
0018-9219 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.  
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

 Vol. 106, No. 6, June 2018 | Proceedings of the IEEE 1115

The Hertz wave theory of wireless transmission may be 
kept up for a while, but I do not hesitate to say that in a 
short time it will be recognized as one of the most remark-
able and inexplicable aberrations of the scientific mind 
which has ever been recorded in history. 

—Nikola Tesla,  
“The True Wireless,” 1919.

 …  the man who continues to resist after his whole pro-
fession has been converted has ipso facto ceased to be a 
scientist.

—Thomas Kuhn,  
The Structure of Scientific Revolutions, 1962.

We consider an article written by Nikola 
Tesla entitled “The True Wireless,” which 
appeared in the Electrical Experimenter 
magazine in May of 1919. His essay is ana-
lyzed as an example of the inability of a sci-
entist or inventor to assimilate a paradigm 
shift in his discipline, and we use the lan-
guage and arguments of Thomas Kuhn in 
this discussion.

I .  THE PA R A DIGM

For historians of radio and the wireless tel-
egraph, one of the strangest documents 
they are apt to encounter is the article “The 
True Wireless” that was published in the 
May 1919 issue of the American magazine, 
the Electrical Experimenter.1 The author was the renowned 
Serbian-born inventor, Nikola Tesla (1856–1943). Tesla spent 
most of his professional life in the United States, and by 1919 
he was just past the peak of his fame—a man as nearly known 
to the public as Thomas Edison.

Although his reputation as an inventor may have faded, 
Tesla persists today as a cult figure. A web search will lead 

to sites proclaiming that he invented radio, radar, x-rays, 
alternating current, and limitless free energy. One might 
write a book on why Tesla has achieved cult status, and a 
good place to begin research is in the Epilogue of Bernard 
Carlson’s excellent 2013 biography.2

Carlson notes that through much of his life Tesla was a 
handsome, dashing man with enough eccentricities to make 
him catnip for the popular press, to which he frequently gave 
interviews. His great claim to fame as an inventor was the 
alternating current (ac) induction motor; and with the aid of 
manufacturer George Westinghouse he was also instrumen-
tal in achieving the nearly universal adoption of single phase 
and polyphase alternating currents in the United States. 

Perhaps more germane to his aura 
was the creed of techno-euphoria 
that he preached: the future would 
be brighter once his inventions 
(which almost never material-
ized) were realized. Who would 
not be thrilled when a famous 
inventor proclaimed that he would 
deliver free power, without wires 
to every home.3 In 1934, he told 
The New York Times that he had 
developed a particle beam weapon 
that would bring down a fleet of 
10 000 enemy aircraft at a distance 
of 250 miles, thus making a nation 
immune to air invasion.4 This was 
part of a familiar Tesla trope—the 
miracle weapon. As early as 1901 

he had an article in a Sunday newspaper supplement describ-
ing an invention that would make war obsolete by generating 
an enormous tidal wave that would sink any invading navy.5

Readers of this paper should have at their disposal a copy 
of “The True Wireless,” which can be found on the Internet 
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at the address given here in footnote 1. Fig. 1 here shows the 
start of the piece. Note that the insert appearing in the arti-
cle was written by the magazine’s editor, Hugo Gernsback 
(1884–1967), who asserted, “Dr. Tesla shows us that he is 
indeed the ‘Father of wireless.’” Gernsback has an important 
history of his own: he was a major publisher of magazines 
for radio hobbyists and science fiction buffs and is generally 
credited with coining the term “science fiction” in 1929.6 
One should read “The True Wireless” in the context of the 
magazine in which it appeared. Although Gernsback’s first 
magazine devoted to what was ultimately called science 

fiction, Amazing Stories, appeared in 1926 he had published 
the occasional science fiction piece in his magazines directed 
to electronic hobbyists much earlier. His periodical Modern 
Electrics carried serialized science fiction in 1911–1912.

The Electrical Experimenter sometimes published stories 
that were pure fiction—the March and April 1918 issues had 
a piece about a war between the Earth and Mars in the 21st 
century. Sometimes we find essays that blur science and fic-
tion. The May 1919 issue we are studying has a work of non-
fiction by a Prof. Nipher of the St. Louis Academy of Science 
that purports to have “destroyed” gravity with electricity.

Had Tesla’s “The True Wireless” appeared 15 years 
before—circa 1904—its content would be unremarkable. 
Coming as it does in 1919, just before the era of broadcast 
radio, it becomes useful as a notable example, in the field of 

6The term was apparently first used in Gernsback’s magazine Wonder 
Stories in the issue of June 1929. See L. Stover, Science Fiction from Wells 
to Heinlein. Jefferson, NC, USA: McFarland Publishers, 2002, p. 9.

Fig. 1. Start of Tesla's article in the Electrical Experimenter.



Scanning Our Past

 Vol. 106, No. 6, June 2018 | Proceedings of the IEEE 1117

science and technology studies, of an inventor’s failure to 
grasp what the distinguished historian of science Thomas 
Kuhn has described as a “paradigm shift.”

