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ABSTRACT

The voltage-controlled low-pass filter of the Korg MS-50 syn-

thesizer is built around a non-linear diode bridge as the cutoff fre-

quency control element, which greatly contributes to the sound of

this vintage synthesizer. In this paper, we introduce the overall fil-

ter circuitry and give an in-depth analysis of this diode bridge. It

is further shown how to turn the small signal equivalence circuit of

the bridge into the necessary two-resistor configuration to uncover

the underlying Sallen-Key structure.

In a second step, recent advances in the field of WDFs are

used to turn a simplified version of the circuit into a virtual-analog

model. This model is then examined both in the small-signal linear

domain as well as in the non-linear region with inputs of different

amplitudes and frequencies to characterize the behavior of such

diode bridges as cutoff frequency control elements.

1. INTRODUCTION

Modeling of electrical circuits used in music and audio devices is

a topic of ongoing research in the audio signal processing domain.

One particular method for modeling such circuits is the Wave Dig-

ital Filter (WDF) approach [1]. Recent work sought to expand

the class of circuits that can be modeled using WDFs, focusing

mainly on topological aspects of circuits [2, 3], iterative and ap-

proximative techniques for non-linearities [4, 5], methods for op-

amp-based circuits [6, 7] and diode clippers [8, 9].

These developments enabled modeling a large number of cir-

cuits that were previously intractable, including guitar tone stacks

[2], transistor-based guitar distortion stages [3], transistor [2] and

triode [10] amplifiers, the full Fender Bassman preamp stage [11],

and the bass drum from the Roland TR-808 [12].

In this paper, we examine the low-pass filter of the MS-50

synthesizer manufactured by Korg. This synthesizer was released

in 1978 and intended as a companion for the more famous MS-

20 model. The MS-50’s filter is known primarily for exhibiting

strongly nonlinear behaviors. These behaviors are due to the us-

age of a diode ring (similar to that seen in ring-modulators) as the

cutoff controlling element in the circuit, which generates a more

and more complex spectrum with rising input signal level.

Diode rings in the modulator context have been previously ex-

amined as a simplified digital model with static non-linearities [13]

and as a WDF [14]. Such configurations within a filter structure

have not been studied, and it is that which motivates this work.

The following paper is structured as follows: Section 2 de-

scribes the Korg MS-50 voltage-controlled low-pass filter (VCF)

circuit [15] and it’s core element, the diode bridge (Sec. 2.1) which

is used to control the cutoff frequency. Based on a small signal lin-

earization of this diode bridge, the Sallen-Key structure [16] of the

circuit is pointed out (Sec. 2.2). In Section 3, the original circuit is

reduced to the diode bridge and surrounding filter components and

turned into a WDF structure. Section 4 assesses transfer functions

and nonlinear behaviors of a WDF implementation in the RT-WDF

framework [17] and compares them with a SPICE [18] simulation.

It also evaluates the performance of the iterative Newton-Raphson

Solver [4] and gives an estimate on the expected real-time require-

ments. Section 5 concludes the work presented here.

2. KORG MS-50 FILTER CIRCUIT

As mentioned above, in contrast to the MS-20, whose VCF is an-

alyzed in great detail in [19], the MS-50 features a rather non-

standard VCF low-pass circuit based on a biased diode bridge

as the voltage controllable element to vary the cutoff frequency.

This configuration has been used in Korg’s 700, 700S, 800DV and

900PS synthesizers before and was covered by patent US 4039980

[20]. A contemporary reinterpretation can be found in the AM-

Synths Eurorack module AM8319 Diode Ring VCF [21].

Figure 1 shows the original schematic of the filter [15]. The

diode bridge is based on the RCA CA 3019 diode array [22], which

features a total of six matched silicon diodes. Left of the diode

bridge is the biasing circuitry and input stage. Starting from the

very left of the figure, voltages from external cutoff control, man-

ual cutoff control and a temperature compensation are added and

conditioned by IC 7 into a symmetric positive and negative biasing

voltage, which is fed into the two adjacent ends of the bridge. The

input signal is buffered by a unity gain amplifier made of IC 6 and

capacitively coupled into the input node of the bridge. Right of the

bridge is the actual low-pass filter circuitry. The output signal of

the diode bridge is fed into a Sallen-Key filter structure [16] with

controllable resonance, high gain and amplitude limiting clipping

diodes D5–D12 built around IC 4. The output of this op-amp is

then fed back into two additional taps in the diode bridge, which

forms the necessary feedback path. This structure will be ana-

lyzed in greater detail in Section 2.2. In the rightmost part of the

schematic, the signal is then differentially taken from two points in

the output circuitry of the filter and passed through a DC blocking

stage to the signal output. The nested configuration of diode bridge

non-linearities in the feedback path of the op-amp IC 4 makes the

MS-50 filter well suited for a topologically preserving modeling

approach with WDFs.

