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EDWIN HOWARD
ARMSTRONG

ne extraordinary man did more to

advance the art of radio and tele-

communications than any other

human being. This important, but

little-known, American inventor

was Columbia University Professor
Edwin Howard Armstrong, known by friends
as “the Major”

Armstrong’ list of accomplishments is aston-
ishing: as an undergraduate at Columbia’s
School of Engineering and Applied Sci-
ences, he invented the regenerative,
or “feedback” circuit, the first high
gain radio frequency amplifier;
while a U.S. Signal Corps captain
in France, he invented the versatile
and widely used superheterodyne
circuit; with his four FM patents,
granted in 1933, he developed, and
fought to establish, wide band
frequency modulation,
later selected by the
Federal Communications
Commission to transmit
TV’s sound. All told,
‘the Major” was granted
forty-two historic patents, and presented as
many substantive and distinguished scientific

papers.

Throughout the remainder of his life, Edwin
Armstrong worked to advance FM radio
technology. He demonstrated how more than
one signal could be carried on a single FM
channel. This feat became known as multi-
plexing and led to both FM and TV stereo
broadcasting as well as other commercial
services.

When the United States
entered World War I, ~JE
“the Major” came to his
country’s aid by allowing
it free use of his many
patents for the duration.
That generous and
patriotic act led to the
development of advanced
electronic communica-
tions, recognition, guid-
ance and detection systems, which helped
the United States and its Allies immeasur-
ably in winning the war.

To comprehend the importance of Edwin
Armstrong’s work, it must be recognized that
the fields of commercial and public radio
and TV broadcasting are only a few of many
through which his inventions combine to
serve mankind. The most significant events
in his life and work are presented in the fol-
lowing chronological compilation.




1890 — Born on December ‘:: S 1941 — Assigned all patents, without fees or
eighteenth in New York ‘SR royalties, to U.S. Government for mili-

City. ‘% tary use during World War II.

1912 — Invented regenerative circuit,
making long distance radio com-
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munications feasible. ‘ .Q "‘ y " ‘“\ . radio and television stereo
Ay, A \ broadcasting possible.
1917 —Invented superheterodyne circuit, which y \\ :4 V
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permitted unprecedented selectivity and ampli-
fication in processing radio sngnals

1954 —Died on February 1
in New York City.
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1919 —Recognized by the SIS
Radio Club of America ~

as the foremost figure in radio.
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1988 — At least one of Armstrong’s three key
inventions— the regenerative and super-
heterodyne circuits and wide band
frequency modulation — is a vital com-
E m‘»\ _~. ponent of almost all current
g telecommunications equipment,
” worldwide.

:-‘ i
[ x4
. 'a).

1922 —Invented superregenerative circuit,
which made two-way mobile radio
possible.

1923 — Designed and built portable superheterodyne
AM receiver to be a wedding present for his
bride, Marion Maclnnis.’

General Communications: fixed and
mobile telephone services; amateur radio
activities; microwave tower and satellite
relay facilities.
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1932 — Superregenerative cir-
cuit used in the first
two-way, mobile radio
installations for police
communications.
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Public Safety: police, fire and rescue;
air, rail and highway transportation;

;‘:-... disaster reduction.
Som

\’:‘b’ Industrial and Governmental
Field Communications: construction;
forestry; power generation and trans-
mission; minerals exploration and
development; public works; conservation
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1933 —Invented wide band FM technology, which
surpassed AM by:
— reducing static to an insignificant factor;
— eliminating interference by same-frequency

stations; and recreation.
— facilitating use of entire audio frequency
spectrum; Commercial and Public Broadcasting:

— permitting complete dynamic range
reproduction;

— receiving all stations at the same volume level;

— penetrating steel bridges, underpasses and
other structures not previously reached by
radio signals;

— providing reliable night and day coverage
within a predetermined area;

— greatly increasing non-fading reception
range.

FM sound on more than 3,500 television
and 5,000 FM radio stations in the United
States alone, plus cable TV and use of

the superheterodyne-circuit in all TV as
well as FM and AM radio.
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Security: intelligence, detection and
identification; strategic and tactical ship,
shore and air communications; weapons
control and guidance systems.



ARMSTRONG, Edwin H(oward), elec. engr.; b. New York, N.Y.,
Dec. 18, 1890; s. John and Emily Gertrude (Smith) A.; E.E. Columbia,
1913, Sc.D. 1929; Sc.D. Muhlenberg College, 1941; married Marian
Maclinnis, December 1, 1923.  Assistant in dept. elec. engring.,
Columbia, 1913-14; asso. with Prof. Michael |. Pupin in research,
Marcellus Hartley Research Lab. at Columbia U., 1914-35; prof. of
elec. engring., Columbia, since 1934. Served as capt. and major,
Signal Corps, with A.E.F., 1917-19. Chevalier, Legion d’honneur, 1919.
Awards: Medal of Honor, Inst. of Radio Engrs., 1917; Egleston medal,
Columbia U., 1939; "Modern Pioneer" plague, Nat. Assn. Mfrs. 1940;
Holley medal, Am. Soc. Mech. Engrs., 1940; Franklin medal, Franklin
Inst., 1941; John Scott medal, Bd. of City Trusts, City of Phila., 1941;
Edison medal, Am. Inst. of Elec. Engrs., 1943; award to be known as
Armstrong Medal, established by Radio Club of America, 1935; Medal
for Merit, 1947; Washinton award for 1951, Western Soc. Engrs.
Mem. Institute Radio Engrs. Rep. Presbyn. Contributor to tech.
jours. Inventions: regenerative circuit, 1912; superheterodyne, 1918;
super-regenerative circuit, 1920; method of eliminating static by means
of frequency modulation, 1939. Home: 435 E. 52nd St., N.Y. City. Died
Feb. 1, 1954; buried Locust Grove Cemetery, Merrimack, Mass.
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AN INTRODUCTION 1