This term first appears in Kuhn’s book The Structure 
of Scientific Revolutions published in 1962. The work is 
among the most cited scholarly books produced in the last 
half of the 20th century and has been in print in various edi-
tions for over 50 years. We refer here to the third edition of 
1996.7 The expression paradigm shift has entered everyday 
language.

What does Kuhn mean by this term? In the sciences, 
he asserts that a paradigm derives from “universally rec-
ognized scientific achievements that for a time provide 
model problems and solutions to a community of prac-
titioners.” The word “model” is key here. The Greek–
Egyptian astronomer Ptolemy (100–170 A.D.) had a model 
of what we now call our solar system: his nonspinning 
Earth was at its center, and the sun revolved around it in 
24 h. The planets also circled the Earth. The concept has 
a limited use—it explains sunrise and sunset and to some 
degree the motion of the planets—but as mankind’s knowl-
edge of the heavenly bodies increased, it became clunky. 
Copernicus, Galileo, Kepler, and Newton killed the old 
model—their work, which began circa 1540 and occupied 
nearly two centuries, led to a classic paradigm shift. The 
shift describes the discarding of an old model whose use 
is unfruitful in favor of a paradigm that more convincingly 
describes experimental evidence.

Kuhn’s work traces the history of some paradigm shifts 
in chemistry, physics, and astronomy, and many scholars 
have followed in his footsteps. The literature on paradigm 
shifts in technology is much thinner. Edward Constant, a 
well known historian of technology, has attempted to use 
an approximate Kuhnian model to analyze the history 
and development of the turbojet airplane in the period  
1925–1950. Kuhn has the term “normal science,” while 
Constant uses “normal technology.”8

For our present discussion, the important paradigm 
shift began with the Scotsman James Clerk Maxwell 
(1831–1879). Consider what Nobel Laureate Richard 
Feynman said about Maxwell’s work of the period 1860–
1873: “From a long view of the history of mankind—seen 
from, say, ten thousand years from now—there can be lit-
tle doubt that the most significant event of the 19th cen-
tury will be judged as Maxwell’s discovery of the laws of 
electrodynamics.”9

Maxwell produced a paradigm, or a model, for light: 
it was an electromagnetic wave having transverse electric 
and magnetic fields. The theory described a wave moving 

at the speed of light that could be generated by electrical 
means, and it did not specify a wavelength—it could be, 
for example, 700 nm (like visible light) or around 300 m 
(like today’s broadcast AM radio). In the late 17th century, 
Newton had maintained that light consisted of streams 
of particles, which he named corpuscles; his prestige was 
such that his model had many adherents but they had 
disappeared in Maxwell’s era, by which time there was 
much evidence favoring a wave theory. However, others 
analyzed light as a ray that describes the path of the light 
energy.10

In the period 1886–1889, the German physicist 
Heinrich Hertz carried out a series of experiments in which 
he generated a wave that exhibited wavelengths on the order 
of meters, possessed a measurable electromagnetic field, 
and to a fair approximation moved at the known speed of 
light. These waves could be reflected, polarized, and dif-
fracted—just as for visible light, whose properties had been 
studied for several centuries. Indeed, Hertz worked with 
a “standing wave,” generated by the interference of two 
waves moving in opposite directions, formed by reflecting 
one wave back onto itself. Hertz’s work was published in the 
period 1887–1891 and served as a stimulus to such people as 
Guglielmo Marconi, Oliver Lodge, and Karl F. Braun, who 
sought to employ Hertz’s discovery in the field of wireless 
telegraphy.11

In contrast, it is interesting to examine the language of 
Tesla’s paper. He speaks of “some kind of space waves” and 
“transversal vibrations in the ether,” and except to disparage 
them, he does not refer to Hertz’s (or Hertzian) waves. By 
1919, his words and thinking were archaic. The terminology 
in the discourse of radio and wireless telegraphy engineer-
ing had evolved since Hertz’s work and the growth of inter-
national wireless telegraphy.

II .  TESL A “DISPROV ES” HERTZI A N 
THEORY

A. Electricity and Hydraulic Analogies
How did Tesla explain wireless communication without 

Hertzian waves or its synonyms such as electromagnetic 
waves? He used a louche version of alternating current cir-
cuit  theory. A close reading of “The True Wireless” reveals 
that he promoted a form of circuit theory employing but a 
single wire—in other words, there is no real circuit such 
as those who understood the subject are accustomed to. 
He also maintains that the Earth itself can function—must 
function—as this lone wire. He seeks to explain this with a 

7T. Kuhn, The Structure of Scientific Revolutions. Chicago, IL, USA: 
Univ. Chicago Press, 1996, 3rd ed.

8E. Constant, The Origins of the Turbojet Revolution. Baltimore, 
MD, USA: Johns Hopkins Univ. Press, 1980.

9R. P. Feynman, R. B. Leighton, and M. Sands, The Feynman Lectures 
on Physics. Reading, MA, USA: Addison-Wesley, 1964, vol. 2, pp. 1–6.