2.1. Diode Bridge

The diode bridge around IC 5 in the filter structure acts as a con-

trollable impedance element for both the input signal and the feed-

back path. This technique is already pointed out in the compo-

nent’s application note [23], and is consistent with the use of such

circuits as a signal multiplier in radio applications.
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Figure 1: Original Korg MS-50 VCF circuit adopted from [15].
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Figure 2: Voltage controllable diode bridge.

The basic idea of this topology is based around the small sig-

nal behavior of a single diode around its operating point and the

resulting dynamic resistance rd.

To derive an estimate of rd for a single diode D, let us assume

that the total voltage vD across this diode can be written as a super-

position of a constant biasing voltage Vb and a time varying small

signal voltage vs as

vD = Vb + vs , (1)

with vs ≪ Vb. Substituting Eqn. (1) in the ideal diode equation

iD = IS ·e
vD

n·vT −IS and separating the constant term of the biasing

current Ib yields

iD = IS · e
Vb+vs
n·vT − IS

= IS · e
Vb

n·vT · e
vs

n·vT − IS

= Ib · e
vs

n·vT − IS . (2)

Assuming also that vs ≪ n · vT we can approximate Eqn. (2)

with a first order Taylor expansion around vs = 0V:

iD ≈ Ib · (1 +
vs

n · vT

)− IS = Ib +
Ib · vs

n · vT

− IS

= Ib +
vs

rd

− IS (3)

In Eqn. (3), rd = n·vT

Ib
is now defined as the dynamic resis-

tance at the operating point set by Vb and thus the slope of the

tangent at the operating point.

To apply these theoretical conclusions in practice, one must

find a way to decouple the biasing voltage and the signal itself

for superposition on the diode, as they almost always come from

independent sources. One way to accomplish this is capacitive

coupling. This is the method taken in the MS-50 filter. Figure 2

shows a simplified diode bridge as in the actual circuit but with

ideal voltage sources for all connected voltages and the assumption

that the capacitors are sufficiently large to have neglectable AC-

impedance for the time-varying input and feedback signals.

Under these assumptions, the diode bridge network can be

transformed into a linearized network of equivalent resistors rd1-

rd6 and further simplified into fewer resistors by calculating Thé-

venin equivalence resistances [24].

Figure 3a shows the linearized diode bridge with the bias sour-

ces Vb+ and Vb- replaced by shorts. The dashed lines show the

three different cases for calculating the equivalent resistances rA,

rB, rC and rD seen by the sources vsig, vfb1 and vfb2 towards nodes

vx1, vx2 and v+ respectively as depicted in Fig. 3b. The equivalent

resistances can be found as

rA =
(

(rd4||rd6) + rd3 + rd5

)

|| rd1 || rd2 (4)

rB =
(

(rd1||rd2) + rd3 + rd5

)

|| rd4 || rd6 (5)

rC =
(

(

(rd2 + rd4) || rd6

)

+ rd5

)

|| rd3 (6)

rD =
(

(

(rd2 + rd4) || rd1

)

+ rd3

)

|| rd5 (7)
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Figure 3: a) Linearized diode bridge to calculate Thévenin equiv-

alence resistances for all three sources. 1 Vfb1 replaced by a

short to ground, 2 Vsig replaced by a short to ground, 3 Vfb2

replaced by a short to ground; b) Thévenin equivalent resistances

of linearized diode bridge; and c) simplified Thévenin equivalent

resistors using symmetry.

If we further assume that the bridge is symmetrically biased

and that the voltage sources vfb1 and vfb2 are equal as they are fed

from the same branch in the original circuit (vx1 = vx2), the pairs

of rA & rB and rC & rD can be further summarized into two resis-

tors with their respective parallel values (see Fig. 3c). Under the

aforementioned assumptions we have thus transformed the diode

bridge for small signals into two equivalent resistors and have fur-

ther reduced the symmetric feedback branches into one common

node. We will use these results in the next section to point out the

Sallen-Key structure of the filter.