AN INTRODUCTION

by John D. Ryder, Ph.D. (F), and Donald G. Fink (LF)

Excerpted from Engineers & Electrons, 1944 |EEE Press

Armstrong’s First Invention:
The Regenerative Circuit

About 1913, Edwin Armstrong of Columbia
University had evolved the regenerative circuit using—
positive feedback from the output circuit of a radio
detector to the input circuit. Since this connection
effectively increased the input signal, amplification
was increased many times. Perhaps the
fundamental of Armstrong’s invention was his
realization that some of the high-frequency input
signal existed in the plate circuit and could be fed
back, a realization beyond the common view that
after detection, only audio frequencies were
present. Such regenerative circuits were in fact
oscillators, that is, generators of high frequencies,
but they were operated at a critical point just short
of oscillation. The circuit, which required some skill
from the operator, was used until the 1930's,
providing a means of truly long-distance
communication.

At about the same time, Reginald Fessenden,
Alexander Meissner in Germany, and H.J. Round in
England all originated circuits giving somewhat
similar results. A year or so later deForest also
made similar claims. A patent action was started by
deForest and later taken over by AT&T, which led to
a long legal battle not based on the technical facts
and exhausted Armstrong’s finances. Finally, the
Supreme Court in 1934 decided against Armstrong.
The Board of Directors of the Institute of Radio
Engineers (IRE) took notice of this injustice, and
publicly reaffirmed its 1918 action in awarding to
Armstrong the IRE Medal of Honor for his
"achievements in relation to regeneration and the
generation of oscillations by vacuum tubes."
Because of patent litigation, many companies had
used the regenerative circuit without awarding
Armstrong his royalties. The greatest use of the
circuit occurred in the 1920’s when the Armstrong
circuit received major acclaim.

Armstrong’s Second Invention:
The Superheterodyne

In 1918, Edwin Armstrong again appeared on the
scene. — While attached to the U.S.-Signal Corps
laboratories in Paris, he developed a receiving
circuit even more important than the regenerative
circuit -- the superheterodyne. Fessenden, in 1901,
had proposed a reception method which he called
the heterodyne. This name from the Greek heteros
(external) and dynamis (force). He used a steady
signal generated in the receiver, mixing this with the
received signal. From this process appeared a third
frequency equal to the difference between the first
two frequencies. If the difference was small enough
to lie in the audible range (200 Hz - 10kHz), the
modulation or variation of the incoming signal could
be heard in the headphones. The method was not
widely accepted because the local oscillators that
generated the constant signal were not sufficiently
stable.

What Armstrong invented was a great
improvement on the heterodyne, justifying the name
superheterodyne. It, too, used a local oscillator
frequency, mixed this with the incoming signal to
produce a much lower (but not yet audible)
intermediate frequency (IF). This intermediate
frequency was then amplified at the lower frequency
and great selectivity between signals could be
achieved in the tuned circuits attached to these
lower frequency amplifiers. The local oscillator
frequency had only to be stable enough to place the
intermediate signal in the frequency band passed by
the amplifiers. Thus, Armstrong overcame the
limitation of the heterodyne method. After much
amplification in such IF amplifiers, detection
followed to make the signal audible. A very
considerable increase in overall amplification was
possible with this receiver, and today it is the circuit
universally used in almost all radio, television, and
communication receivers.
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This was Armstrong’s second great invention,
one from which he would receive some financial
reward. Two others, superregeneration and the use
of frequency modulation, were to follow.

Simple receivers and transmitters with crystal
or diode detectors and audio amplifiers were used
on the ground and in the air in World War . Except
for Armstrong’s superheterodyne, which was not
put into production untii 1924, there was little
improvement in the circuits used. However,
industry learned how to produce vacuum tubes in
quantity, production of one type approaching one
million a year. These tubes had to yield
reproducible results when placed in receivers and
transmitters, and standardization of construction
was difficuit.

in 1920, Armstrong sold his regenerative-
circuit and superheterodyne patents to
Westinghouse for $335,000, which helped him to
meet the legal bills he was incurring as the deForest
suit on regeneration dragged on. Armstrong
retained a right to license his regenerative detector
circuit for "amateur and experimenter” use and this
brought him some royalities.

Armstrong and Superregeneration

At about this time, Armstrong announced his
third invention, by which regeneration was carried
to an extreme and one tube could produce an
output directly to the loudspeaker. He called it
"superregeneration.” As a business policy, RCA
refused to pay royalties and therefore had been
excluded from the use of the (Hazeltine)
Neutrodyne circuit. Seeing the need for a new
circuit to boost receiver sales, Sarnoff was
interested in Armstrong’s new invention. For the
first time, Armstrong prepared well for negotiations.
For the superregeneration patents he received
$200,000 and 60,000 shares of RCA stock; the
stock was later to make him wealithy.

However, the superregenerative circuit lacked
selectivity needed for the crowded broadcast
frequencies. This made it suitable only for
wide-band high-frequency channels. The invention
was used for “identification of friend from foe"
circuits during World War Ii. Otherwise it remains
on the shelf, awaiting some new application.

