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Abstract

In this paper the history of electrical oscillators together
with its physical modelling and mathematical description
is considered. With the invention of the first electronic
devices (sparks, arcs and valves) oscillating circuits be-
came more and more of interest for electrical engineers.
For a systematic design of these circuits physical under-
standing of its behavior is needed. This first step of each
modelling process was followed by searching for a suitable
mathematical concept that describes all details of the ex-
perimental facts. At the end it was found out that only
a new mathematical theory was able to fullfil these con-
ditions. Therefore a rather practical subject of electrical
engineering was the starting point for new developments
in mathematics. We restrict ourself mainly to the history
of oscillators until the late 1930er.

1 Early History of Oscillators

Since in 1895 Marconi showed for the first time
that the laboratory arrangement of Hertz can be
used for the wireless transmission of information (see
http://monviso2.alpcom.it/hamradio/index.html)
along larger distances more powerful electrical arrange-
ments were desired. Around 1900 several researchers (e.g.
Thompson, Tesla, Slaby, Braun, von Arco and others)
suggested improved versions of Marconi’s arrangement.
Probably it was a milestone as Duddel published his
paper “On rapid variations in the current through the
direct-current arc” [10] where he used results of the Ger-
man physicist Simon [29]. A few years later Poulsen im-
proved Duddel’s oscillatory generator substantially from
a technical point of view and as a result he presented in
1906 a new powerful arrangement with an arc as elec-
tronic device for wireless transmission of telephony sig-
nals. For further studies we refer to Blake [9] and Nesper
[25].

Although the physical processes in arcs are rather diffi-
cult to understand at this time because of their electronic
nature reasonable nonlinear models were developed by
Kaufman, Duddel, Simon, Wagner and others. In the
dissertation thesis of Wagner many aspects of such cir-
cuits were discussed [36]. Using these results Zenneck
[37], a former co-worker of the above mentioned Braun,
published in 1914 an interesting paper where he stud-
ied the start-up behavior of such RLC circuit including
a nonlinear arc device. In contrast to his predecessors he
described the behavior of the circuit by means of a non-
linear differential equation that described the energy (or
power) balance. After solving this equation he got the ap-
proximative solution that is similar to the approximative
of the van der Pol equation which was discovered several
years later by van der Pol in the analysis of triode os-
cillators. From a mathematical point of view Zenneck’s
balance equation corresponds to an approximative first
integral of the van der Pol equation. Zenneck’s paper
was also the first that studied the start-up behavior of
oscillatory circuits is more details. Further details are
considered in another publication [21].

Circuits including sparks or arcs were the first success-
ful generators for oscillatory currents these electronic cir-
cuits had several disadvantages. Although engineers and
physicists in the leading industrial companies (e.g. Mar-
coni Comp., Telefunken, AT&T, Western Electric Comp.)
tried to improve these circuits by using interesting in-
genious ideas the robustness of these arrangements as
well as their transmitting power were rather restricted.
Therefore a new generation of generators applied and
now nonelectronic principle to get high-power oscillatory
currents. For this purpose the static frequency doubling
effect which was studied by Epstein, Joly and Vallauri
was used for the development of rotating alternators (see
Kühn [17], Meißner [23]). These generators had much
better properties than the spark or arc circuits. Only the
frequency of oscillatory waves generated be these electri-
cal machines was restricted. However at this time trans-
mitting stations worked with long waves. Around 1925
the situation was changed as the Heaviside layer was ob-
served by nonprofessional users using transmitting sta-
tions with short waves. Within this range of frequencies
rotating alternators cannot be applied. Moreover short
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waves did not need high-power transmitting stations such
that the power can reduced for these frequencies. As a
conclusion electronic vacuum tubes were used to build
generators with oscillatory behavior for powerful trans-
mitting stations.

