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ABSTRACT

The Red Llama guitar overdrive effect pedal differs from most
other overdrive effects because it utilizes CMOS inverters, formed
by two metal-oxide-semiconductor field-effect transistors (MOS-
FETs), instead of a combination of operational amplifiers and
diodes to obtain nonlinear distortion. This makes it an interesting
subject for virtual analog modeling, obviously requiring a suitable
model for the CMOS inverters. Therefore, in this paper, we extend
a well-known model for MOSFETs by a straight-forward heuristic
approach to achieve a good match between the model and measure-
ment data obtained for the individual MOSFETs. This allows a
faithful digital simulation of the Red Llama.

1. INTRODUCTION

The Red Llama overdrive is one of several guitar effect pedals
designed by Jeorge Tripps and sold through his company Way Huge
in the 1990s. Commercial success was limited and so was the
company’s life span. Once production of the devices had stopped,
interest in them among guitarists and collectors rose, leading to
Jim Dunlop reviving the brand some 15 years later and releasing
reissues of some of the original effects, including the Red Llama.
While only a limited number of Red Llamas were sold, the effect is
still available as part of the Camel Toe, however slightly modified
to include a controllable hi-cut filter. One of the most well-known
guitar players reported to regularly use the Red Llama/Camel Toe
is Mike Campbell.

From a technical perspective, the Red Llama is remarkable
because while most overdrive pedals rely on operational amplifiers
and diodes for distortion, the Llama employs CMOS inverters to
achieve a unique sound with a relatively simply circuit. Conse-
quently, while the simulation of diode clipping and operational
amplifiers has received broad attention in virtual analog modeling
(e.g. [1, 2, 3] to name just a few), to the best of our knowledge,
no work has considered the simulation of CMOS-based circuits for
audio applications so far. Therefore, the focus of this paper is on
modeling CMOS inverters in the audio effect context with the Red
Llama as an example of practical usage to prove the effectiveness
of the derived model.

2. THE LLAMA CIRCUIT

Before going into the details of the CMOS inverters, we shall first
give an overview of the Red Llama circuit shown in figure 1. We
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Figure 1: Signal path schematic of the Llama

Table 1: Element information

part name nominal measured

R1 100 kΩ 99.565 kΩ
R2 100 kΩ 99.625 kΩ
R3 1000 kΩ 994.23 kΩ
R4 1000 kΩ 992.89 kΩ
R5 1000Ω 997.49Ω
R6 2.2 kΩ 2.19 kΩ
C1 68 nF 66 nF
C2 51 pF 48 pF
C3 33 nF 33 nF
C4 100 pF 95 pF
C5 10 µF 9.3 µF
C6 330 µF 316 µF

Rgain 0 . . . 1 MΩ linear
Rvolume 0 . . . 10 kΩ logarithmic

D1 1N4001
IC1 CD4049 channel B
IC2 CD4049 channel A

have to note that the reference circuit used for this work is not
an original Way Huge device, but rather the Llama do-it-yourself
kit sold by musikding.de. Apart from the lower cost, this has the
advantage that all components could be measured prior to assembly.
The obtained information is listed in table 1.

Apparently, the CMOS inverter is used like an operational am-
plifier in inverting configuration. In fact, to obtain a first intuition
about the circuit, we shall consider its small signal behavior, for
which we assume the CMOS inverters to act like an ideal opera-
tional amplifier with the non-inverting input tied to a fixed reference
voltage. Note that this assumption is valid only for inverters with
very high input impedance, low output impedance and a sufficiently
high gain-bandwidth product. Observing that input and output are
AC-coupled and as we are not interested in any bias voltages for the
small signal model, we choose this reference voltage to be ground
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for simplicity.
The first inverter together with C1, C2, R1, R2, the gain control

and any source impedance 𝑅in of the input signal (assumed ohmic)
forms a second-order bandpass filter

𝐻1 (𝑠) = − (𝑅2 + 𝑅gain)𝐶1𝑠

(1 + (𝑅1 + 𝑅in)𝐶1𝑠) (1 + (𝑅2 + 𝑅gain)𝐶2𝑠)
(1)

with the gain in the pass band approaching

𝐺1 = −𝑅2 + 𝑅gain

𝑅1 + 𝑅in
. (2)