10J. Buchwald, The Rise of the Wave Theory of Light. Chicago, IL, 
USA: Univ. Chicago Press, 1989. With the birth of quantum theory, circa 
1900–1926, a particle theory of light, based on photons, was to reemerge, 
but it did not undermine Maxwell’s work thanks to the concept of the 
wave-particle duality. See, for example, I. Walmsley, Light: A Very Short 
Introduction. Oxford, U.K.: Oxford Univ. Press, 2015.

11H. Aitken, Syntony and Spark: The Origins of Radio. Princeton, 
NJ, USA: Princeton Univ. Press, 1985, Ch. 3.
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labored hydraulic (fluid) analogy that is illustrated in Fig. 4 
of his paper, which is reproduced here as Fig. 2.

You can send a disturbance down a water filled pipe 
without employing a return circuit—just strike one end 
with a hammer. His analogy proves nothing, but its use 
is understandable. When Tesla was in college in the late 
1870s and early 1880s, ac theory was a new and difficult 
subject.12 If he learned it there, or, perhaps after college, 
he would have encountered textbooks that sought to treat 
this discipline using analogies drawn from hydraulics—
a much older and better understood subject.13 It was not 
uncommon then to use the word “pressure,” taken from 
fluid mechanics, where we now use “voltage” or “electri-
cal potential.” Such analogies, which might employ water 
wheels to represent inductors and elastic diaphragms as 
proxies for capacitors, convey only an intuitive feeling for 
ac circuits and are of no use for communication systems 
employing electromagnetic waves.

Thus, Tesla attempted to apply a dubious electric circuit 
approach where it had no validity.

In criticizing Tesla for his wrongheaded model, are we 
in fact guilty of what has become known as Whig history? 
The term Whig history was introduced by the distinguished 
English historian Sir Herbert Butterfield in 1931. It can 
refer to an unfair judgment of historical figures and their 
actions that are based on our present knowledge of what is 
humane and progressive and acceptable. For example, to 
condemn Thomas Jefferson for writing in the Declaration 
of Independence “All men are created equal” (where are 
the women?) would be to engage in Whig history. In the  
sciences, Whig history has a similar meaning: it would be to 

criticize a scientist or inventor of the past for failing to use 
concepts that we now take for granted.14

From our present perspective, Tesla’s not using a wave 
model to explain radio seems bizarre, but given what was 
known in 1919, are we being unfair and leaving ourselves open 
to the accusation of Whiggishness? An example of Whig history 
of science would be to condemn Ptolemy for his Earth centered 
view of astronomy. Given the tools at his disposal, his mistake 
is understandable. And to disparage Maxwell for his frequent 
use of the term ether—when we know that the concept is not 
valid—would be Whig history. I hope to explain in what follows 
that I have not fallen here into the trap of Whiggishness.

One strange aspect of Tesla’s bizarre circuit theory in the 
paper under discussion is that it conflicts with a prior use of cir-
cuits he enlisted in describing a wireless invention of his dating 
from the turn of the century. In patent number 645,576 granted 
in March 1900 titled System of Transmission of Wireless Power, 
he proposes a device that would not only transmit information 
but also industrial strength electric power through space. It 
employs a tall transmitting antenna rising from the ground and 
supplied with a sufficiently high voltage, from a generator, to 
break down the atmosphere and create an electrically conduct-
ing layer. The generator has a second terminal which is well 
connected to the Earth where Earth currents are generated. 
Any device receiving any power or information from this device 
becomes, in this model, part of a closed electric circuit using 
the Earth and the conducting layer. Carlson comments that 
Tesla’s thinking here, which has a certain plausibility, is that of a 
late 19th century power or telegraph engineer rather than that 
of a disciple of Hertz or Maxwell.15 By 1919 he is using a circuit 
model that has no basis in recognized electrical engineering.

B. Influence of Mountains or Obstacles

Tesla seeks to disprove Hertzian waves with several 
examples. Consider his Fig. 17, reproduced here as Fig. 3. 
Tesla claims that “unless the receiver is within the electro-
static influence of the mountain range”—in what we would 
now call “the near field of the antenna”—the signals at the 
receiver “are not appreciably weakened by the presence of 
the latter because the signal passes under it [italics added] 
and excites the [receiving] circuit in the same way as if it 
is attached to an energized wire.” No radio propagation 
engineer would have accepted such an argument in 1919. 
Indeed, the receiver might well detect the transmitted sig-
nal, but not for the reasons stated by Tesla. No accepted 
model of wave propagation asserts that the signal goes under 
the mountain.16

Fig. 2. Tesla's ªfluidº circuit.

12It was not until 1893, well after Tesla had completed his education, 
that the great simplification in ac circuit analysis made possible by the 
use of complex quantities began to be adopted thanks to the work of 
Arthur Kennelly and subsequently Charles Steinmetz. See, for example, 
C. P. Steinmetz, “Complex quantities and their use in electrical 
 engineering,” in AIEE Proc. Int. Electr. Congr., Jul. 1893, pp. 33–74.

13A. Hay, The Principles of Alternate Current Working. Boston, MA, 
USA: Biggs and Co., 1897, pp. 137–148. Available at Google Books.