Armstrong and Frequency Modulation

Edwin Armstrong had another surprise for
the field in the 1930’s. He developed a way to
exploit a new approach to signal modulation --
frequency modulation (FM). Radio signals must be
of high frequency in order to radiate efficiently;
music and speech occur at the much lower
frequencies, below 15kHz. In the broadcast signal,
the music and radio frequency must be joined; that
is, the radio frequency is varied (modulated) by the
audio frequencies. This variation can occur in any
of three carrier wave parameters: amplitude,
frequency, or phase. The easiest form of
modulation is to alter the carrier wave's power
(amplitude), so the radio pioneers had chosen
amplitude modulation (AM). in AM, the strength of
the related signal is dependent instant by instant on
the amplitude of the audio signal. FM had been
neglected as an aiternative; in fact, it had been
unjustly condemned.

in 1922, there were over 300 broadcast
stations jammed into a narrow frequency band, and
a search was on for a method to narrow the
frequency band taken by each station. In AM, the
band is twice the range covered by the original
speech or music. In practice, this is limited to
plus-or-minus 5 kHz on each side of the center or
carrier frequency. In 1922, John R. Carson of the
Bell engineering group wrote an IRE paper that
discussed modulation mathematically. He showed
that FM could not reduce the station bandwidth to
less than twice the frequency range of the audio
signal. Since FM could not be used to narrow the
transmitted band, it was not useful. Thus was the
kiss of death given to FM.

Actually, Carson had reasoned only that
narrow-band FM would distort. Armstrong took the
opposite view and expanded the signal bandwidth
to 200 kHz and found a useful resuit. But in 1935,
when many hundreds of broadcast stations were
jammed into a 1000-kHz band, any proposal to use
more spectrum space for each station was heresy.
Use of a 200-kHz channel called for moving to
higher frequencies, and Armstrong took his
experiments to 41 MHz.

Two problems that had been with radio from
the beginning were atmospheric static and
man-made electrical noise. This interference
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contained large variations in signal amplitude.
Armstrong proposed that frequency variations
should carry the useful signal. Amplitude variations
could then be stripped off the FM signal, largely
eliminating noise and static.  Reception highly
faithful to the input signal was to be expected. The
era of “high fidelity" had dawned.

A circuit was needed to vary the frequency of
the transmitter in accordance with the microphone’s
audio signal. The transmitter could operate
constantly at peak output, that is, no reserve of
power was needed as in AM, in which a 25-kW
broadcast signal requires a transmitter capable of
reaching 100-kW on peaks. Fm required a "limiter"
to strip off all amplitude noise in the receiver and a
detector to convert frequency variation into
amplitude variation. This would make the signal
ready for audio amplification and the loudspeaker.

This system was built by Armstrong on tables in
a basement at Columbia University and
demonstrated to Sarnoff in late 1933; Armstrong
had agreed to give RCA first chance at future
inventions. Field tests ensued, with a transmitter on
the Empire State Building. These showed freedom
from interference to a range of 125 km (80 mi). FM
was the topic of a paper and demonstration by
Armstrong before the IRE in New York, but nor until
1935 (the field tests were the reason for the delay in
presenting the paper).

Armstrong Battles For His Life -
and Loses

During the next years, Armstrong battled to
improve his system and to sell it. In 1938, General
Electric asked for a license to produce equipment
under the FM patents. This action showed the
influence of W.R.G. Baker, head of G.E.'s
electronics department, who was enthusiastic about
FM.  Armstrong’s own experimental station at
Alpine, NJ, went on the air in 1938, after an
expenditure of $300,000. A network of New
England FM stations developed (the Yankee
Network), which was used relays located on

mountain tops. Later, the sound channel of the
television signal was transmitted by FM. RCA
remained aloof, protecting its investment in AM
stations and networks. In 1940, RCA made an offer
to Armstrong for a royalty-free license for FM, which
he did not accept. Armstrong felt that if FM were
allowed to challenge the established AM field on an
equal basis, FM would supplant AM.

In 1946, RCA announced a
limiter-discriminator circuit to circumvent
Armstrong’s patents, but it was a circuit in which
quality was subordinated to lower cost. By 1949,
when the basic patents on FM had only two years to
run, Armstrong sued RCA and NBC for infringement.
This suit was based on his desire to protect his
invention from cost-cutting and inferior design, as
he saw it. The suit was to drag on for five years of
pretrial depositions and cross-examination, much of
it trivial. Armstrong was in the witness chair for a
solid year.

In the meantime, FM had triumphed with its
application to police and mobile radio
communication by Daniel Noble of the University of
Connecticut. In mobile radio, the noise-combatting
property of FM was a critical benefit. Noble went on
to employment with Motorola, and that company
entered the mobile radio field. In 1939, FM was
used by Bell Laboratories in a radio altimeter that
used signal reflections from the surface of the earth.

RCA proposed a settlement of the suit under
terms which Armstrong again rejected in late 1953.
In that winter Armstrong apparently suffered a brain
allment, and his financial resources were drained by
the Alpine station and his legal fees, but the suit
dragged on. His attorneys assured him that a
settlement with RCA could be reached, but he was
pessimistic. His disturbed mental attitude brought
an estrangement from his wife, whom he had met
when she was Sarnoff's secretary in 1923. On the
night of January 31, 1954, he wrote a letter to his
wife. Dressed in hat, overcoat, scarf, and gloves,
his body was discovered the next morning on the
roof of a third-floor extension of his apartment
building in New York.
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“‘Babylon Shack’’ after it had been moved to RCA site at Rocky Point, New York, 1933.
Guglielmo Marconi (left) and Major Edwin Howard Armstrong. This wireless shack was con-
structed in 1902 for Marconi: Co. and was later bought by Armstrong. It was presented to David
Sarnoff when he was president of RCA. Marshall Etter, the last engineer in charge of RCA

Rocky Point Station, has researched the history of the Babylon wireless shack.
Courtesy of Harold Beverage
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RADIO REVOLUTIONARY

Edwin Armstrong’s innovations, culminating in the introduction of FM,
made modern broadcasting possible, but his life ended in tragedy.

by Thomas S. W. Lewis, Ph.D. (M)

Originally published in American Heritage of Invention & Technology 1, No. 2,(Fall 1985): 34-41.