It can be decomposed into a first-order highpass filter with cut-off
frequency

𝑓c1 =
1

2𝜋(𝑅1 + 𝑅in)𝐶1
(3)

and a first-order lowpass filter with cut-off frequency

𝑓c2 =
1

2𝜋(𝑅2 + 𝑅gain)𝐶2
. (4)

The highpass cut-off frequency 𝑓c1 reaches 23.4 Hz for 𝑅in = 0Ω
and decreases even further for higher source impedance. Therefore,
it has only very limited impact on typical input signals. The lowpass
cutoff frequency 𝑓c2 ranges between 31.2 kHz for 𝑅gain = 0Ω and
2837 Hz for 𝑅gain = 1 MΩ. For higher gain settings, this may
represent a significant reduction in the signal’s higher frequency
content. Frequency responses for equidistant gain settings at two
different assumed source impedances are shown in figure 2.

The first inverter stage amplifies the signal dependent on the
resistance of the gain control. However, the inverter does not
necessarily go into saturation. That is because the maximum gain
of the first stage would be 𝐺max = −11. Assuming a medium level
guitar signal of 0.5 Vpp and a medium gain of 𝐺 = −5 the output
voltage level would be at 2.5 V. With a supply voltage of 9 V the
inverter would not go into saturation.

The second inverter stage together with C3, C4, and R3 forms
a first-order highpass filter

𝐻2 (𝑠) = − 𝑅3𝐶3𝑠

1 + 𝑅3𝐶4𝑠
(5)

with cutoff frequency

𝑓c =
1

2𝜋𝑅3𝐶4
= 1592 Hz (6)

and passband gain

𝐺2 =
𝐶3
𝐶4

= 330 =̂ 50 dB. (7)

Its frequency response is shown in figure 3. As can be seen, the
second inverter stage has a high gain even for low and medium
frequencies. It will therefore quickly reach saturation, making it
responsible for most of the circuit’s distortion.

The output of the second inverter stage is AC-coupled to the
volume control potentiometer. For an open output, the cut-off
frequency is approximately 1.6 Hz. Assuming a load impedance
significantly larger than the potentiometer’s 10 kΩ, no acoustically
relevant signal components are affected by this filtering.

Figure 4 shows the supply path of the circuit. The LED and its
current limiting resistor R6 are just for signaling the state of the
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Figure 5: Simple CMOS inverter
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Figure 6: MOSFET measurement configuration

pedal. The diode D1 is a protection against polarity reversal and the
capacitor C6 smooths the supply voltage and removes unwanted AC-
components. It builds a first-order lowpass filter with the resistor
R5. The cut-off frequency is 𝑓c,supply = 1

2𝜋𝑅5𝐶6
= 0.48 Hz. Since

the resistor R5 is in series with the supply pin of the inverters, the
voltage drop over R5 has to be taken into account. This voltage
drop will reduce the effective supply voltage at the inverters.

3. CMOS-INVERTER MODELING

The only nonlinear element in the circuit from figure 1 is the CMOS
inverter CD4049. Therefore, a model needs to be found which be-
haves like the corresponding analog integrated circuit. Internally,
the CMOS inverter mainly comprises two transistors connected
as shown in figure 5, an n-channel and a p-channel metal-oxide-
semiconductor field-effect transistor (MOSFET) [4]. If the input
voltage 𝑣in is near to the supply voltage 𝑣DD, the n-channel MOS-
FET will be active and the p-channel MOSFET will be cut off. As
a result, the output voltage will be near ground. Analogously, if the
input voltage level is near ground the output will be near the supply
voltage [5].

For a modeling approach based on the individual transistors,
a suitable model for the n- and p-channel MOSFETs needs to be
derived. Therefore, the individual transistors inside the inverter
have been measured. The IC has been connected to the measure-
ment equipment as shown in figure 6. This configuration prevents
an influence of one transistor while measuring the other. All other
inputs of the IC have been connected to ground while the outputs
have been left open. The measurement results for the n-channel
MOSFET are illustrated in figure 7(a). The drain-source voltage
𝑣DS is plotted against the drain current 𝑖D. Each curve corresponds
to a different gate-source voltage 𝑣GS.