14For an explanation of the concept of Whig history, as it applies to the 
history of science, see S. Weinberg, “Eye on the present, the Whig history of 
science,” New York Review of Books, vol. 62, no. 20, Dec. 17, 2015.

15Carlson, p. 210 and Ch. 12.
16J. Zenneck and A.E. Seelig (transl). Wireless Telegraphy. New 

York, NY, USA: McGraw-Hill, 1915, pp. 258–259. This book provides an 
idea of how textbooks, circa 1910–1920, explained waves received on the 
far side of the mountain.
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Following the work of Hertz, it was apparent that laws 
of optics could be applied to electrically generated waves. 
There would have been no problem in explaining the recep-
tion of waves by a detector lying on the shaded side of the 
mountain—it would be described as Fresnel diffraction, a 
theory put forth by the eponymous French physicist in the 
period 1815–1818.17 The theory shows that the greater the 
wavelength used, the stronger the signal that makes its way 
into the optical “dark side,” provided the distance from the 
diffracting edge (here, the mountain top) to the observer is 
small measured in wavelengths. Given the long wavelengths 
employed by Tesla (10 kHz  = >  30 km  = >  18 mi), a num-
ber taken from Fig. 1 in his article, there is no trouble in 
explaining wireless reception on the far side of the moun-
tain. By the time Tesla published this piece, the subject of 
diffraction of electromagnetic waves had become sophisti-
cated and had engaged the attention of a number of distin-
guished mathematicians.

If the mountain is modeled as a hemispherical impedi-
ment to the wave, and if the Earth is a good conductor, 
then the problem of scattering by the mountain can also be 
attacked using the method of images. The problem becomes 
that of a plane wave incident upon a sphere. This problem 
had been solved in the period 1908–1909 by Debye and Mie 
and would also show a signal in the optical shadow cast by 
the hemispherical mountain.18

In the period beginning in 1889 and ending in the 
era of Tesla’s writing, the Scottish mathematician H. M. 
Macdonald had treated waves from a Hertzian dipole dif-
fracted from the Earth, which he modeled as a perfectly 
conducting sphere.19 His work was improved by the great 
French scientist and philosopher, Henri Poincaré, who in 

the period 1909–1912 converted Macdonald’s series of 
Bessel functions into a definite integral that could be bet-
ter evaluated. The German mathematical physicist Arnold 
Sommerfeld, unlike his predecessors, treated the Earth as an 
imperfectly conducting surface, although he simplified mat-
ters by making the Earth flat. He placed a vertical, electri-
cally short dipole above the Earth and derived an expression 
for the resulting electric and magnetic fields. His results of 
1909 were expressed in terms of an integral that he evalu-
ated asymptotically for an observer far from the antenna. He 
found that a surface wave had been generated on the Earth, 
and his theory nicely supported that of another German, 
Jonathan Zenneck, whose less rigorous work had led to 
what became known as the Zenneck wave, which existed on 
the ground at some distance from the antenna. The latter 
turned out to be the asymptotic solution of Sommerfeld’s 
theory. In 1919, the German mathematician Herman Weyl 
solved Sommerfeld’s configuration and ended up with a dif-
ferent approach that did not contain Zenneck’s wave. This 
result caused Sommerfeld to rework his solution, and his 
new findings did not agree with Zenneck.

In short, the first two decades of the 20th century were 
a lively and sometimes contentious period in the theory of 
radio wave propagation, but there is no hint of this from 
Tesla. Nor is there any indication in anything he wrote that 
he had the sophisticated mathematical skills to comprehend 
what was being written by the people cited above. There 
were, of course, great inventors with minimal knowledge of 
higher mathematics (think of Edison, Morse, Marconi, Bell) 
but these largely belonged to the 19th century, and one does 
see Tesla as part of that tradition.

Putting aside theoretical considerations, Tesla’s paper 
is notable for the omission of major empirical findings con-
tained in the famous and practical Austin–Cohen formula, a 
concise expression that describes the strength of the current 
on a receiving antenna when both receiver and transmitter are 
over the ocean. Louis Winslow Austin and Louis Cohen had 
worked for the U.S. Navy in the early 1910s, making shipboard 
electrical measurements of the field radiated from various 
transmitters manufactured by the National Electric Signaling 
Company (NESCO). By 1911, the two men had devised a suc-
cessful empirical formula that gives the received current20

   I r   = 4 . 25   
 I t    h 1    h 2  

 _____ 
dλ    e   −αd/ √ 

__
 λ    .   

Here   I r    is the current received by a wire antenna driving 
an impedance of 25  Ω ,   I t    is the transmitting antenna’s cur-
rent,   h 1    and   h 2    are the lengths of the two vertical antennas,  λ  
is the wavelength,  d  is the distance separating the antennas, 
and  α = 0 . 0015 . Lengths are in kilometers and currents 
in amperes. The formula was effective only during the day 
and was so useful that it became the basis for testing new 
theoretical predictions of received currents. The presence 

Fig. 3. Tesla analyzes the effect of an obstacle.

