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2. Second case study – the birth of electronics

He [Clerk Maxwell] lived towards the end of the last century and his world
was, of course, vastly different from the world of today. There were no motor
cars, no telephones, radio valves or aeroplanes, and even insulated copper
wires were not available to him; possibly he would not have used them if they
had been, as he was a thinker rather than a practical experimenter.…

The mathematical formulae which he employed were very complicated and
it is only given to a few people to understand them.

RS Elven
Outline of radio, p130

Inventors were few in those earliest years of the century. Invention was
easy, the soil exceedingly fertile, and the Patent Office not yet clogged with
thousands of pending applications on insignificant, or hardly distinguishable,
details. Consequently the incentive to strike out and pioneer on paths
radically new, and therefore wondrously attractive, was intense. In rapid
succession followed the auto-detector (self-restoring, electrolytic, and crystal
types), the telephone receiver, the alternating current transmitter, the two-
tuned circuits at sender and receiver, the high frequency spark, the quenched-
spark gap, the Poulsen arc and tikker, the direction finder, the series selective
circuits of Stone, the heterodyne principle of Fessenden, the Audion as
detector and as radio-frequency and telephone amplifier, the Alexanderson
high-frequency generator, and the Audion oscillator (first as regenerator for
heterodyne reception, then as transmitter for telegraph and telephone). All of
these kaleidoscopic changes were accomplished in less than eighteen years –
from 1900 onward.

Lee de Forest
Father of radio – the autobiography of Lee de Forest p249

One of the first things that was fully developed in our minds was the
necessity of occupying the field; not only that but of surrounding ourselves
with everything that would protect the business …… Just as soon as we
started into the district exchange system we found that it would develop a
thousand and one little patents and inventions with which to do the business
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which was necessary and that is what we wanted to control and get possession
of.

President of AT&T
FCC investigation of Bell System, 1934

It is a matter of passing historical interest that it is almost fifty years ago
to-day that what may be regarded as the greatest invention of the modern age
first saw practical expression. It was fifty years ago that Marconi first
transmitted a wireless message.

Lord Lucas of Chilworth
introducing the second reading of the Patents and Designs Bill

Hansard (H.L.) 29 March 1949 c752
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2.1 Introduction
The first case study traced the development of artificial illumination from

the early light sources through to the incandescent tungsten filament lamp,
which is still the most widespread method of lighting in use today.
Although driven by socio-economic considerations, technological
innovations were shown frequently to be initiated by serendipity and their
development constrained by the physical properties of materials. A second
case study, presented in this chapter, follows the evolution of
communications and electronics. This technological development was
chosen to cover a similar period of history to that of the initial case study.
Since they occurred in a similar socio-economic environment, many
influences were common to both regimes. A comparison of the mechanics
of the paradigm changes with that of those studied in the initial
investigation will therefore highlight the effect of the differences. As many
of the key events which shaped the evolution of communications were
shared with the lighting and electrical industries, the two case studies are
built around a common chronology.

After looking at manually-operated, visual communication systems
which were used almost exclusively for military purposes, this case study
investigates how the technological innovation of the battery and the
discovery of electromagnetism gave rise to different forms of the electric
telegraph. It considers how nineteenth century commercial pressures led,
first to land-based lines following the wayleaves of the railways, and then to
submarine cables which linked continents. Finally, it traces the
complementary innovation of radio and some of the inventions which made
it feasible.

Although the national economies in which development took place were
the very ones which provided the environment for the evolution of the
electric light, the global nature of communications meant that international
agreement was necessary to regulate the growth and operation of cable and
its sister paradigm, wireless. The case study therefore illustrates the effects
on innovation of this additional influence.

Due to the underlying military application of communications
technology, ordnance procurement and two world wars were also expected
to play a significant role. Furthermore, since a temporary suspension of the
US patent system took place when the Americans entered hostilities in
November 1917, an opportunity was presented to review the influence of
the presence or absence of this statutory monopoly.