The shown mosfet characteristics can be divided into three
different regions. Starting from a drain-source voltage of zero,
a region can be observed in which the drain-current rises almost
linearly with the drain-source voltage. This is referred to as the
linear region. With increasing drain-source voltage, the MOSFET
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(b) P-Channel MOSFET measurement

Figure 7: Measurements of the CMOS inverter’s MOSFETs

slowly goes into saturation. In the saturation region, the drain
current is almost constant. The last region is the cut-off region, in
which the gate-source voltage stays below the threshold voltage
of the transistor. In this case, almost no drain current is flowing
through the transistor. Taking a closer look at the measurements
of the p-channel MOSFET in figure 7(b) it can be observed that
in the saturation region the drain current is no longer constant but
linearly increasing. This is due to the channel-length modulation
effect, which can be observed in almost any mosfet [6].

We first try to capture the transistor behavior with the simple
model [6]

𝑖D =


0 if 𝑣GS ≤ 𝑣T
𝛼 · (𝑣GS − 𝑣T − 𝑣DS

2 ) · 𝑣DS if 𝑣DS ≤ 𝑣GS − 𝑣𝑇 ∧ 𝑣GS > 𝑣T
𝛼
2 · (𝑣GS − 𝑣T)2 otherwise

(8)
where 𝑣T is the threshold voltage and 𝛼 is a constant depending
on the dimensions and physics of the transistor. The equation is
divided into three cases. The first case describes the MOSFET in
the cut-off region. The second case models the linear region and
the last one the saturation region. The model from equation (8)
has two parameters namely 𝛼 and 𝑣T, which have to be adapted to
the measurement data. Here, we choose the mean squared error
(MSE) between model and measurement output as optimization
criterion. The MSE is taken over the whole measurement range
using equal weights for each curve. Employing the Levenberg-
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Table 2: Optimized parameters for the simple inverter model

MOSFET type parameter optimum value

n-channel 𝛼 5.1021 × 10−3

𝑣𝑇 1.5702 V
p-channel 𝛼 8.2246 × 10−4

𝑣𝑇 −0.484 76 V

Marquardt algorithm to minimize the MSE yields the optimum
parameters listed in table 2.

The output of the n-channel model with the optimum parame-
ters together with the measurement data is depicted in figure 8(a). It
can clearly be seen that the model shows significant differences to
the measurement data. First of all, the level of the drain current in
the saturation region corresponding to a certain gate-source voltage
does not match the measurements. The problem is not only the dif-
ference to the measurements, but that the drain current’s magnitude
is sometimes lower and sometimes higher than the corresponding
measurement. Consequently, this issue cannot be solved by using
a simple scaling factor. Additionally, the steepness in the linear
region of the model is decreased in comparison to the measurement
data. The model output for the p-channel MOSFET, which is ob-
tained from equation (8) by reversing the sign of the voltages and
the drain current, is shown in figure 8(b). This model shows the
same issues as the n-channel MOSFET model. However, it has to
be mentioned that the difference in steepness for the linear region
is not as severe as for the n-channel MOSFET. Another difference
can be observed in the saturation region. The model has no increase
in drain current in saturation mode. Looking at equation (8) this
becomes obvious as the third case does not depend on the drain-
source voltage. Taking everything into account, it can be stated
that the model of equation (8) is not well-suited to model the given
CMOS inverter.

In the following, the model will be extended to increase its suit-
ablity for the emulation of the CMOS inverter. The first approach
is to make the parameters 𝛼 and 𝑣T a function of the gate-source
voltage. By doing this, each curve in figure 7 can be modeled with
different parameter values. In this way, each curve can be matched
individually. However, this can only be done if a simple function
dependent on the gate-source voltage can be found. To find the
optimum parameters for each curve, the MSE for each curve is
minimized individually, again using the Levenberg-Marquardt al-
gorithm. The dependence of the gate-source voltage can then be
visualized by plotting the parameters against the gate-source volt-
age as shown in figure 9. It can be observed that both parameters
have a nearly linear dependency on the gate-source voltage. The
dashed curves in figure 9 are first order regression polynomials.
With this information the model for the n-channel MOSFET can be
extended to

𝑖D =


0 if 𝑣GS ≤ 𝑣T (𝑣GS)
𝑖D,lin if 𝑣DS ≤ 𝑣GS − 𝑣T (𝑣GS) ∧ 𝑣GS > 𝑣T (𝑣GS)
𝑖D,sat otherwise

(9a)

with

𝑖D,lin = 𝛼(𝑣GS) · (𝑣GS − 𝑣T (𝑣GS) −
𝑣DS
2

) · 𝑣DS (9b)