17See the article on diffraction in the 11th edition of the Encyclopedia 
Br itannica  (1910 –1911) ht tps://en.w ik isource.org/w ik i/1911_
Encyclop%C3%A6dia_Britannica/Diffraction_of_Light/11. Accessed 
Mar. 2018.

18J. Stratton, Elect romag net ic Theor y. New York, NY, USA: 
McGraw-Hill, 1941, Sec. 9.22–9.24.

19C.-P. Yeang, Probing the Sky with Radio Waves. Chicago, IL, USA: 
Univ. Chicago Press, 2013. I am greatly indebted to this source for most 
of the material in this paragraph.

20L. W. Austin, “Some quantitative experiments in long distance 
radio telegraphy,” Bull. U.S. Bureau Standards, vol. 7, no. 3, Feb. 1, 1911, 
Reprint 159.
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of the square root of the wavelength in the exponent was 
later derived theoretically by the English mathematician G. 
N. Watson and published in 1919, only a few months after 
Tesla’s paper.21 Interestingly, Tesla, speaking of the Austin–
Cohen formula, states unequivocally “ …  the actions at a 
distance cannot be proportionate to the height [length] of 
the antenna and the current in the same,” which is in direct 
contradiction to what the much used equation asserts.

Strange to say, Tesla then uses Austin–Cohen to reject 
Hertzian waves, saying that, “ … I cannot agree with him 
[Austin] on this subject. I do not think that if his receiver 
was affected by Hertz waves he could ever establish such 
relations as he has found.” So, on the one hand, he rejects 
the famous formula but then embraces it to argue against 
Hertzian wave theory.

Let us now study Fig. 18 in Tesla’s paper, reproduced 
here as Fig. 4. He has now introduced a second mountain 
that is further from the transmitter than the one in the pre-
vious figure. He argues that if Hertzian wave theory were 
true, then the second mountain “could only strengthen the 
Hertz wave [at the receiver] by reflection, but as a matter of 
fact it detracts greatly from the received impulses because 
the electrical niveau between the mountains is raised … ” 
[niveau is a French word for level surface].

What Tesla fails to understand is that without knowing 
the wavelength of the radiation, the separation of the two 
mountains, and the position of the antenna between them, 
we can make no statement about the enhancement or reduc-
tion of the signal at the receiver caused by the presence of 
the second mountain. In fact, using elementary wave theory 
or a transmission line analogy, we can argue that if the two 
mountains are separated by half a wavelength and if the 
receiver is midway between them, and if the soil is of rea-
sonably high conductivity, then we have a standing wave 
between the mountains. In this case, the effect of the more 
distant mountain is to enhance the signal at the receiver. 
There are waves moving from right to left and vice versa 
between the mountains. Such an arrangement, when set up 

in a room, as Hertz did in his famous experiment published 
in 1888, is known as an interferometer.22

Kuhn tells us that if we want to see what constitutes 
“normal science” and the paradigms it embraces, we should 
look at the textbooks of that era.23 By 1904, we can say confi-
dently that the paradigm shift created by Maxwell and Hertz 
had taken hold and was part of normal science. This was 
the date of publication of Poincaré’s text on electrodynam-
ics whose chapters 7–9 are devoted to the propagation of 
waves along wires, dielectrics, and air.24 It seems evident 
that Tesla was not reading the books of his epoch.

C. Skin Effect

Tesla repeatedly speaks of his system of wireless telegra-
phy sending messages through the Earth (see his Figs. 7 and 
8). Here he displays his ignorance of what is now referred 
to as “skin effect”: that alternating currents have a marked 
tendency to move along the outside (skin) of conductors. 
Knowledge of this goes back to the work of the Englishman, 
Sir Horace Lamb, in 1883 and was advanced further by 
his countryman, Oliver Heaviside, in 1885.25 The results 
showed that the higher the frequency in use, the greater the 
tendency for the current to be on a layer beginning at the 
outside of the conductor.

It is especially puzzling that Tesla does not mention 
this phenomenon as he took advantage of it in arranging 
for photographs of himself enveloped by sparks; to be sure, 
some of these were multiple exposures but others not. In 
the latter case, the frequency of the generator he was using 
was such that the energy would not penetrate deeply into 
his body, which meant that although he might have been 
burnt, he would not have been electrocuted. In a lecture of 
February 1893 before the Franklin Institute in Philadelphia, 
he sought to explain his not being shocked with a confused 
discussion.26

By 1919, skin effect and the concept of skin depth (the 
depth of penetration of the current) would have been in 
the better electrical engineering textbooks.27 We can cal-
culate how far a wave might penetrate into a mountain in 
the United States where typical soil conductivity,  σ =  0.005 
mhos/m and the relative permittivity,   ε r   =  10. We will 
assume a frequency  f =  100 kHz. Using the standard formula 

21G. N. Watson, “The transmission of electric waves around the 
Earth,” Proc. Roy. Soc. A, Lond., vol. 95, pp. 546–553, Jul. 15, 1919.

Fig. 4. Tesla considers the effect of two hills.

22H. Hertz, Electric Waves. Mineola, NY, USA: Dover Books, reprint of 
Macmillan book, 1893, Ch. 8 (dating from 1888, see, especially, Fig. 26).