During the growth of these technologies, arrangements were set up for
the pooling of patents. It was therefore possible to investigate how this
reduction of competition impinged on the development of the industry.
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Jarvis 1956a
Fig. 2.1 Chappe’s semaphore

at the siege of Condé-sur-
l’Escault,

Jarvis 1956a
Fig. 2.2 Ronalds’ electrostatic

telegraph Upper Mall,
Hammersmith (1916)

As with the previous case study, the effects of the various determinants
are discussed in the concluding section.

2.2 Early communications
Early long-distance communication

was by means of the signal fire, but,
towards the end of the eighteenth century,
Chappe, in France, invented the
semaphore, which was rapidly adopted for
military communications. Girling 1978, 11 p582

In Britain, the Admiralty erected a chain
of semaphore towers between London and
Portsmouth and these were used for
transmitting messages to the navy. In
1814, Ralph Wedgwood submitted plans
to Lord Castlereay at the Admiralty for an
electric telegraph to replace the
semaphore, but was informed “the war
being at an end, and money scarce, the old
system was sufficient for the country.”
Jarvis 1956a, p132 Another electric system was
proposed two years later by Sir Francis
Ronalds, the Honorary Director of Kew,
who used a static electric charge to cause
two pith balls suspended in front of a dial to diverge so that their position
indicated an alpha-numeric character on the dial. Continuous current
systems had their origins around 1809 when von Sömmering constructed a
35-wire telegraph in which 25 characters of the German alphabet plus ten
numerals were indicated by electrolytic decomposition of water at the end
of selected wires. Jarvis 1956a, p135 In 1819, Oersted discovered that an electric
current deflected a neighbouring magnetic needle Girling 1978, p582 and around
1825 PL Schilling demonstrated first electromagnetic telegraph based on
deflection of magnetised needles.
Jarvis 1956a, p136

2.3 Cable
The spread of the railways provided

a powerful impetus for the introduction
of reliable communications systems
and, in 1837, Cooke and Wheatstone
produced the first practical electric
telegraph, which was based on an idea
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Jarvis 1956b
Fig. 2.3 Leaflet publicising

the electric telegraph
installed by Cooke
and Wheatstone

Cooke had seen demonstrated on 6 March 1836 at Heidelberg. In this
system, five magnetic needles were deflected by individual current-carrying
lines to point to a character on an indicator panel. A five-bit code later
formed the basis of the telex system which persisted for most of the
twentieth century.

There was a flurry of activity at this
time. Girling 1978, p582 Karl Steinhill (1836)
devised an electric telegraph in which two
gongs of different pitch were actuated by
magnetic needles to give a code of audible
signals. In 1837 Morse, in the USA,
devised his electromagnetic telegraph,
whilst, in Scotland, Edward Davy
produced a system which operated along
similar lines to that of Cooke and
Wheatstone. Eng Pat 7719/1838

Cooke and Wheatstone filed the
application for their first English patent
for “giving signals and sounding alarums
in distant places by means of electric
currents transmitted through metallic
circuits”, which was sealed on the 12
December 1837. Eng Pat 7390/1837 They
subsequently disputed inventorship and submitted to arbitration which
credited Cooke with having reduced telegraphy to practice. He later
transferred his electric telegraph patents to the newly-formed Electric
Telegraph Company Ltd. Jarvis 1956b, p590

In 1839, the first railway telegraph line was installed between Paddington
and West Drayton using a five-wire system. Jarvis 1956b, p589 The relationship
between telecommunications and the railways was symbiotic. Control of
train movements created a demand for rapid passing of messages, whilst the
rail track provided a long-distance wayleave for the telegraph cable.
(History is currently repeating itself with the laying of fibre optic cables
from railway terminus to railway terminus, city centre to city centre.)

Meanwhile, Cooke and Wheatstone were planning a cable under the
Thames.

