
istic of tube-based amplifiers becomes increasingly apparent. As
α raised further the soft-clipping of the output waveform becomes
increasingly asymmetric with positive excursions being noticeably
flatter than negative excursions.

Figure 9 provides a more detailed view of the time domain
simulation results for α = 1.0, showing the output voltage wave-
form, currents IPK and IGK for triodes T2 and T3, error signal
(defined as the sample-by-sample difference between the resam-
pled SPICE and WDF data), and per-sample Newton iteration and
backtrack counts. While T1B and T1N draw negligible grid cur-
rent for all volume settings and input voltages studied T2 and T3’s
grid currents reach appreciable fractions of the corresponding total
cathode currents. Furthermore, the maximum values of these two
grid currents are achieved with a 180◦ relative phase shift. This
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Figure 7: Comparison of Cardarilli and Dempwolf grid (IGK , left)
and plate (IPK , right) currents (above) and their derivatives (be-
low) with respect to VGK for fixed plate voltage VPK = 150 V.

makes sense since the inputs to these two stages are 180◦ out of
phase, the voltage amp stage involving T2 being an inverting stage.
The regions where T3’s grid current reaches its maximum are the
more heavily clipped positive output excursions. This asymmetric
clipping is crucial to the generation of even order harmonics and
emphasizes the importance of including the effects of grid currents
in triode simulations if they are to capture this expected behavior.

The maximum error signal is approximately 30 mV for an out-
put signal with a peak-to-peak voltage of approximately 165 V,
representing an error of less than 0.2%. The SPICE results have
been resampled onto the regular time grid of the WDF simulation
in order to calculate the error signal. The Newton solver shows
a remarkably low 3.03 average iterations and 0.08 backtracks per
audio sample for α = 1.0.

The WDF and SPICE simulation results are compared in the
frequency domain for α = 1.0 in Figure 10. Again, the SPICE
results have been resampled onto the WDF simulation’s time grid
(fs = 176.4 kHz) to enable spectral analysis and a Blackman win-
dow has been applied. Additionally, the SPICE data have been
offset horizontally by 100 Hz to improve intelligibility, as other-

DAFX-267



Proceedings of the 19th International Conference on Digital Audio Effects (DAFx-16), Brno, Czech Republic, September 5–9, 2016

t (ms)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

V
o

u
t (

V
)

100

120

140

160

180

200

220

240

260

280

α=0.25 WDF
α=0.25 SPICE
α=0.50 WDF
α=0.50 SPICE
α=0.75 WDF
α=0.75 SPICE
α=1.00 WDF
α=1.00 SPICE
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put, triode T2 and T3 port currents, error (sample-by-sample dif-
ference between resampled SPICE and WDF results), and Newton
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to-peak input, α = 1.0).

wise the peaks were more or less indistinguishable. The presence
of strong even-order harmonics is characteristic of the asymmet-
ric soft-clipping attributed to the inclusion of grid currents in the
Dempwolf triode model. The relatively higher noise floor of the
SPICE results is probably due to LTspice’s tolerance settings (de-
fault values were used) and error introduced by resampling the
variable-time-step SPICE data. No claims are made here as to the
perceptual significance of this noise floor discrepancy, as psycho-
acoustic effects are not considered in this work.

QIFFT interpolation [26, 27] is applied to the spectral peaks
revealing the first twenty harmonic peak frequencies to be identical

to within less than 1 mHz. The interpolated dB peak magnitudes
are listed in Table 2 and show remarkable agreement, differing by
0.1 dB or less up to the 17th harmonic with a maximum deviation
of 0.63 dB for the 18th harmonic.

Harmonic SPICE WDF Harmonic SPICE WDF
DC 143.31 143.31 11 73.61 73.54

1 130.72 130.72 12 79.08 79.09
2 114.76 114.76 13 70.99 70.99
3 113.57 113.57 14 73.52 73.55
4 104.53 104.52 15 67.74 67.70
5 91.24 91.23 16 64.81 64.81
6 86.96 86.94 17 64.32 64.22
7 89.42 89.42 18 53.80 53.17
8 81.37 81.37 19 57.29 57.55
9 80.28 80.28 20 55.93 56.21
10 73.41 73.46 − − −

Table 2: SPICE and WDF frequency response interpolated peak
values in dB (1 kHz, 125 mV peak-to-peak input, α = 1.0).

Finally, exponential sine sweeps [28] ranging from 20 Hz to
20 kHz over a 10 s time interval are used as inputs to the WDF
simulation. Results for α = 0.25 and α = 0.75 are shown in the
spectrograms of Figures 11 and 12 respectively. These results con-
firm that the model is well-behaved for input frequencies across the
audible range and that the model’s response features the expected
increase in intensity of higher harmonics as volume is increased.

5. CONCLUSION AND FUTURE WORK

5.1. Future Work

As the current work models a single fixed jumper cable configura-
tion, a future expanded preamplifier study will focus on including
a fully general, real-time switchable jumper model. This will rely
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Figure 11: Exponential sine sweep response spectrogram. 125 mV
peak-to-peak input, α = 0.25.

on recent theoretical developments that enable WDFs to accom-
modate multiple non-adapted linear root elements [29]. The effects
of stray pin capacitance will also be considered, most significantly
the enhanced Miller equivalent capacitance [11] between plate and
grid. It is our hope that Dempwolf model parameters for 12AY7
triodes can be obtained to facilitate comparison of the 5F6-A cir-
cuit’s response to that of the JTM 45. Further triode models will
also be evaluated and compared to the Dempwolf results presented
here. To yield a complete, stand-alone preamplifier model the tone
stack will also be incorporated into the WDF structure.

The current WDF simulation is in the process of being imple-
mented and optimized in RT-WDF—a C++ real-time framework
for WDF simulation described in [30]. Though the simulation is

Figure 12: Exponential sine sweep response spectrogram. 125 mV
peak-to-peak input, α = 0.75.

currently running slightly slower than real-time in an offline ren-
dering utility, it is our hope and belief that further optimization will
yield better-than-real-time performance.

Finally, it is worth noting that the most significant deviations
of the JTM 45 design occur later in the amplifier’s signal chain.
For one thing, the Marshall utilizes significantly more negative
feedback to drive the long-tail pair that feeds the push-pull power
amp [1]. Also, while early JTM 45’s utilized Radio Spares Deluxe [2]
output transformers, the 5F6-A featured the Triad model 45249.
Perhaps most significantly, the first Marshall cabinets made to ac-
company the JTM 45 were closed-back 4 × 12 designs loaded
with Celestions G12 speakers whereas the Bassman 5F6-A was
an open-backed 4 × 10 combo featuring Jensen P10Q’s. There-
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fore in addition to continued refinement of the preamplifier model
it is our aim to keep moving down the signal path, producing WDF
models of as many of these elements as possible.

5.2. Conclusion

The WDF simulation results for the JTM 45 preamplifier show ex-
cellent agreement with SPICE “ground truth” results for a range
of input signals and volume settings. In contrast to other WDF
tube amplifier studies no ad-hoc assumptions are made, obviating
the necessity for domain knowledge in analyzing the circuit and
setting up the simulation. The only simplification is the use of
a simple load resistance RL to represent the downstream circuit.
When considered alongside a previous study of the Fender tone
stack [6], the entire preamplifier circuit of Bassman-derived am-
plifiers has now been accurately modeled using WDFs. The use of
Newton solver to calculate the nonlinear scattering at the root in-
stead of tabulated methods leads to a much more compact memory
footprint. It further allows the algorithm designer to trade simu-
lation accuracy for computation time in a dynamic way by tuning
the solver’s tolerance parameter.
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