𝑖D,sat =
𝛼(𝑣GS)

2
· (𝑣GS − 𝑣T (𝑣GS)

)2 (9c)
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(a) Simple n-channel MOSFET model
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(b) Simple p-channel MOSFET model

Figure 8: Comparison of the simple MOSFET model (dashed) and
the measurement data (solid)

where

𝛼(𝑣GS) = 𝑐𝛼,1𝑣GS + 𝑐𝛼,0 (10a)
𝑣T (𝑣GS) = 𝑐𝑣T ,1𝑣GS + 𝑐𝑣T ,0 (10b)

are linear regression functions for the parameters 𝛼 and 𝑣T. The pa-
rameters 𝑐𝛼,𝑖 and 𝑐𝑣T ,𝑖 for these functions are collected in table 3.

Regarding the p-channel MOSFET, the channel-length mod-
ulation needs to be modeled as well. For this purpose it is useful
to get a detailed insight of the effect itself. The channel-length
modulation causes a dependency of the drain current on the drain-
source voltage in the saturation region. To understand this effect,
the parameter 𝛼 needs to be decomposed into its basic elements as

𝛼 = 𝜇n𝐶
′
ox
𝑊

𝐿
(11)

with the load carrier mobility 𝜇n, capacitance 𝐶 ′
ox of the gate-

oxide, and width 𝑊 and length 𝐿 of the gate. Consequently, the
conductivity of the channel is proportional to its width-to-length
ratio [7]. The channel-length modulation now causes a reduction of
the actual channel length. This is because near the drain, the electric
field pattern is not only dependent on the gate but also on the drain
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Figure 9: N-Channel MOSFET Model Parameters in dependence
on 𝑣GS

voltage. Increasing the drain voltage in saturation produces a gap
of uninverted silicon between channel and the drain. The resulting
channel length reduction can be expressed by [7]

𝛼′ = 𝜇n𝐶
′
ox

𝑊

𝐿 − Δ𝐿
. (12)

Assuming that Δ𝐿 is much smaller than 𝐿, we can rearrange equa-
tion (12) to [7]

𝛼′ ≃ 𝜇n𝐶
′
ox
𝑊

𝐿

(
1 + Δ𝐿

𝐿

)
= 𝛼 ·

(
1 + Δ𝐿

𝐿

)
. (13)

By introducing a new parameter 𝜆, the channel length reduction
can be taken into account with

Δ𝐿
𝐿

= 𝜆𝑣DS. (14)

Finally, the equation for the saturation region of a p-channel MOS-
FET including channel-length modulation can be expressed as

𝑖D,sat = −𝛼

2
· (𝑣GS − 𝑣T)2 · (1 − 𝜆𝑣𝐷𝑆). (15)

The parameter 𝜆 can be deduced by linear extrapolation of the
saturation region from figure 7(b). Comparing the resulting line
equations

𝑖D,sat = 𝑚 · 𝑣DS + 𝑐 (16)

Table 3: Parameters of the regression functions

MOSFET type parameter value

n-channel 𝑐𝛼,0 2.0662 × 10−2

𝑐𝛼,1 −1.7182 × 10−3

𝑐𝑣T ,0 1.2083
𝑐𝑣T ,1 3.1391 × 10−1

p-channel 𝑐𝛼,0 −3.5774 × 10−4

𝑐𝛼,1 −8.6202 × 10−4

𝑐𝛼,2 −1.6849 × 10−4

𝑐𝛼,3 −1.0801 × 10−5

𝑐𝑣T ,0 −2.5610 × 10−1

𝑐𝑣T ,1 2.7051 × 10−1
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Figure 10: Deduction of 𝜆 parameter using extrapolation

with equation (15), we immediately find − 𝛼
2 · (𝑣GS − 𝑣T)2 = 𝑐 and

𝜆 = −𝑚/𝑐. Using the linear extrapolation shown in figure 10, we
find values varying around 0.06 V−1, so we choose 𝜆 = 0.06 V−1

in the following.
Now the model from equation (9) can be extended by taking

equation (15) as the third case. The parameters 𝛼 and 𝑣T are
still functions of the gate-source voltage. The second case needs
to be adapted as well to make the whole function continuously
differentiable. The resulting extended p-channel MOSFET model
is thus given by