Just before Christmas in 1913 three engineers
from the American Marconi Company crowded into
a cluttered basement room in Philosophy Hall at
Columbia University to see a young man
demonstrate his new invention, a regenerative, or
feedback, circuit, which he confidently declared had
made possible the most effective wireless receiver
in the world. This was a time of extravagant claims
-- and not a little fraud -- about the new technology
coming to be called radio, and the visitors were
suspicious as they heard a wireless telegraph
transmission from the Marconi company’s station
three thousand miles away in Clifden, Ireland, a
station normally picked up with great difficulty in the
eastern United States. That inventor, a recent
graduate of Columbia named Edwin Howard
Armstrong, had hidden the receiver in a black box
which made the listeners all the more skeptical. But
a few days later, after confirming the authenticity of
the messages, the assistant chief engineer of the
party, a young man named David Sarnoff, declared
the invention "the most remarkable receiving system
in existence." This occasion marked the first
meeting of Armstrong and Sarnoff, men who were to
become two of the most important figures in radio.
Each was to have a profound influence upon the
other when their careers became intertwined.

The history of radio in the United States is one
of strong and often eccentric personalities.
Armstrong, as one friend described him, was “all
focused in one direction." Son of the American
representative of the Oxford University Press, he
was born in 1890 and grew up in Yonkers, New
York. At the age of fifteen, after reading a copy of
The Boy’s Book of Inventions, he declared his
intention of becoming an inventor in the field of
radio. Soon he had filled his attic bedroom with
coils, coherers, crystals, Leyden jars, and
condensers, and he busied himself experimenting

o
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with electrical circuits. In the still of the night, when
signals were clearest, he listened to faint sounds
from transmitters as far away as Key West. In 1910
he erected single-handedly a 125 foot vertical
antennain his yard.

Almost nobody at the turn of the century
had the prescience to understand the potential of a
technology so new, imprecise, and as yet
unsophisticated as radio. It seemed more a hobby
for amateurs than a serious commercial venture.
Transmissions were limited to laboratory
demonstrations or experimental efforts over
distances of less than two hundred miles. Wireless
communications had begun only a few years before:
Heinrich Hertz had successfully transmitted
electromagnetic waves across a room in the late
1880s; Guglielmo Marconi had sent his first wireless
message across the Atlantic in 1901, an
accomplishment that was shortly understood to be
partly due to the refiection of radio signals off the
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upper atmosphere -- a discovery that was crucial to
all later work in radio. With the hope of increasing
the capability of wireless receivers, Lee De Forest
was developing the first three-element vacuum, or
audion, tube at the very time Young Armstrong was
reading tales of great inventors.

Aside from radio, Armstrong developed few
passions: tennis, fast cars, and high places. Tennis
he played whenever he could, spending hours
charging his barrel-chested six-foot frame about the
court. To indulge his craving for speed, he would
travel to the private Long Island Motor Parkway,
where for the fee of a dollar he drove at speeds of up
to a hundred miles an hour. He liked nothing more
than to climb hundreds of feet to the tops of radio
transmission towers or to install radio equipment on
the roofs of tall buildings. For relaxation he read
books about mountaineers.

Armstrong’s stubbornness and interest in
difficult problems led him to his most important
inventions. He realized that receivers and
transmitters might benefit from radical design
changes, and he challenged virtually every fact of
radio technology that others accepted. As his
technical papers reveal, he enjoyed showing up the
experts, be they eminent professors at Columbia
University, where he studied electrical engineering;
mathematicians, whose elegant solutions and
theorems he inherently distrusted; or, later, heads of
corporations whose commercial interests ran
counter to what he was trying to develop.

The idea for the regenerative, or feedback,
circuit came to Armstrong in a moment of revelation
while he was mountain climbing in Vermont in 1912,
between his junior and senior years at Columbia.
Upon his return to the university he built the circuit
and thereby greatly enhanced De Forest’s audion as
a detector for wireless signals.

Resembling a small light bulb fitted with a grid
placed between the filament and a metal plate, De
Forest’'s 1906 audion tube had helped amplify a
radio signal but did little else; a half dozen years
later the inventor was still struggling to make the
tube practical. Understanding the tube’s capability
even better than De Forest did, Armstrong found
that by looping the signal from the audion plate
circuit back to the grid via suitable coupling coils,
he could increase amplification enormously. And
when he increased the feedback beyond a critical
level, the tube became a transmitter.

Inventing his regenerative circuit proved to be
easier than having it accepted commercially, at

least before broadcasting became a business.
American Marconi and the Atlantic Communication
Company bought the right to use it in limited
applications; licensing the invention to smaller
manufacturers proved more profitable. By 1922 the
inventor had issued twenty-four licenses, and
royalties reached some ten thousand dollars a
month.

The idea for Armstrong's second major
invention came to him in another moment of insight,
while he was stationed in France as a captain in the
Army Signal Corps during World War |. Watching a
German bombing raid, he pondered a way of
locating the positions of airplanes by tracking the
weak high-frequency waves emitted by the engines’
ignition systems. He envisioned a superheterodyne
receiver, based on the electrical mixing of
frequencies. The technique of mixing frequencies
had been introduced to radio technology by the
Canadian engineer Reginald Fessenden in about
1903. It was Armstrong, however, who developed
its commercial practicality.

In the superheterodyne the incoming signal
is mixed, or heterodyned, with the steady output of
a local oscillator to produce a signal of Intermediate
frequency that can be much more cleanly and
effectively amplified. Armstrong’s laboratory
constructed an eight-tube receiver which included
three intermediate frequency amplifiers, a detector
for converting the signal to an audio frequency
current, and two audio frequency amplifiers. Over
the next few years Armstrong designed some very
elegant devices using this circuitry to achieve
improved sensitivity and selectivity.