23Kuhn, p. 43.
24H. Poincaré and F. King Vreeland (transl). Maxwell’s Theory and 

Wireless Telegraphy. New York, NY, USA: McGraw Hill, 1904.
25P. J. Nahin,Oliver Heaviside: Sage in Solitude. Hoboken, NJ, USA: 

IEEE Press, 2002, pp. 142–143.
26P. Comerford Martin, The Inventions, Researches and Writings of 

Nikola Tesla. New York, NY, USA: Barnes and Noble, 1893, 2nd ed., reprint 
1992. See also https://teslaresearch.jimdo.com/lectures-of-nikola-tesla/
on-light-and-other-high-frequency-phenomena-lecture-before-the-franklin-
institute-philadelphia-february-1893-and-the-national-electric-light-associ-
ation-st-louis-march-1893/. Accessed Mar. 2018.

27Indeed, it was in Poincaré’s book of 1904 (see footnote 24), Ch. 6.
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for skin depth that applies when conduction  current greatly 
exceeds displacement current, we have 

 δ =  √ 
____

   1 ____ π fμσ     . 

Here  δ  is the skin depth and  μ  is the permeability of the 
soil, assumed here to be nonmagnetic.28 The skin depth for 
the numbers chosen here is about 22 m. It is virtually impos-
sible for the signal that Tesla imagines to penetrate a moun-
tain having these typical parameters.

D. Tesla Debunks the Ionosphere

Warming to the task of diminishing other theorists, Tesla 
then damns what was then only a conjecture: the belief in 
what was then known as the Kennelly–Heaviside layer. We 
now call this the ionosphere—a set of layers of three or more 
ionized gases in the Earth’s upper atmosphere. It was first 
postulated, as a single layer, in 1902 by Arthur Kennelly and 
later Oliver Heaviside, working independently, as a way of 
explaining how radio waves propagate beyond the horizon. 
Although its existence and height were not verified experi-
mentally until 1924 by the Englishman Edward Appleton, 
for which he was later awarded the Nobel Prize, its presence 
was generally accepted in 1919, especially to explain the 
long distances that radio waves would propagate at night. 
Tesla tells us, “I have noted conclusively that there is no 
Heaviside layer, or if it exists it is of no effect.” One wonders 
if he recanted this statement after Appleton’s experiment.

E. Communication With Airplanes

Among the more perplexing aspects of Tesla’s article 
is his discussion tied to his Fig. 15. He is showing here in 
our Fig. 5 a “Hertz oscillator” suspended in the air, and uses 
this arrangement to explicate something that became well 
known during World War I: an airplane could communicate 
with a wireless receiver on the ground. Also known, but not 
discussed by Tesla, was that two airplanes in the air might 
experience radio contact with each other. 

What Tesla must explain is how his transmitter in the air 
might communicate with the receiver on the ground despite 
its not having a direct connection to the Earth that would be 
capable of effectively launching his crucial Earth currents. 
His explanation is that “we are merely working through a 
condenser.” Stating incorrectly there is a capacity that “is 
a function of a logarithmic ratio between the length of the 
conductor and the distance from the ground,” he says the 
receiver is affected in the same manner as with an ordinary 
transmitter. Evidently, we are to believe that the capaci-
tance between the sending antenna and ground makes pos-
sible the Earth currents crucial to his argument.

The formula for the capacity of a wire that he is most 
likely referring to would have been well known by the 1910s 
when it already had appeared in textbooks and handbooks

 C =   1 . 111 L ________ 
2 ln (  2h ___ r  ) 

   picofarads. 

This expression is the capacity of a wire of length  L  above, 
and parallel to, the Earth’s surface, which is assumed to be 
highly conducting.29 An airplane in flight dragging a wire 
antenna behind itself would create this situation. The 
wire is at height  h  above the Earth, and its radius is  r . All 
dimensions are in centimeters, and the logarithm (that is,  
ln ) is base  e . Note that the capacity is proportional to the 
wire length  L , not to the logarithm of  L  as Tesla asserted. 
Using the well-known formula for capacitive reactance 
 X = 1 / (2π fC ) , where  f  is the operating frequency,  
we could in principle obtain the impedance between the 
wire and Earth. Dividing the voltage of the antenna, with 
respect to the Earth, by this impedance, we might think we 
have obtained the current on the Earth.30

But what voltage are we to use? Because the antenna 
illuminates the Earth with an electromagnetic wave, the con-
cept of voltage difference or potential difference cannot be 
applied. It was known in the late 19th century that  electric 
potential difference between two points is calculated by the 
line integral of the electric field along a path between those 
points. When there is a time-varying electromagnetic field 
between these points the result will depend on the path taken 
and so the concept of voltage difference ceases to be of use.

Note that Tesla skirts entirely the phenomenon of air-
plane-to-airplane wireless communication, which had been 
observed during the war.31 Such communication could not 
possibly involve Earth currents if the transmission took 
place over a desert or dry sandy soil.

28Note that this is a simplification of a formula derived by Heaviside 
in 1888. See Nahin, p. 176, who also gives the formula we are using here.