𝑖D =


0 if 𝑣GS ≥ 𝑣T (𝑣GS)
𝑖D,lin if 𝑣DS ≥ 𝑣GS − 𝑣T (𝑣GS) ∧ 𝑣GS < 𝑣T (𝑣GS)
𝑖D,sat otherwise

(17a)

with

𝑖D,lin = −𝛼(𝑣GS) · (𝑣GS − 𝑣T (𝑣GS) −
𝑣DS
2

) · 𝑣DS · (1 − 𝜆𝑣DS)
(17b)

𝑖D,sat = −𝛼(𝑣GS)
2

· (𝑣GS − 𝑣T (𝑣GS))2 · (1 − 𝜆𝑣DS) (17c)

where

𝛼(𝑣GS) = 𝑐𝛼,3𝑣
3
𝐺𝑆 + 𝑐𝛼,2𝑣

2
𝐺𝑆 + 𝑐𝛼,1𝑣𝐺𝑆 + 𝑐𝛼,0 (18a)

𝑣T (𝑣GS) = 𝑐𝑣T ,1𝑣𝐺𝑆 + 𝑐𝑣T ,0. (18b)
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Figure 11: P-Channel MOSFET model parameters in dependence
on 𝑣GS

It can be seen that the model from equation (17) actually reduces
to the one from equation (9) if 𝜆 is set to zero. The coefficients for
the parameters 𝛼 and 𝑣T can be found in table table 3. In contrast
to the n-channel model, the regression function for the 𝛼 parameter
of the p-channel model is a third-order polynomial, which provides
a good fit as seen in figure 11.

Figure 12 shows the performance of the extended MOSFET
model. It can be seen that the curves fit the measurement data
far better than the model from figure 8. Also, the channel-length
modulation effect of the p-channel MOSFET is modeled correctly.
The n-channel model differs slightly from the measurement data
at the transition between linear and saturation region. However
taking everything into account, the extended model seems to be
well suited for usage in the inverter configuration of figure 5.

To validate the suitability of the model given by equations (9)
and (17), the input/output behavior of the CMOS-inverter was sim-
ulated and compared with measurement data. The supply voltage
was set to 9 V. A voltage sweep from 0 V to 9 V is used as an
input signal, while the output current 𝑖out was fixed at −2.5 mA,
0 mA, or 2.5 mA. Additionally, the same simulation was done us-
ing the simple MOSFET model from equation (8). The simulation
results and the measurement data are depicted in figure 13. It can
be seen that the simple model performs worse than the extended
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(a) Extended n-channel MOSFET model
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(b) Extended p-channel MOSFET model

Figure 12: Comparison of the extended MOSFET model (dashed)
and the measurement data (solid)

one. Especially at the end of the transition to the low state, the
simple model does not fit the measurement data very accurately.
Furthermore the steepness of the transition is higher than it should
be. This would result into an inverter which saturates faster than
its analog counterpart. However, the extended model reproduces
the characteristics of the inverter very precisely. Consequently it is
suited to be used in a simulation of the whole distortion circuit.

The static input current of the inverter due to leakage can
usually be neglected. The input capacitance 𝐶in = 15 pF [4], on
the other hand, may be relevant in certain applications. However,
in the given circuit, it is small compared to the capacitors C2 and
C4 connecting input and output and may therefore be neglected as
well. Note that the passivity of the proposed models is only given
if the polynomial for 𝛼 remains positive for the given operating
range. Additionally, the drain-source voltages are constrained to be
positive for n-channel mosfets and negative for p-channel mosfets.
The passivity of the models was analyzed following the approach
from [8].
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Figure 13: CMOS inverter simulation results for 𝑖out = −2.5 mA,
0 mA, and 2.5 mA

4. EVALUATION

In order to perform a simulation of the distortion circuit, the MOS-
FET model in ACME1, which previously implemented the simple
model of equation (8), has been extended to correspond to equa-
tions (9) and (17). The extended model is available starting with
ACME version 0.9.3. Using this MOSFET model implementation,
a simulation of the whole circuit with ACME (which is an imple-
mentation of the method described in [9]) is straight-forward, the
source code can be found at https://lkoeper.gitlab.io/
dafx-2020-cmos-llama/. The behavior of the two channels
of the CD4049 is nearly identical, so the same parameters are used
for both.