2 Tubes and Oscillators

First ideas for a new electronic device were published
by Fleming in 1904. For the invention of his thermionic
diode (or Fleming detector) he used research results in
the area of emission and transport of electrons (Edison
effect, Richardson, Wehnelt; see Johannsen [15]) in vac-
uum although the physical details were not wellknown
at this time. A modulation of the current in Fleming’s
thermionic diode was achieved by adding a grid. This
was done by de Forest in 1906. This electronic device
was called by de Forest as Audion [11]. In the same year
v. Lieben presented a patent of triode type of amplifier
valve [18] that was improved by him in a patent from
1910 together with Reisz and Strauß [19]. The audion
as well as the “Lieben-valve were three-pole devices with
cathode, grid and anode. In constrast to de Forest’s au-
dion the “Lieben-valve was filled with mercury. There-
fore Lieben’s valve was called “gas relay” and de For-
est’s “electron relay” (audion). This difference remained
unclear in the following years and led to many discus-
sions; see e.g. Armstrong [7] (p. 220) and Meißner [22]
(p. 65). Further references can be found in a paper of
Tucker [31]; see also Johannsen [15]. After the discovery
of these triode valves it lasted further six years until first
practical circuits were available. The first two classes of
circuits were amplifiers and oscillators. Several groups
in Germany, USA, United Kingdom, and Austria were
participated in these activities and there were many rela-
tionsships between these groups. Therefore it is difficult
to solve the problem of priority with respect to the dif-
ferent electronic circuits; see e.g. Tucker [31], Johannsen
[15], Barkhausen [8] (part II, pp.112), Meißner [22], and
Skowronnek [30].

It should be remarked that the principles of thermionic
conduction were studied based on physical foundations
by Langumir, Dushman and Schottky between 1913 and
1915 (see Paschke [27] and Barkhausen [8] (p. 27)). In
this paper we are interested in descriptions of valves that
use currents and voltages. This is suitable if we consider
circuits from a network theoretical point of view. There-
fore these electronic devices are described by characteris-
tic curves (Armstrong [7]) or the corresponding German
expression “Kennlinien” (Möller [24] (p. 326)).

A first example of an electronic oscillators with a valve
which is the main subject of our paper was invented be-
tween 1912 and 1913 where the difference between De
Forest’s audion and the Lieben-Reisz valve is not con-
sidered (but see remarks of Meißner [22] (p. 65) and
Hazeltine [12] (p. 98)). In agreement with Hazeltine [12]

it seems that Meißner and Armstrong had similar ideas
at the same time with respect to an oscillating circuit in-
cluding a valve. The corresponding comments of Tucker
[31] are a little bit obscure. Since the problem of design
electronic circuits and especially oscillators with valves
in order to transmit electromagnetic waves and receive
them was a main subject in all military laboratories in
all industrial states which are involved in the first world
war many information became a secret. At the end of
this war several electrical engineers and physicists pub-
lished there results with a delay of one or more years (see
corresponding remarks in the papers of Hazeltine [12],
Barkhausen [8], Meißner [22] and others did not had an
opportunity to publish it, just like Colpitts or Hartley).
Hazeltine [12] (p. 98) gave some more references to in-
teresting collections of oscillating circuits. Obviously at
the end of the first world war many different oscillator
circuits were known and several authors began to pub-
lish their theoretical results about this interesting class
of electronic circuits.

3 Descriptive Equations for Electronic
Oscillators

Probably the first theoretical paper about electrical oscil-
lators with a valve was published by Vallauri [32] which
was published in German some months later [33]. In this
paper Vallauri used a linearization of the characteristic
curves for the anode current and the grid voltage. As
a result he received a linear theory of oscillators where
he assumed that a sinusoidal oscillatory behavior already
exists. By means of this approach Vallauri got “the ex-
act determination of the conditions for oscillations in an
audion circuit”. After the publication of this paper many
othe authors presented results that are more or less equiv-
alent. These results were different in modifications of the
valve model or the decomposition and its interpretation of
the linearized oscillator circuit. We would like to mention
only the comprehensive papers of Hazeltine [12], Heising
[13] and Barkhausen [8]. The different approaches were
compared by Albersheim [1].

Unfortunately it was known already before 1920 that
a linear theory cannot be complete for describing all as-
pects of electronic oscillators. Whereas the conditions of
oscillatory behavior can be derived by a linear model a
nonlinear model is essential to determine the amplitude
of these oscillators. This statement was given by Möller
[24] in a very manner (p. 331). Based on the idea of the
feedback principle for the functionality of electronic os-
cillators this author developed a theory for these circuits
that used again the idea of a power balance equation
(just like Zenneck in 1914 for the case of oscillator cir-
cuits with an arc). For this purpose Möller developed a
concept that take into consideration only the first har-
monics of the oscillatory behavior and a nonlinear differ-
ential equation for the circuit was not derived. As a re-
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sult he got the method of the “oscillatory characteristic”
(in German “ Schwingkennlinie”) that can be interpreted
now as a variant of the harmonic balance or averaging
method. Some remarks to the history of this methods
can be found in the monography of Sanders and Verhulst
[28] (pp. 181). Again other authors presented similar
approaches that corresponds to fundamental mathemati-
cal problem of nonlinear oscillatory systems or nonlinear
differential equations.

