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ABSTRACT

This work analyzes analog ring modulators based on bipolar
transistors, such as the EMS VCS3 and the Doepfer A-114. It is
shown that the perfectly symmetric standard model from literature
[L112]] does not suffice to describe crucial first-order effects. A de-
tailed analysis of the circuit using mismatched parts is performed.
The insights gained from this analysis are used to formulate a dig-
ital model which can be easily implemented and which captures
the essential audible effects.

1. INTRODUCTION

Ring modulators comprise an essential audio effect, and have been
used both in commercial as well as in avantgarde music, in partic-
ular by Stockhausen — one of his most famous works, ‘Mantra’,
uses two pianos, each processed by a ring modulator [3].

Ring modulation is equivalent to the multiplication of two sig-
nals, called carrier and modulator, in the time domain (Fig. m)
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Figure 1: Ring modulation of two sinusoids, 2 Hz and 50 Hz.

In the frequency domain, the sums and differences of the two
signals’ frequencies appear, which follows from the trigonometric
identity

sin(fa)sin(fy) = 3 (cos(fo+ £,) = cos(fo = £,)) ()

with the carrier frequency f, and the modulator frequency f.

Analog ring modulators can be classified into active and pas-
sive topologies [4]. The most common passive design is based on
four diodes aligned in a ring (hence the term ring modulator) and
two transformers; its working principle, as well as a possible digi-
tal model, has been covered in [5]. In this paper, a common active
topology used for ring modulation is studied, which is based on
bipolar transistors. This design can be found in the EMS VCS3
and Doepfer A-114 ring modulators. The VCS3 contains the cir-
cuit in discrete form, while the A-114 works IC-based.

This article comprises three sections. The first section de-
scribes the working principle of a transistor-based four quadrant

analog multiplier as covered in literature, assuming perfectly matched

parts. The second section studies the effects that occur due to net-
work asymmetries, which can be observed in real-world ring mod-
ulators and are perceptually relevant. The last section proposes a
digital implementation approximating such imbalance effects.

2. DESCRIPTION AND ANALYSIS OF THE
TRANSISTOR-BASED RING MODULATOR

A simple analog multiplication can be performed with a differ-
ential amplifier, consisting of two bipolar transistors, Q1 and Q2
(Fig. 2). A differential voltage v, is applied at the bases of both
transistors, the emitters are coupled and connected to a current
source Ip. The output currents Ic1 and Ico are related to the
differential input voltage v, and the current Iy at the emitters by

(1

Figure 2: Differential amplifier.
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neglecting the base current. V; is the so-called thermal volt-
age, approximately 26mV at 25°C. The difference current

AT = Ioy — Ioy = 2Iotanh(—%) ()
2V
is about proportional to Iy and v, for small values of v;.

Replacing the current source Ip by additional circuitry, it is
possible to apply a second input signal. The transistors Q1 and Q2,
however, require the input current to be positive, and, therefore,
such a circuit would result in only a two-quadrant multiplier not
suitable for ring modulation.

A four-quadrant multiplier based on transistors was proposed
by Gilbert [6] and is shown in Fig. El The circuit is based on three
differential amplifiers: One emitter-coupled tranistor pair Q5/Q6 is
connected in series with two cross-coupled transistor pairs Q1/Q2
and Q3/Q4.

OF/

Figure 3: Gilbert four-quadrant multiplier.

The bottom differential amplifier multiplies the current 2/o
with the modulator signal v, in the same manner as discussed
above, generating the currents

Yy

IC5 = Iotanh(zw) +4 .IO (5)
Ios = 7Iotanh(20—‘2) + 1o (©6)

at the collectors of Q5 and Q6. Both currents are multiplied
again, resulting in the currents [2]

Ien = %tanh(;—‘z) + [;—5 %)
fer = —Iuann()+ 122 ®)
Ios = —%mnh(;‘jt) + ICT‘) )
Ios = ICTGtanh(;—‘Z) + I;J (10)