By the mid-1920s the regenerative receiver
and crystal sets began to decline in popularity as
the transitional Neutrodyne receiver and its
variations came on the market with better fidelity
and amplifications; after 1930 there was
wide-spread adoption of the “superhet” as wider
patent licensing became available and it became
easier to tune -- with a single dial -- than its
predecessors. Today the superheterodyne
constitutes the basic receiver in practically every
radio.

When Armstrong returned to the United
States after World War |, nearly everyone
recognized him as foremost in his field. The Radio
Club of America gave a dinner in his honor at New
York’s Hotel Ansonia in 1919. His large, melon
shaped head, which had been prematurely balding
before the war, had been made into a complete
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dome by an anthrax infection contracted in France;
his firm mouth, long upper lid, and blue eyes, his
modest and laconic speech, and the occasional
involuntary twitch of his neck and shoulders (a
reminder of a bout with chorea in childhood)
remained unchanged.

Not all thought him pre-eminent, however. Lee
DeForest had claimed the prior invention of the
regenerative circuit, and now he was eager to press
his suit. The litigation quickly became acrimonious,
taking up much of Armstrong’s time and energy until
its resolution years later, and it helped determine his
bitter attitude toward patent law. Fees for his

—defense lawyers beganTto force him into debt,"and—

when, in 1920, the Westinghouse company offered
him $335,000 for exclusive rights to the
regenerative and superheterodyne circuits,
Armstrong decided to sell. The sum was
substantial; even after paying his creditors,
Armstrong was now wealthy.

Armstrong’'s next invention, the
superregenerative circuit, made him a millionaire.
He developed it as a consequence of his litigation
with DeForest. When preparing his regeneration
apparatus for a demonstration to the court in 1922,
Armstrong said, he "accidentally ran into the
phenomenon.” The superregenerative circuit
greatly improved the feedback process (although
the device would not become fully practical for
another decade). The Radio Corporation of
America paid Armstrong $200,000 in cash and sixty
thousand shares of stock for the invention. Later
the corporation added twenty thousand shares for
consulting work, making Armstrong the largest
stockholder in the company. Just before the stock
market crash of 1929 Armstrong sold most of his
stock for $114 a share.

Armstrong’s association with RCA drew him
close to the corporation’s president, David Sarnoff,
and even closer to Sarnoff's tall, charming, and
intelligent secretary, Marion Maclnnis. He courted
her in the manner of the twenties, taking her for
drives on the Motor Parkway in a new
Hispano-Suiza, on trips up the Hudson, and to
dinner and theater parties. Perhaps it was this
growing relationship that inspired Armstrong to
perform his most daring stunt. On a May afternoon
in 1923 he scaled the transmitting tower of RCA’s
station WJZ, 450 feet above Forty-second Street.
Hanging over the street from one of the aerial’'s
crossbeams, he posed for a photographer he had
brought along. That evening he returned to stand

atop the large banded iron ball crowning the tower.
Sarnoff was not amused, and for a while he barred
Armstrong from his offices. Marion Maclnnis
married Armstrong in December. For their
honeymoon, they traveled in the Hispano-Suiza to
Florida. His wedding present to his bride was the
first portable superheterodyne radio -- a huge
mechanism that they lugged onto the beach with
them.

Early in 1924 Armstrong returned to
Columbia to continue an effort he had begun a
decade earlier to eliminate static from radio.
Conventional wisdom held the problem insoluble.

“Static, "like the poor, will always be with us,” the— —

chief engineer of AT & T had declared. But
Armstrong labored persistently, sometimes taking
several months to set up an experiment that
involved as many as a hundred vacuum tubes. He
worked a seven-day week and usually a fifteen-hour
day, broken only by a lunch of a sandwich and a
glass of milk. Though he held a chair of electrical
engineering at Columbia, he taught no courses. His
salary was one dollar a year.

Shortly before Christmas 1933 David
Sarnoff returned to the same cluttered basement
room of Philosophy Hall where twenty years earlier
he had witnessed Armstrong’s demonstration of the
regenerative circuit. Armstrong and Sarnoff had
become friends,. but not intimate ones. Armstrong
was tall, slow-speaking, cerebral, and gentle;
Sarnoff was short, talkative, and aggressive.
Armstrong’s background was middle-class,
Presbyterian, and American; Sarnoff's, lower-class,
Jewish, and Russian. In 1906 Sarnoff had become
an office boy for the Marconi company. From that
position he had risen steadily to telegraph operator,
station manager, and assistant chief engineer. The
enterprising Sarnoff had become the self-appointed
spokesman for and prophet of radio as a mass
medium. When RCA was formed in 1919, he quickly
assumed a leading role; by 1930, he was president.

Armstrong had called Sarnoff to witness a
demonstration of his invention to eliminate static
from radio. Sarnoff had long expressed the hope
that an inventor would come forth with a "little black
box" to do just that. What he found was not a simple
device to be added to existing radios or
transmitters, but an entirely new radio system:
frequency modulation, or FM.

In the previous decade radio had become a
major presence across the country. The number of
homes with radios in 1922 stood at 60,000, with
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many of these radios home-built; by the Depression
years of 1933, when Franklin Roosevelt broadcast
his first fireside chat, the number was 19,250,000.
Automobile radios were first introduced in 1930
and numbered 500,000 three years later. The use of
Armstrong’s superheterodyne circuitry in receivers
had grown rapidly. When people were not listening
to the President, they were hearing shows with stars
like Amos and Andy, Ted Mack, Fred Allen, and
Bob Hope. On Broadway, Cole Porter
acknowledged radio's importance in a song:

Just think of those shocks you've got
And those knocks you've got

And those blues you've got

From the news you've got

And the pains you've got

(If any brains you've got)

From those little radios.