In contrast to Möller’s approach van der Pol [34] de-
rived in his doctorate thesis for the first time a nonlinear
differential equation for an oscillatory electrical circuit
and especially for an electronic oscillator circuit including
a triode valve. Furthermore he was able to apply a special
perturbation method that resulted in a solvable nonlin-
ear differential equation. It was a variant of an averaging
method (Lagrange’s secular perturbation method) that
was known to van der Pol from his studies in physics. In
his famous paper from 1920 he states that the equation
under consideration “is closely related to some problems
which arise in the analytical treatment of the perturba-
tion of planets by other planets.” The differential equa-
tion of van der Pol became an eminent impact to a new
mathematical discipline “nonlinear oscillations” and at
the end the mathematical theory of dynamical systems.
On the other hand we have to emphasize that although
interesting from a theoretical point of view van der Pol’s
equation was not useful in practical situations at this time
for two reasons: 1) Graphical differentiations of higher
order arise. 2) Only in the simplest cases the pertur-
bation method leads to a solvable differential equation.
In other cases only the steady amplitudes can be calcu-
lated. Although Möller’s method leads also to tedious
calculations. An semi-analytical approach was presented
by Joos [14]. This author started with a good analyti-
cal approximation of the characteristic curves in form of
an arctan-function and as a result he got another kind
of oscillatory characteristics that did not include circuit
parameters or valve constants. But also this method be-
came not popular method.

Between 1920 and 1929 only very few scientific groups
tried to develop new impacts to the theory of electrical
oscillators. One of the few exceptions were van der Pol
and Appleton. They published very interesting papers
about the entrainment problem, forced oscillations and
on relaxation problems as well as other aspects of non-
linear oscillators. The main results of these authors are
contained in van der Pol’s review paper from 1934 [35].

A new area of began as the Russian school of Mandel-
stam and Papalexi entered this area. Although Papalexi
had published a book about “The Theory of Oscillators
with Electronic Valves” in 1922 and Mandelstam was al-
ready a wellknown scientist who was involved also in as-
pects of wireless transmission of electromagnetic waves
they considered electronic oscillators from a new point
of view. In 1929 Andronov who had Mandelstam as his
academic teacher published a brief paper [2] where he ap-

plied Poincaré’s theory of limit cycles to the van der Pol
equation. Another paper together with Witt [3] followed
in 1930. In a further paper [4] these two authors showed
that Poincaré’s is useful for studying rather difficult as-
pect of the entrainment effect in nonlinear oscillations.
By means of these results it could be shown that the
theory of limit cycles of Poincaré was a suitable frame-
work to study problems in nonlinear oscillations. Another
important step towards to a unified theory of nonlinear
oscillations was the introduction of parametrized nonlin-
ear differential equations and again Poincaré’s ideas were
used. Mandelstam and Papalexi showed [20] that first
aspects of a theorem that is called now Andronov-Hopf
theorem and describes a bifurcation if a limit cycle from
a static equilibrium point. These ideas became a big im-
pact in Russia for the theory of nonlinear oscillations and
several very active groups studied many aspects of this
problem. The references of the famous book of Andronov,
Witt and Chaikin [5] first published in 1937 illustrates
this exciting area. In a review paper from 1935 Man-
delstam, Papalexi, Andronov, Chaikin, and Witt [6] pre-
sented a complete concept of nonlinear oscillations that
contains already almost all modern aspects of this theory.
It should be mentioned that at the same time Krylov and
Bogoliubov [16] developed the mathematical foundations
of a perturbation theory for oscillatory differential equa-
tions that is known now as averaging method or harmonic
balance.

4 Conclusions

In this paper we have shown that the different aspects of
electronic oscillators with valves was the starting point
of a now mathematical area that is far away to be com-
plete. Since these early days of the theory the number of
publications is uncountable we would like to mention a
few names of wellknown researchers in this area (Arnol’d,
Guckenheimer, Holmes) in order to illustrated that the
theory of nonlinear oscillations is alive until now.
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nungen bei Frequenzteilung. Zeitschr. f. Physik 72
(1931) 223-248.

[21] W. Mathis. An Efficient Method for the Tran-
sient Analysis of Weakly Damped Crystal Oscillators.
MTNS 1998 Padova, Italy, July 6-10, 1998.
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