2.2. Sallen-Key Topology

Like the MS-20 filter from the same series of synths [19], the MS-

50 VCF is also built around a Sallen-Key topology [16]. The

Sallen-Key topology has only recently been the subject of study

from a virtual analog perspective [25, 26, 27]. Figure 4 shows the

relevant parts of the complete schematic with the linearized small

signal diode bridge equivalent resistances substituted in. As the

diode bridge is driven in the original circuit by two branches via

C11 and C12, they form a parallel capacitance in the linearized ver-

sion.

From this circuit, the Sallen-Key topology with two resistive

impedances in the forward path and two capacitive impedances on

the op-amp input and feedback path is clearly visible, which is the

characteristic configuration for a low-pass filter [16]. The variable

resistor VR10 is additionally added to the standard configuration

to control the amount of feedback. In the original schematic an

additionally gain factor formed by R44 and R45 as well as clipping

diodes around IC 4 are incorporated, which is omitted in Figure 4

for clarity.
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Figure 4: The filter’s simplified, linearized Sallen-Key Structure.

3. WDF MODEL

Thanks to recent advances in the field of Wave Digital Filters [2, 3,

4, 6] it is possible to make a virtual analog model of such a diode

bridge controlled filter including the non-linearities in the feed-

back path. Figure 5 shows the circuit which is used for modeling,

the component values are given in Tab. 1.

Some parts of the original MS-50 schematic were simplified

for this model, which are in the signal input, biasing and output

stages. In the original circuit, the input signal is terminated by

a simple load resistance of R59 = 100 kΩ followed by a unity

gain amplifier. This stage is modelled as an ideal voltage source

in the WDF. The second part which underwent simplifications is

the biasing stage. In the original circuit, it consists of two op-

amps in a summing configuration with weighted gains. These ele-

ments add external, manual and temperature compensation signals

to a biasing voltage and its inverse. These voltages are symmet-

rically fed into the diode bridge. In the WDF model, the biasing

op-amps are modelled as voltage sources with an output resistance

of Rs+ = Rs- = 50Ω and the biasing signal is treated as one

composition of the individual original voltages. The next mod-

ification is performed around the main Sallen-Key op-amp IC 4,

which originally featured a couple of clipping diodes around its

gain feedback path. These ones are omitted from this model to

be able to independently study the behavior of the diode ring in

the feedback path and its non-linear behavior. Finally, the output

voltage is taken across an additional output load resistor RL.

The WDF is created from this circuit using the MNA-based

techniques described in [2, 3, 4, 6], especially for the complicated

topology, the multiple non-linearities and the ideal op-amps. Fig-

ure 7 shows the resulting adaptor structure. All linear components

are connected in branches to an R-type adapter at the root. The

non-linearities are arranged on the upper side of the adapter and

the diodes are modelled using the Shockley model [28]. As there

is no detailed datasheet for the CA 3019 diode array, parameter

values of Is = 2.52e−9A and n = 1.752 are used based on a

1N4148 fast small signal switching diode. The matrix of the R-

type describing the scattering behavior between all ports also in-

corporates the op-amps as Nullors, which results in ideal op-amp

models [6]. The final adapter structure is fully compatible with the

current state of the RT-WDF Wave Digital Filter simulation library

[17].
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Figure 5: Simplified VCF circuit used for simulation.

Table 1: Component values used for simulation.

Rs+ 50Ω R53 4.3 kΩ C16 100 µF

Rs- 50Ω R54 47 kΩ C17 10 µF

R44 220 kΩ R56 1 kΩ C52 220 pF

R45 1.8 kΩ R67 160 kΩ D1 1N4148

R46 100Ω RL 100 kΩ D2 1N4148

R47 100Ω VR10p+VR10n 10 kΩ D3 1N4148

R48 2.7 kΩ C11 22 nF D4 1N4148

R49 100Ω C12 22 nF D5 1N4148

R50 2.2 kΩ C13 22 nF D6 1N4148

R51 47Ω C14 10 µF IC 4 ideal

R52 47 kΩ C15 2.7 nF IC 6 ideal

4. RESULTS

The performance of the model is verified in three ways. Firstly,

its linear behavior is measured by taking a small-signal impulse of

50mV and processing it with both the WDF model and an equiv-

alent SPICE model of the circuit from Fig. 5 in LTspice. This

impulse produces a voltage on the right end of C16 of around

0.5mV ≪ n · vT, which keeps the diodes in an approximately

linear region (see Sec. 2.1). The produced response thus charac-

terizes the filter behavior in the linear region. Fig. 6 shows the

magnitude responses of several such impulses for constant reso-

nance setting and sweeping cutoff frequency. The match between

the described WDF model and SPICE is good, with the excep-

tion of the presence of some small anomalies in the SPICE model,

caused by the resampling algorithm used. The sampling rate of the

WDF simulation was 176.4 kHz.