All "those little radios" worked on the principle
of amplitude modulation. The invention that
Armstrong demonstrated to Sarnoff, however,
introduced some fundamental changes.
Modulation refers to the way in which voice and
music information is impressed on a radio wave. In
amplitude modulation (AM) the information signal
varies the amplitude of the wave; what Armstrong
proposed was a method of modulation that would
vary the wave's frequency. By analogy to waves of
water, AM imparted the signal through changes in
the heights of the waves; FM did so by varying the
spacing of the wave crests. Since most noise
affected wave height, or amplitude, much more than
frequency, FM was much less vulnerable to
interference. But FM would require new transmitters
and receivers and would need a fairly wide channel
spacing -- up to two hundred kilohertz -- space for
which was not readily available in the already
crowded five hundred to sixteen hundred kilohertz
AM band. The inventor proposed VHF (very high
frequency) allocations, where plenty of room was
available. It was in this part of the spectrum,
furthermore, that FM's promise of improved high
fidelity might best be fulfilled.

Sarnoff was presented with an enormous
dilemma. The industry had a considerable
investment in medium-band AM, and a move simply
to abandon it and switch to VHF FM seemed
financially disastrous. It clearly represented a major

threat to any company already committed to AM.
Sarnoff hoped for some sort of compromise,
though, and was not averse to a little experimenting.
in March 1934, therefore, Armstrong’s equipment
was moved to the top of the Empire State Building
for definitive broadcasting tests. Receiving sites
were set up first at Westhampton Beach, Long
Island, New York, and then at Haddonfield, New
Jersey.

What the experimenters showed was a truly
substantial improvement in the signal-to-noise ratio
with the new technique. An FM signal twice as
strong as a noise pulse would suppress the pulse; in
AM a signal had to be one hundred times as strong.
Also, FM displayed a capture effect -- that is, if two
stations on the same frequency arrived at the
receiving antenna with different signal strengths, the
system would grab the stronger one rather than pick
up both at once. The capture effect, together with
the fact that VHF signals cannot be received farther
than about fifty to seventy miles from a transmitter,
suggested that FM stations in not-too-distant cities
could operate on the same channel.

Thus, the advantage of FM resided not
simply in its high fidelity, with which AM could
compete, but in a combination of effects, the most
significant of which was its spectacular ability to
suppress atmospheric and internal electronic noise.
in notes written in the receiving log at Westhampton
Beach on June 9, 1934, Armstrong reported: “1 PM.
W2XDJ signed off. All tests performed exactly
according to Hoyle. This experiment concludes just
twenty years of work on this problem...An era as
new and distinct in the radio art as that of
regeneration is now upon us. After ten years of
eclipse my star is again rising."

in fact, the worst was yet to come. On May
21, 1934, the Supreme Court resolved the
long-festering and bitter battle over the invention of
the regenerative circuit by deciding in De Forest's
favor (the matter was a complex issue of priority in
which each side presented a strong case). Though
the Institute of Radio Engineers refused Armstrong’s
offer to return the medal it had given him in 1918 for
the regenerative circuit, it could not restore the
inventor's loss of dignity.

However serious the wound was, Armstrong
would not let it deter him from his work with FM. But
in April 1935 RCA asked Armstrong to remove his
apparatus from the Empire State Building so that the
company could use the space for its experiments
with television. Not wanting to postpone the




RADIO REVOLUTIONARY 9

introduction of FM indefinitely, Armstrong then
resolved to establish the medium himself,
bank-rolling it with his own money and licensing the
patents to small companies, just as he had done
twenty years before with regeneration.

In preparation he enlarged his laboratory staff,
moved into a spacious apartment overlooking the
East River, which became both home and office,
and secured additional patents on a number of
improvements to FM. On July 18, 1939, he began
broadcasting from the first FM station, W2XMN,
which he had built entirely with his own money in
Alpine, New Jersey. That year General Electric
began manufacturing -- under Armstrong’s license --
the first commercially available FM radios. By the
end of the year the five-year-old Federal
Communications Commission (FCC) had received
150 applications for permits to establish FM
stations.

In 1940 RCA offered Armstrong one million
dollars, with no payment of royalties, for his FM
patents, but by now the inventor was stubbornly
determined to hold onto them and continue
licensing. Full commercial FM broadcasting was
authorized by the FCC on May 22, 1940, and forty
channels were allocated in the forty-two to fifty
megahertz range. But then the commission began
to express concern about sky-wave interference in
the designated FM range -- the possibility that
signals reflecting from the ionosphere (a layer of
electrified air in the upper atmosphere) would cause
interference in receivers. This later became a major
issue in battles between Armstrong and RCA.

In 1940, the National Television Systems
Committee, which was recommending standards for
television, chose to back FM for the television sound
signal and AM for the picture. The FCC went along
with this when it authorized commercial television
service on July 1, 1941. This use of FM was a coup
for Armstrong, but the economic benefit for him was
slight.

World War Il halted FM aural broadcasting
early in 1942, and Armstrong devoted himself to
research in FM radar for the Signal Corps. By now
RCA had an FM station on the air in New York that
used a transmitter slightly different from
Armstrong’s; by 1944 there were forty-seven FM
stations in the country and five hundred thousand
FM receivers.

At the close of the war a Radio Technical
Planning Board (RTPB) representing industry
interests was formed to advise the FCC on postwar

standards and channel allocations. The board
supported the FM frequencies that had been
established earlier as well as the use of FM for
television sound, but the FCC, citing a study
warning of sky-wave interference, recommended
moving the FM band to 92 to 106 in the megahertz
range.

This proposal; was generally favored by the
television industry, which would gain flexibility from
the higher channel allocation. But television
manufacturers that also made FM radios, including
Zenith and General Electric, opposed the move.
Also against it were the Radio Technical Planning
Board;—existing FM broadcasters, and-Edwin
Armstrong. Nonetheless, the decision was made to
move the FM band to 88 to 108 megahertz, where it
remains today. The FCC allowed a number of
stations to operated on both high and low FM bands
during a transitional period until new receivers were
generally available. But to the FM industry the *FM
shift" seemed more like an FM bust, the major effect
of which would be to render all existing FM radios
and transmitters obsolete, thus crushing the
industry and benefiting companies that had been
late to get involved with FM.