The currents are added at the collectors Q1/Q3 and Q2/Q4,
yielding the output currents:

I, = lIci1+1cs
v v
= Iptanh(=L)tanh(==) + I 11
otan (2Vt)an (2Vt)+0 (11)
I = Ic2+1Ica=
_ Yy Yo
= Iotanh(m/;5 )tanh(2vt) + Io (12)

It is obvious that the output currents are a product of both input sig-
nals. The constant current /o can be removed in a later stage and is
thus irrelevant. Since linearizing resistors are used at the emitters
of the transistors Q5 and Q6 in practical circuits, the approxima-
tion tanh(x) ~ x may be used for the modulator input signal. The
resulting output signal can then be described by

oft) = y(t)tanh(x(t)) (13)

with the carrier signal x(¢) and the modulator signal y(t).

3. EFFECTS CAUSED BY CIRCUIT ASYMMETRIES

3.1. Comparison of an analog ring modulator and the ideal-
ized model

In the previous section, it was shown that the output of the Gilbert
multiplier circuit can be described by equation [[3] assuming per-
fectly identical transistors. Measurements on the Doepfer ring
modulator, which is based on the Gilbert network, were performed
to evaluate this model. Applying a sinusoid of 1 kHz at the carrier
input and a sinusoid of 100 Hz at the modulator input, then per-
forming a spectral analysis of the recorded output yields Fig. []
Using the approximation in Eq. [I3] the peaks would be expected
at the frequencies

with f, being the carrier and f, being the modulator frequency.
The odd order harmonics are introduced by the tanh() function:

tanh(z) =z — — + — — ... (15)

Additional spectral components appear in the figure, however, in
particular f., fy, 2fz and 2f,. The next sections will show that
these output components can be explained by mismatched parts.
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Figure 4: Fourier analysis of the Doepfer A-114 ring modulator,
applying two sinusoids of 100 Hz and 1 kHz.

3.2. Asymmetries in the modulator input stage

In a perfectly balanced state, the current 21 is split evenly between
the two transistors Q5 and Q6. In reality, however, the current will
mix slightly differently with the modulator current at the collec-
tors of the transistors, resulting in a DC offset. This effect can
be modelled by adding a constant current AT to one collector and
subtracting it from the other one:

Ics = Iotanh(—L)+Io + Al (16)
2V,
Ice = —Iotanh(—L)+Io— Al (17)
2V,

Repeating the calculations performed in Eq. [J{I0] the output
currents are:

Yy
2V, Ytanh(
Y

2V,
Vy Vg
—[otanh(ﬁ)tanh(ﬁ) + ]0
t t

Vg

2V;
) (18)

I

Iotcmh( ) + Iy

+ATltanh(

L =

Vg
—Altanh(— 19
anh( 2, ) (19)
Comparing these equations to the ideal case of perfectly matched
transistors, it can be seen that a portion of the carrier input v, al-
ways leaks through to the output, even in the absence of a modu-
lator signal.

3.3. Asymmetries in the carrier input stage

The four transistors Q1-Q4, multiplying the carrier input v, and
the differential modulator currents Ics and Ice, will not be fully
symmetric in practice. Analyzing this effect is more difficult than
in the preceeding section, as imbalances in the transistors Q1-Q4
will affect both the output signal as well as the modulator stage [7].
Hence, a MultiSim analysis of the circuit using six BC550 tran-
sistor models is performed instead. The transistors are assigned
slightly different values for the saturation current I,. Setting the
modulator signal to OV, while applying a sinusodial signal to the
carrier input, exhibits a leakage effect — the sinusodial carrier sig-
nal leaks through to collectors Q5 and Q6, thus causing the signal