Fig. 5. Tesla denies there is space wave transmission.

29W. H. Eccles, Wireless Telegraphy and Telephony: A Handbook of 
Formulae, Data and Information. London, U.K.: The Electrician, publish-
ers, 1915.

30In the unlikely event that the wire hangs straight down from the 
aircraft the preceding formula does not apply. However, it would still be 
incorrect to say that the capacitance varies with the logarithm of the 
length of wire. The required formula shows a more complicated behavior. 
See Eccles, p. 120.

31http://blogs.mhs.ox.ac.uk/innovatingincombat/. See, also, R. W. 
Burns, Wireless Communications: An International History of the Forma-
tive Years. London, U.K.: IET Press, 2004. p 407.
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F. Maxwell and Einstein: Difficulties for Tesla

When Tesla wrote his “The True Wireless” paper, he 
was not a young man—he was 63. There was about a 50% 
chance that he would die before age 75.32 His formal edu-
cation in science and engineering had taken place many 
years before. Tesla had studied for somewhat less than three 
years at the Austrian Polytech in Graz, Austria, in the late 
1870s. In 1880, he audited courses at Charles Ferdinand 
University in Prague, but was not enrolled. His course work 
should have given him a solid grounding in electric cir-
cuit theory and it was in school that he developed a great 
interest in alternating currents, especially for motors.33 It 
is highly unlikely that Tesla would have studied Maxwell’s 
theory while at school. As first presented in 1873, it was so 
difficult that few could understand it; nowhere will you find 
in Maxwell’s treatise the four succinct equations studied 
today by all electrical engineering and physics students. His 
analysis is based entirely on potentials, not the electric and 
magnetic fields used now. He used 20 equations and 20 vari-
ables, and it was only through the efforts of such people as 
Hertz, Heaviside, and Willard Gibbs in the late 19th century 
that the equations were to assume the form we find them in 
today.34 Even with their simplifications, we know, for exam-
ple, that Maxwell’s theory was not systematically taught at 
Cambridge University until after around 1900.35 Because 
Hertz’s famous experiment was inspired by Maxwell’s work, 
which Tesla most likely did not understand, it seems plau-
sible that Tesla might cling to an electric circuit theory 
paradigm in explaining what was called wireless communi-
cation. Note, however, that this was not canonical circuit 
theory—Tesla had added some bizarre features of his own to 
force it to explain wireless telegraphy.

Maxwell’s theory and its experimental verification 
by Hertz is not the only paradigm shift in Tesla’s era that 
he was unwilling to accept and understand. Throughout 
his life, he spoke often of particles that moved faster than 
light—a direct contradiction of Einstein’s theory of relativ-
ity. In an interview with Time magazine on the occasion 
of his 75th birthday in 1931, he asserted that he had, using 
“pure mathematics,” come up with a theory that “tend[s] to 
disprove the Einstein theory [of relativity].”36 There is no 
indication that Tesla ever had the knowledge to disprove 
Einstein’s work.

Circa 1930, Tesla wrote a poem for his friend George 
Sylvester Viereck in which he muses about science.37

One stanza addresses Newton and contains these lines:

“Too bad, Sir Isaac, they dimmed your renown
And turned your great science upside down.
Now a long-haired crank, Einstein by name,
Puts on your high teaching all the blame.
Says: matter and force are transmutable
And wrong the laws you thought immutable.”

Note the “long-haired crank”—Tesla’s name for the man 
who overthrew the Newtonian paradigm of mechanics.

Much has been written about opposition to Einstein’s 
theory of relativity; this hostility reached its peak in the two 
decades following the confirmation of the general theory of 
relativity via the measurement of the bending of starlight by 
the sun’s gravitational field in 1919.38 Some of this opposi-
tion was rooted in anti-Semitism, as the preceding reference 
shows, and we do know that Tesla had anti-Jewish tenden-
cies.39 In addition, Hertz, whom he diminishes, was, like 
Einstein, of Jewish origin—only partly in Hertz’s case—but 
it seems more likely that the statement to Time magazine 
derives more from an almost pathological narcissism that 
compelled him to be in the public eye and to diminish the 
stature of a lionized scientist.

Tesla has been called a scientist, an engineer, and an 
inventor. While the angst that can befall a scientific com-
munity having difficulty in adapting to a paradigm shift 
has been much written about, especially after Kuhn’s semi-
nal publication, the effect of a scientific paradigm shift on 
inventors, as opposed to scientists, has been less explored. 
When we study the lives of individual inventors or engineers 
we can find failure to adapt to a paradigm change.