To evaluate the impact of the MOSFET model, simulations
using both the simple and the extended model have been conducted.
The used input signals are sinusoids with an amplitude of 0.2 V
and a frequency of 100 Hz and 1 kHz, sampled at 96 kHz. The root-
mean-squared (RMS) error between measurements and simulation
results for different gain settings is given in table 4. It should be
noted that the audio interface used to record the measurements
includes a low-cut filter at its input. To obtain comparable results,
the simulation contains a first-order high-pass filter with a cutoff
frequency of 7.94 Hz as a post-processing step.

It can be seen that the extended MOSFET model always per-
forms better than the simple one. The difference between the two
models can be seen best by taking a look at the time domain rep-
resentation in figures 14 and 15. The extended model matches
the measurement curve almost exactly. Contrarily, the curve for
the simple MOSFET model has visible differences to the measure-
ments. The curvature of both halfwaves does not fit completely to
the reference.

To evaluate the acoustical relevance of these differences, a
MUSHRA listening test [10] has been conducted. It compares the
recorded reference signal with an anchor signal obtained by low-
pass filtering at 3.5 kHz and with simulations using both the simple
as well as the exteneded model. Two different guitar signals are
used as input, “chord strumming” and “palm muting”. The former
sounds very open with a relatively large frequency content while
the latter focuses more on the low frequency range with precise
staccato-like stroking. Both input signals have been processed

1https://github.com/HSU-ANT/ACME.jl

Table 4: Root-mean-squared (RMS) error between simulation and
measurement of the Llama

RMS error in mV
input freq. (Hz) gain simple model extended model

100 0% 33.95 23.18
25% 24.39 13.46
50% 19.04 10.41
75% 20.81 8.70

100% 27.35 8.39
1000 0% 33.22 19.74

25% 17.79 14.70
50% 17.67 8.62
75% 18.29 9.36

100% 20.08 8.88
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Figure 14: Time domain comparison of measurement and simula-
tion for the Llama, gain=50 %, frequency=100 Hz
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Figure 15: Time domain comparison of measurement and simula-
tion for the Llama, gain=50 %, frequency=1 kHz
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(a) Chord strumming
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(b) Palm muting

Figure 16: Listening test results for two input signals and three
different gain settings. (Shown are median, 25%/75% Quartiles
and upper/lower whiskers referring to [11])

at 0 %, 50 %, and 100 % gain, for a total of six test cases, which
can also be found online at https://lkoeper.gitlab.io/
dafx-2020-cmos-llama/.

Looking at the box plots in figure 16 it can be observed that for
each test case the extended model performs much better than the
simple one. Especially for the “chord strumming” part the results
are close to the reference. However, a degradation of model accu-
racy for higher gain settings can be observed in the “palm muting”
part. This indicates that the extended model has minor inaccuracies
in the low frequency range for high gain settings. Nevertheless,
the improvement when switching from the simple to the extended
model is obvious. The total number of participants was 23 from
which most have at least some kind of musical experience. For the
box plots in figure 16 only test results were evaluated, for which
the reference was rated greater than 90% [10]. This reduced the
number of evaluated results to 14 out of 23 participants. The high
amount of participants, who were not able to consistently identify
the reference can be at least partwise atrributed to uncontrolled test
conditions: due to the restrictions in place because of the Corona
crisis, the participants took the test at home using their own, diverse
equipment.

5. CONCLUSION

In this work we dealt with the virtual analog modeling of a CMOS
inverter-based effect, namely the Red Llama guitar distortion effect
pedal. The major aspect was the derivation of a suitable CMOS

inverter model which is computationally efficient and has as few
and easily adjustable parameters as possible. We have chosen to
model the inverter based on the two MOSFETs it comprises.

The simplest MOSFET model employed does not show satis-
factory capabilities to match the measured behavior of the device.
Therefore, it has been extended in two ways: Inclusion of the chan-
nel length modulation effect and introduction of a dependence of
the MOSFET parameters on the gate-source voltage by low-order
polynomials. While the former is a well-known physical effect, the
latter is purely heuristic but has proven effective and introduces
only few additional parameters.

Simulation of the whole effect device confirms that the simple
MOSFET model only suffices to give results that are similar to the
analog counterpart, but with differences clearly audible. With the
extended model, however, it is much more challenging to distin-
guish original device and simulation. Thus, the modeling of the
MOSFETs and the whole circuit can be considered successful.
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