The Enderbys are a wealthy family who have made most of their money in
the South Sea trade. They have a large sail-cloth and rope manufactory at
Greenwich, and a great many other undertakings on hand. I am going down to
Greenwich tomorrow morning to see. their works and arrange a method of
covering our wires with yarn and including them in a rope, for our cross-
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Scientific American, Nov 1845
Fig. 2.4 The magnetic telegraph crossing a river

Thames experiment. I sent off the wire yesterday. This rope, 1500ft in
length, including 6000ft of wire, is to be ready by the close of the week.

Letter from Sir William Fothergill Cooke, 23 May 1837

The partners’ cable was the precursor to the use of submarine cables for
international telecommunication services. Most of these cables, with the
exception of those across the Atlantic, were British owned. The cable
industry sprang up in England, partly due to the British dominance of world
trade in gutta percha, a rubber product which was used as an insulator, and
partly because the mother country had a need to communicate with the
outposts of Empire. In a just over half a century, England acquired control
of international communication. Sturmey 1958, p126

Great interest in the possibilities of communication across stretches of
water led to a variety of techniques being proposed. One of the more
fanciful involved supporting the wires by means of elliptic balloons, sixty
feet long and costing $200 each. It was estimated that each balloon would
support about 40 pounds besides its own weight. They would be made of
thin varnished cloth and inflated with hydrogen gas and would be attached
to a small pipe ¼ inch in diameter to replenish the gas. Sci American, Nov 1845

The brothers Jacob and John Brett pioneered cable laying. Between
1845 and 1849 they formed a series of companies to install submarine
cables. After experiments in 1849, their third company, the English
Channel Submarine Telegraph Company laid a cross-Channel cable from
Dover to Cap Gris Nez in 1850. This failed, but a further cable laid the
following year was still working ten years later. Sturmey 1958, p73

In 1856, an American, Cyrus W. Field formed the Atlantic Telegraph
Company in England with a capital of £350,000, of which he subscribed
£88,000. Following two failures, a trans-Atlantic cable was successfully
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laid and the first messages were transmitted on the 5 August, 1858. This
cable was short-lived and had completely given up the ghost some eleven
weeks later. As with many other early cables its failure was due mainly to
the lack of experience of the technological problems which were
encountered and to consequent unsatisfactory techniques used in the
manufacture and operation of cables. In 1865 the company made another
attempt to lay a trans-Atlantic cable which was abandoned when the cable
broke at a depth of 2,000 fathoms. Before the cable was eventually
completed in 1866, the company, which had been re-formed under the name
of Anglo-American Telegraph Company, had commissioned another cable
which was laid in one operation by the Great Eastern. By 1898, there were
fifteen cables across the North Atlantic. Sturmey 1958, p74

In 1864, the cable companies set up a pool to protect rates, which
remained at 2s. per word until December, 1884 when it was reduced to 1s.
8d. per word to fight a newly-opened service of the Commercial Cable
Company. In June, 1886, the pool companies reduced their rates to 6d. per
word in an attempt to force the Commercial Company out of business.
Commercial tried unsuccessfully to sell its cables to Western Union so it
also reduced its rate to 6d. The 6d. rate was not profitable so, in September
1888, all the companies agreed to increase their rates to 1s. per word and
they remained at this level for thirty-five years.

2.4 Communication by induction – a halfway house
Many telegraphic systems used a single wire to carry the signal and

relied on a connection to earth to complete the circuit and provide a return
path. At a fairly early stage, it was found that communication could be
sustained even when there was no direct connection between the
transmitting and the receiving circuits. A current flowing in one induced a
sympathetic current in the other. Preece, the Engineer to the Post Office,
passed messages in this way across the river Tay in 1845. In 1882, when
the Isle of Wight cable failed, he managed to signal across the Solent by
induction currents. This led him to carry out further experiments. In 1895
he used the method to effect a temporary connection between the Island of
Mull and the mainland. In 1899 a permanent inductive telephone was
established between Anglesey and the Skerries lighthouse, and a similar
installation gave telegraphic communication between Rathlin Island and the
Irish coast. Sturmey 1958, p18

In America, in the mid-1880s, Edison experimented with induction to
provide telegraphic communication between moving trains and trackside
cables, but the idea was not a success since the signal was frequently lost
due to imperfect coupling between the transmitting and receiving
conductors. He merged his United States Railway Telegraph and
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Dickson 1894
Fig. 2.5 Telegraphing from a

Pullman parlour car on a
train in motion

Ivall 1996
Fig. 2.6 Spark gap for wireless

transmitter (1905)

Telephone Company with Phelps
Induction Railway Telegraph Company
and quit the business in April 1887.