Secondly, the nonlinear behavior of the model is tested by ex-

amining its resonant behavior when driven by signals of varying

amplitude. A sawtooth signal of 50Hz is chosen for this purpose.

Fig. 8 shows the output of the model and the equivalent SPICE

model. Clearly visible with increasing input amplitude is the ex-

aggeration of the initial transient of the sawtooth waveform while

the following resonant behavior stays relatively constant. The out-

put signals of the presented WDF model and SPICE are very close.

In order to further examine the variation in resonance fre-

quency and amplitude with input level, a further test was per-
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Figure 6: Mag. spectrum of calculated small-signal (50mV) im-

pulse responses of the circuit, at several cutoff frequencies. SPICE

results are shown with a dotted line. Resonance is fixed at 0.7, bias

voltage is set to [0.2, 0.3, 0.35, 0.38]V from left to right.

formed. The filter was given a resonance setting of 0.85, which

produces self-oscillation. The filter input was then driven with a

ramp waveform, peaking at 2V, and the changing character of the

self-oscillation observed. Fig. 9 shows the results of this process.

The instantaneous frequency and amplitude of the output are esti-

mated using a Hilbert transform of the output signal. The estimates

are smoothed to remove higher frequency components that relate

to the waveshape of the self-oscillation rather than the fundamen-

tal. The instantaneous frequency of the output is seen to decrease

as the input ramp increases in voltage and thus re-biases the diode

bridge, starting at around approximately 250Hz and falling to ap-

proximately 200Hz. The instantaneous amplitude of the output

drops as the input voltage increases, with the self-oscillation al-

most completely damped as the input gets close to 2V. Agreement

between the SPICE and WDF models is close by these measures.

4.1. Performance

The maximum count of iterations for the six-dimensional non-

linear system in the Newton Solver with a stopping criteria of

‖F‖ ≤ 1.5e−9 did not exceed 2 at any time during calculation

of the results presented here. No damping steps were needed. An

increase of iterations was mostly noticed on sharp transients in the

input signal and zero crossings of the output signal, both of which

cause switching between the diodes.
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Figure 7: WDF Adaptor Structure.
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Figure 8: Output of model when driven by a 50Hz sawtooth waveform of peak-to-peak amplitude of top: 1V middle: 2V, bottom: 3V.

SPICE results are shown with dots. Resonance is set to 0.8, and the bias voltage is 0.2V. The input sawtooth is shown as a reference.

In terms of computational load, the implementation in RT-

WDF [17] consumes approx. 80 % of one core at a sampling rate of

176.4 kHz on a laptop computer from 2013 with Intel i7 2.4GHz
CPU (4 cores) and 8GB RAM running OS X 10.11.4. The wd-

fRenderer [17] was built with Apple LLVM 7.1 at optimization

level -O3 and ran with a single rendering thread without any other

considerable applications in the background or performance tweak-

ing.

5. CONCLUSION

The circuit of the Korg MS-50 voltage controlled filter was ex-

amined, and shown to fundamentally be a form of the Sallen-

Key topology, controlled by a highly non-linear diode bridge. A

Wave Digital Filter model of a simplified circuit was presented to

highlight the influence of the diode bridge on the filter behavior

and shown to match in most parts a reference implementation in

SPICE. For small signal linear frequency analysis, small differ-

ences are mostly seen in terms of frequency warping effects in the

WDF and aliasing artifacts in the SPICE results. Nonlinear fre-

quency and amplitude variations exhibited by the filter are exam-

ined, with close agreement between the SPICE reference model

and the WDF model shown. The model was implemented using

the RT-WDF C++ framework, and is able to be run in real-time.

Future research should analyze the original filter circuit behavior

including the amplitude limiting clipping diodes and take advan-

tage of the simplified diode bridge structure from Sec. 2 for a sim-

plified model.
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