Sarnoff and RCA, meanwhile, were focusing
mainly on television but continued to carry out their
own research with FM. After being rebuffed in its
attempt to buy out Armstrong’s patents, the
company decided to try to get around them. RCA’s
first commercial FM receiver, in 1946, used a
supposedly new circuit to remove noise pulses, or
unwanted amplitude-modulation signals. The circuit
was very effective, but it could easily be seen as
simply an adaptation of the limiter-discriminator
component of Armstrong’s own FM system.
Armstrong made an impressive argument to this
effect in an ingenious paper before The Radio Club
of America. The inventor already believed RCA
would emerge a big financial winner -- and he a big
loser -- as a result of the FM band change; now his
dismay at the company and its chairman, Sarnoff,
increased.

RCA'’s tight control of its own radio patents
provoked resentment among competing
companies, and in 1946 Zenith repudiated an RCA
license package, ceased to pay royalties, and
brought triple damage suits against RCA, GE, and
Western Electric, among which there had been
interlocking patent- rights agreements. Litigation
multiplied swiftly into suit and countersuit, and other
manufacturers brought charges of patent
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infringement and restraint of trade against the big
corporations.

So Armstrong was not alone when, on July 22,
1948, he filed suit in federal district court against
RCA and other companies, charging them with
infringing his five basic FM patents and violating the
antitrust laws. The case was to be a test of
endurance, a Dickensian legal battle that a single
man -- even an Armstrong -- could not hope to win.
Though represented by one of the finest Wall Street
law firms, he found the opposition prepared to fight.
“They will stall this along until | am dead or broke,"
he said. Stall they did. Legal fees mounted steadily
while at the same time income from patent royalties
dwindled. The financial and emotional strain on
Armstrong grew until it became too much.

By 1953 Armstrong was caught in a tragic
drama from which he could not escape. His health
deteriorated; his once-robust frame now appeared
gaunt, and his face haggard, and the twitch in his
neck and shoulder became more pronounced. The
pressure proved too much for his wife; at
Thanksgiving she left their apartment in New York to
live with her sister in Connecticut.

Late in January 1954 Armstrong confessed to
his lawyer that he had "made a mess" of his personal
life and said that he was ready to settle a
twenty-one-patent infringement suit that had just
been instituted by him. But he could not bear
defeat, and the thought of retiring a beaten man was
abhorrent. On the night of January 31, Armstrong --
then sixty-three years old -- penciled a two-page
note to his wife, Marion, concluding, "God keep you
and Lord have mercy on my soul.” Fully dressed in
his hat and scarf and overcoat and gloves, he went
to the window of his apartment and plunged ten
stories to his death.

His widow pressed on, continuing the litigation.
One by one, favorable agreements and court
decisions began to appear. Late in 1954 RCA

agreed to a $1,040,000 settlement; the
twenty-one-patent infringement suit was decided in
Armstrong's favor in September 1959. The legal
proceedings did not come to an end until October
1967, when the Supreme Court refused to review a
lower court judgment against Motorola. Eighteen
years after he had brought suit and thirteen years
after his suicide, Edwin Howard Armstrong had
won.

Armstrong'’s inventions and ideas have also
triumphed. Today virtually every radio, television,
and radar system employs the superheterodyne
circuit.  Frequency modulation has become the
standard of high-fidelity broadcasting all over the
world, thanks in part to subsequent developments in
the high-fidelity industry and innovative regulatory
procedures. Having declined in number between
1950 and 1958, FM stations in the United States
began to multiply after the introduction of stereo on
records. In 1961 the FCC authorized the modern
stereo-FM system and extended an earlier
authorization permitting FM stations to sell back-
ground music service to banks, stores, and
supermarkets. Finally, the FCC ruled in 1965 that
FM stations broadcasting to audiences of more than
one hundred thousand had to offer original
programming at least half the time, rather than
simply duplicate AM schedules.

These developments led to a dramatic
increase in the number of FM stations, from 990 in
1961 to the current total of 4,965. The FM industry
has been given an additional boost by the
proliferation of receivers in automobiles.  And
improvements in solid-state engineering and
microelectronics have lent a crowning touch to the
fulfiiment of Armstrong’s dream of realism in the
transmission of sound. FM has reached a healthy
aduithood, but only after a birth and early life whose
turbulence its inventor could not survive.
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Carl Dreher

E. H. Armstrong:

the Hero as

Inventor

The radio in every home reflects the genius
of an American little known outside his
profession, who expended himself in titanic

battles over his legal and financial rights.

HE death of E. H. Armstrong in January
1954 ended the outstanding technological
career of our time—one that brought into being

devices so intricate that only ‘a small group of

specialists can understand them, yet so simpli-
fied in practice that they function in nearly every
American home. It was a life replete with all the
things ordinary human beings long for—and also
a life from which most of us would recoil if we
were given even a brief preview of what it en-
tailed. Fortune said in 1948 that Armstrong
could qualify as “the greatest American inventor
since Edison and the most important of all radio
inventors, including Marconi.” Yet perhaps five
Americans in a hundred know who Edwin
Howard Armstrong was.

As far as a life can be, Armstrong’s was planned
—and it was he who did the planning. When
he was fifteen he informed his parents .that he
intended to be an inventor. In the classical tradi-
tion he did his first work in a garret, though a
very comfortable garret in the spacious Arm.
strong home in Yonkers, overlooking the Hudson.
(His father was the American representative of
the Oxford University Press.) By the time he
was a junior at college he actually was an in-
ventor and an extremely important one, though
it took time for the fact to be recagnized.