2.5 Wireless
In 1865 Maxwell had formulated

mathematically the theory that electro-
magnetic effects travel through space in
the form of transverse waves at the
speed of light and Hertz confirmed this
experimentally in 1887. Ivall 1996, p461 He
created electrical disturbances by means
of an induction coil, a spark gap and a
dipole aerial. In 1894 Professor Oliver
Lodge used Hertzian waves for
signalling. Both he and Marconi
discovered that the process could be
made more efficient by concentrating
the signals at a predetermined frequency by “tuning” them using a
combination of induction coils and condensers. In 1897, Lodge employed
tuned circuits for transmission and reception.

2.5.1 Early transmitter technology
Marconi’s first transmissions were made using a quenched spark. He

later modified his apparatus by employing a rotary disc discharger to
produce a regular succession of quenched sparks. These were synchronised
with the alternator which supplied the charging potential to generate
discharges at regular intervals. The resulting signals had a musical note
which made them easier to read. Later examples had motors to rotate the
spheres between which the discharge was struck, thereby reducing pitting of
the surface.

Meanwhile, in Germany,
Professor Slaby was also working
on wireless communication. In
May 1897, he visited Britain and
was present at a demonstration by
Marconi in South Wales. It is
alleged that Slaby was able to
correct deficiencies in his system
by using the knowledge gained
from watching these tests and he
became one of the main
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competitors of the Marconi Company. He describe his techniques in a
book, Spark Telegraphy, which was published in 1897. Professor Slaby and
Count Arco co-operated in producing the Slaby-Arco system and in 1903
amalgamated with Siemens-Halske to form the Telefunken Company.

Dudell, in 1900, created an audible sound from a continuous arc
discharge. His ideas were developed by Poulsen, in Denmark to obtain
radio frequency oscillations. Ivall 1997 With this method, a continuous arc
discharge was coupled to an inductor and capacitor which constrained the
oscillations to the characteristic frequency of the tuned circuit, determined
by the values of the components. The continuous arc had an advantage over
the quenched arc as it could handle large powers and was thus suitable for
long distance communication. It was, however, inherently unstable and its
frequency tended to drift.

In 1906, RA Fessenden commissioned General Electric to produce an
alternator designed to operate at 100kHz. They then assigned EFW
Alexanderson the task of developing high power, high frequency
alternators. Tyne 1977, p133 He drove an six-hundred-pole-piece alternator at
20,000 rpm to generate a current at a frequency of 100kHz. Goldschmidt,
in Germany, worked along similar lines. However, he used a relatively low
speed and increased the output frequency by selecting harmonics using
resonant circuits across the rotor and stator. At Eilvese, Germany and
Tuckerton, USA he constructed 48kHz links in this way. At Nauen in
Germany, the non-linear saturation characteristic of the cores of a series of

Fig. 2.7 Poulsen arc transmitter circuit (1902)
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toroidal transformers was harnessed in a quadrupling arrangement which
increased the frequency of 200kW alternators to 24kHz. Keying of the
signal was achieved by saturation of the core of a transformer. Pickworth 1993

Common to all alternator transmitters was the need for extremely accurate
workmanship to overcome the problems of running at such high speeds.
The consequent cost limited their use.