to be multiplied with itself. Feeding two sinusodial signals of 1
kHz and 100 Hz into the carrier and modulator inputs, respec-
tively, and performing a Fourier analysis of the output results in
the spectrum shown in Fig.[5} The expected multiplication result
is the sum and difference frequencies of both sinusoids, 1 kHz +
100 Hz = 1100 Hz and 900 Hz, which are the dominant peaks in
the figure. The third largest peak is at 2 kHz, showing that the car-
rier signal has been multiplied with itself. Additionally, it can be
seen that both the modulator and carrier leak through to the output
(peaks at 1 kHz and 100 Hz, which were the input frequencies).
Soundwise, this result is interesting if the signal applied to
the carrier input is a broadband signal. In that case, many even
order harmonics will appear at the output, which may increase the
perceived sound quality at least for some input signals [§].
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Figure 5: MultiSim fourier analysis of an imbalanced multiplier
circuit using 100 Hz and 1 kHz sinusoids as inputs.

3.4. Summary of asymmetry effects

By considering the results of the previous paragraphs, the domi-
nant peaks at 1000 Hz £+ 100 Hz, 3000 Hz + 100 Hz as well as
100, 1000 and 2000 Hz in Fig. [fcan be explained by the asymme-
tries and nonlinearities of the transistor stages. There is, however,
also a strong peak at 200 Hz. This peak indicates that the ideal
current source 2/p used in the model is not sufficiently accurate
to simulate the behavior of the circuit. Apparently, leakage and
thus self-modulation occurs in the modulator input stage as well.
A more detailed model, replacing the current source by the actual
circuitry used, would be required to analyze these effects in further
detail.

Designers of the EMS VCS3 ring modulator try to overcome
the leakage problems by adding a portion of the carrier signal to
the modulator input and vice versa, which can be seen from the
schematic in [9]. The MC1496 multiplier chip used in the Doepfer
A-114 ring modulator module relies on outside circuitry to balance
part tolerances, as the example circuits in the datasheet show [10].
In practice, however, both ring modulators exhibit audible leakage
effects.

4. DIGITAL MODEL

Using the insights from the previous section, a discrete-time model
may be realized. The dominant peaks in the spectrum produced by
the analog ring modulator can be implemented by adding a portion
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of the carrier and modulator inputs to the output, as well as adding
a fraction of the modulator to the carrier input and vice versa, thus
yielding the equation:

(y(n) + arz(n))tanh(z(n) + azy(n))
+azz(n) + asy(n) (20)

o(n) =

The carrier signal x(n) and the modulator signal y(n) are given in
discrete time, for the coefficients holds

0<aie34<K1

Applying two sinusoids of 100 Hz and 1 kHz with an ampli-
tude of 0.25 each and setting a1 = a2 = az = a4 = 0.01 yields
the spectrum shown in Fig.[f] Comparing this result to Fig. [] it
can be seen that the dominant spectral components occurring in the
analog ring modulator are well approximated by this model. Not
covered are various sidebands of lower magnitude, most notably
around 2 kHz. Those sidebands are a product of the even order
carrier component at 2 kHz and the modulator components at 100
and 200 Hz.
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Figure 6: Fourier analysis of the digital model using 1 kHz and
100 Hz sinusoids as inputs.

Since the multiplication of two signals produces the sums and
differences of all frequency components present in the signals, a
digital implementation of a ring modulator should use an over-
sampling factor of 2 to prevent aliasing noise. The tanh() func-
tion used on the carrier input will add an infinite amount of odd
order harmonics, which will require higher oversampling factors
to reduce aliasing if high carrier levels are used. Another possi-
ble method is to approximate the tanh() function by a bandlimited
polynomial and use individual anti-aliasing filters for each degree
of the polynomial, thereby avoiding the need for additional over-
sampling [11].

5. CONCLUSIONS AND FUTURE WORK

This work has presented an analysis of transistor-based analog ring
modulators. It was shown that network asymmetries as well as
nonlinearities are the primary reasons for the particular sound of
such devices. A simple digital model has been proposed, which is
easy to implement and which captures the essential effects. A more
sophisticated model could relate the parameters directly to circuit
elements and add dynamic behavior, for instance based on subtle
temperature changes. Furthermore, future work could investigate
the impact of asymmetries in other audio effect circuits.
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