G. Shifting Paradigms in Invention

Besides Tesla, whose inability to absorb a new paradigm 
should be evident, we have the example of yet another great 
inventor, Thomas A. Edison. Edison had little formal teach-
ing in schools and was largely educated by his mother and 
by his own readings. His first important work experiences 
and inventions were in the field of the [wired] telegraph, 
which operates using direct currents, and he obtained a 
strong intuitive grasp of direct current (dc) theory. It is 
understandable that his subsequent system of generating 
and distributing electric power was based on dc. Paul Israel, 
the esteemed biographer of Edison and editor of the Thomas 
Edison papers, remarks, “While experimenting with genera-
tors, Edison again relied on his experience with telegraph 
technology to provide a useful analogy that guided labora-
tory research.” Israel points out how Edison and his workers 
sometimes envisioned direct current generators as “carbon 
battery elements.”40

32U.S. Government Life Tables, U.S. Dept. Commerce, Bureau of the 
Census, Washington, DC: U.S. Government Printing Office, 1936, 
https://www.cdc.gov/nchs/data/lifetables/life30.pdf. Accessed Mar. 2018.

33B. W. Carlson, Tesla: Inventor of the Electrical Age. Princeton, NJ, 
USA: Princeton Univ. Press, 2013, Ch. 2.

34Nahin, Ch. 7 and 9.
35B. Hunt, The Maxwellians. Ithaca, NY, USA: Cornell Univ. Press, 

1991, p. 202.
36M. Seifer, Wizard: The Life and Times of Nikola Tesla. New York, 

NY, USA: Citadel Press, 1998, p. 423.
37M. Cheney and R. Uth, Tesla: Master of Lightning. New York, NY, 

USA: Barnes and Noble/Metro Books, 2001, pp. 138–139.

38M. Wazeck, Einstein’s Opponents, The Public Controversy About the Theory 
of Relativity in the 1920’s. Cambridge, U.K.: Cambridge Univ. Press, 2014.

39Seifer, p. 212.
40P. Israel, Edison: A Life of Invention. New York, NY, USA: Wiley, 

1998, p. 176.
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Historians have written about Edison’s unwillingness to 
adapt to the newly introduced system of ac electric power, 
which posed a direct economic threat to his own dc sys-
tem.41 We will probably never know for sure if his objection 
to ac was truly based on his concern that it was more lethal 
than dc, or whether he was acting out of pride, inertia, eco-
nomic self-interest, or an inability to grasp a phenomenon 
requiring some mathematical sophistication that eluded 
him. His statement in 1891 to Henry Villard, President of 
Edison GE, “The use of alternating current instead of direct 
current is unworthy of practical men,” has proved to be as 
fatuous as Tesla’s notion that Hertzian wave theory is “an 
aberration of the scientific mind.”42

III .  AGE A ND VA NIT Y

We are left to wonder why Tesla wrote this long paper 
displaying such a wealth of ignorance. One clue might come 
from an article about him that appeared in The New York 
Times on January 9, 1943, a few days after the inventor’s 
death. The generally admiring piece observes, “His practical 
achievements were limited to the short period that began 

in 1886 and ended in 1903. And what achievements they 
were.” By 1919, Tesla’s last important work had taken place 
more than half a generation before. Studying a list of Tesla’s 
patents, we find that about 90% of them were filed on or 
before 1903, and all his important ones were granted before 
this date.43 His Electrical Experimenter piece can be read as 
his rather sad effort to resurrect his reputation. 

Acknowledgments
The author would like to thank Dr. E. Bruton of the 
University of Manchester, Jodrell Bank Discovery Centre, 
for reading this paper and offering useful advice; and 
Prof. K. Stephan of Texas State University, San Marcos, 
for giving the author a valuable library of early textbooks 
on wireless telegraphy. He would also like to thank 
Prof. C.-P. Yeang of the University of Toronto, a distin-
guished historian of early 20th century wave propagation 
theory, for his comments. The author is also indebted to  
Dr. E. Wenaas, a well-known radio historian, for many 
useful editorial comments. He would also like to thank 
the anonymous reviewers, especially the one who told 
him of Edward Constant’s work.

41T. Parke Hughes, Networks of Power: Electrif ication in Western 
Society. Baltimore, MD, USA: Johns Hopkins Univ. Press, 1983.

42M. Josephson, Edison: A Biography. New York, NY, USA: Wiley, 
1992, p. 359.

ABOUT THE AUTHOR

A. David Wunsch (Life Senior Member, IEEE) 

was born in Flatbush,  Brooklyn, NY, USA, on 

December 15, 1939. He went to PS 193 in Brooklyn 

for elementary school. After studying at Cornell 

University, he attended Harvard University in the 

Division of Engineering and Applied Physics. He 

worked in the Antenna Group under R. W. P. King 

and received the Ph.D. degree in 1969. He is Pro-

fessor Emeritus in the Electrical and Computer 

Engineering Department at the University of Massachusetts Lowell. 

He is the author of the textbooks Complex Variables with Applications  

(London, U.K.: Pearson, 2004, 3rd. ed.) and A MATLAB Companion to Com-
plex Variables (Boca Raton, FL, USA: CRC Press, 2016). In 1995, he started 

the course Principles and History of Radio for liberal arts majors at Low-

ell. It is described in his article ªElectrical engineering for the liberal arts: 

Radio and its history,º IEEE Trans. Edu., 1998, vol. 41, no. 4.

43The website https://en.wikipedia.org/wiki/List_of_Nikola_Tesla_
patents lists 111 or 112 U.S. Tesla patents (depending on how they are 
counted).