2.5.2 Receivers
The first receivers were nonlinear detectors which converted the radio-

frequency signal to an audible note. Marconi’s initial experiments were
based on the coherer, a device, invented by Professor Edouard Branly,
which relied on imperfect contact between metal filings in a glass tube.
Later he adopted a magnetic detector with two coils wound on a core of soft
iron wires in front of which a permanent magnet was rotated by clockwork.
An alternative early detector was the semiconducting galena crystal which
was first used by Telefunken in 1901. Sturmey 1958, p30 This method became
common practice five years later with the invention by Dunwoody and
Pierce of detectors based on carborundum and other materials.
US Pats 837616, 879061, 879062, 879117 The “cat’s whisker”, as it became known as a
result of the appearance of its fine metal contact, was widely used
throughout the early days of radio and, indeed, the construction carried over
to the first transistors in the late 1940s.

When rectified, the intermittent signal produced by the quenched spark
produced a sound in high impedance headphones, but the continuous wave
signals generated by the arc gave a dc output which was inaudible without
the interposition of some form of interrupter device. The tikker, devised by
Poulsen and Pederson for this purpose, consisted of a fine wire resting
lightly on a metal cylinder rotating at high speed. The intermittent contact
chopped the radio frequency current directly into on/off pulses.

Goldschmidt, who employed rotating machine technology, constructed a
“tone wheel” which was essentially a commutator that, at a certain speed,
gave half wave rectification of the wireless signal. The resultant direct
current gave no audible sound in the headphones, so the speed was varied to
permit it to slip in and out of synchronisation, alternately rectifying
negative- and positive-going half waves to generate an audible tone.

2.6 The thermionic valve
2.6.1 Early developments

“As soon as Senatore Marconi had perfected and brought into use his
admirable magnetic detector its many advantages caused the use of the
coherer as a detector to begin to decline. Nevertheless, the magnetic detector
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Fleming 1921
Fig. 2.8 Apparatus
demonstrating the Edison
Effect

had the disadvantage that the signals being audible only and received by
telephone the telegraphist had no record of them as in the case of coherers
employed with relay and Morse inker. Also the strain on the attention of the
observer was greater, because if a code message was being received, the
omission of a single dot or dash might make nonsense of such a word.

Hence the author was desirous, if possible, of finding some method of
working a sensitive relay by means of the feeble oscillations or intermittent
telephone currents. Furthermore, having become the subject of a progressive
deafness, the writer desired to find some instrument to record the
radiotelegraphic signals which would appeal the eye and not to the ear.”

J.A. Fleming
The thermionic valve and its developments in radio-telegraphy and

telephony

On 26 May 1883, Edison and Upton
observed a “molecular shadow” in the
plane of the filament in incandescent
lamps. Fleming 1883, pp283-284 and, six months
later, constructed a thermionic diode from
an incandescent lamp containing a
shielding plate. Tyne 1977, p32 At Edison’s
request the lamps were exhibited and a
paper presented at the 1884 AIEE
International Exhibition and Fall Meeting
in Philadelphia. Houston 1884, pp1-8 Samples of
these lamps were taken back to the UK by
William Preece, Engineer in Chief of the

General Post Office. Preece duplicated Edison’s experiments and
confirmed that current flow through vacuum depended on incandescence of
the lamp. He coined the terms “Edison effect” and “blue effect” (glow).
Preece 1885, pp219-230 JA Fleming, who had been appointed electrician to Edison
Electric Light Company of London in 1882, carried out further experiments
on these lamps and presented a paper on their characteristics to the Physical
Society. He re-visited the phenomenon a decade later and showed that,
even when energised by alternating current of 80-122 Hz, an incandescent
filament lamp will only pass unidirectional or direct current. Fleming 1896, p99

The sensitivity of earlier wireless detectors, such as the tikker and the
tone wheel, was determined by the threshold of an audible sound produced
by the headphones. However, for Fleming, who at the start of the twentieth
century was retained as scientific adviser by Marconi, the techniques which
were prevalent at that time presented a major difficulty. He was afflicted by
progressive deafness and thus set out to devise a form of detector which did