What he had invented was the regenerative
circuit, known also as the feedback circuit, the
oscillating audion, and the ultra-audion—the
multiplicity of names reflects its importance—a
milestone in technological history and the prize
in patent litigation which lasted nineteen years,
cost millions in lawyers’ fees and lost time, and
scarred Armstrong to the end of his life.

Apparently Armstrong’s father started him on
his career when he returned from a European
business trip with a copy of The Boy's Book of
Invention. Faraday and Nikola Tesla became
young Howard’s idols. But he began too at this

early date to show some of the pugnacity-he ex
hibited in later years when his inventions were
at stake. If anyone disturbed his equipmeny he
was furious. Sometimes he would stay in the gar-
ret, which was also his bedroom, for two or three
days at a time.

When he was eighteen Howard Armstrong
went to Columbia University for his electrical
engineering degree. It is recorded that he drove
a motorcycle between Yonkers and Morningside
Heights at alarming speeds, and this was not the
first time he had shown daredevil tendencies. He
would climb trees, the cliffs of the Palisades on
the New Jersey side of the Hudson, and—what
was especially nerve-wracking to the neighbors—
a high radio mast which he had erected in the
back yard of the Yonkers home. There was some-
thing more to this than youthful exuberance, for
he kept on doing it as he grew up. He liked to
take physical risks—all kinds of risks—and if he
felt fear it was to a lesser extent than most men.

BOY WONDER

IN 1909 the electrical engineering course .t
Columbia was only four years, but the teac -.;
were top men like Arendt, Mason, Morecroft, and
Michael I. Pupin, the Serbian goatherd who had
arrived in the United States in 1874 at the age
of fifteen, with a red Turkish fez on his head
and five cents in his pocket, and had become pro-
fessor of electromechanics and a redoubtable
inventor. He remained picturesque. “The rotor
of a synchronous motor,” he would say in his
lectures, “is lousy with harmonics.”” In Jater
years Pupin, swelling with pride, would always
refer to Armstrong as “my former pupil.”

Except in radio, however, Armstrong was far
from brilliant. Morecroft, after Armstrong be-
came prominent, recalled that he had little
interest in the characteristics of alternating cur.
rent machinery and did “rather poorly” in many
of his courses. Moreover, he was a nuisance; he
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spent most of his time in the laboratory setting
up intricate radio circuits. At one point he was
so much under foot that Professor Arendt told
Prolessor Mason to “'get Aimstrong and his stuff
out of the laboratory.”

He received his degree in 913, By that time
he had impressed the departinent sufficiently with
his zeal in1esearch to be kept on as an assistant
at $50 a month, correcting papers and doing
other routine work. This was the only regular
job Armstrong ever had and he did not have it
long. He was to come back to Columnbia even-
tually, as professor of electrical engineering, in
which capacity he received no salary and did
little eaching. For the moment, however, More-
crotu felt Arimsirong should work six days a week
for his filty a wmvuth, and (inally he was fired.
Armstrong went back to Yonkers, put up a 110-
loot mast in the back yard, and continued to
experiment.

T HLE [eedback invention was the culmination
of a series of discoveries by Armstrong’s prede-
cessors. Back in 1883 Edison, experimenting with
the electric lumip, found that when a metal plate
was introduced into the bulb a current would
flow between the plate and the glowing filament,
always in one direction. Edison had other worries
and did nothing with the discovery; it came
twenty years too early. In 1904 there was a need
for a detector of wireless waves and a British
clectrical engineer, John Ambrose Fleming, made
a two-elemnent vacuuin tube employing the Edi-
son cffect.

In 1906 Lec de Forest, then thirty-three and
the only one of the great pioneers of radio still
living today, introduced a third element into the
Fleming valve and really started something. This
element, a zigzag wire called the grid, controlled
the current flowing between the filament and
plate and added amplification to the detecting
action. De Forest, a Yale Ph.D., may not have
had a completely clear piciure of what was hap-
pening inside his “audion,” as he called it, but
no one disputes that he first put the grid into
the vicuum tube and thereby opened the door
to modern radio—and to Armstrong.

In 1912 und 19138 reports were circulating that
some lad up at Columbia had a receiver hundreds
or thousunds of tiies more sensitive than the
conventional de Forest audion, so that he could
receive signals at unheard-of distances. Arm-
strong demoustrated the device, which_he con-
cealed in a black box, to a number of engineers
and commercial radio people—among them
David Sarnoft, the twentytwo-year-old chief

radio inspector of the Marconi Wireless Tele-
graph Company of America. Later Armstrong
disclosed his engineering principles in a classical
paper delivered before the Institute of Radio
Engineers modestly entitled, “Some Recent De-
velopments in the Audion Receiver.”

What Armstrong had discovered was the tech-
nique of taking a portion of the current fron the
plate of a vacuum tube and feeding it back to
the grid, where it would again go through the
process of amplification and again make available
a surplus of current to be put through the sume
process over and over again. If the fcedback was
increased beyond a critical point, the tube would
becone a generator of oscillations. Engincers
could envision large vacuum tubes which would
take the place of the arcs and sparks and rotating
machinery currently in use. The regenerating
and oscillating audion was one of those protean
devices which revolutionize whole industries.
Not only had it been created by a man barely
old enough to vote, but he had done it with such
superb engineering skill and thoroughness that
the most resourceful, experienced engineers could
add little or nothing.

Fitting the invention into the existing scheme
of things, however, was a more complex matter.
The way of the innovator is hard, and innovators
make it hard for one another. There is no more
ruthless competition than that between inventors,
and the claims of an independent individualist
like Armstrong had to be assessed on the strength
of his patent position, which could be decided
only by the tedious and unpredictable action of
the courts.

Around 1915, Armstrong was a good buy. He
was practically penniless. He would have sold
all his rights for $10,000 and a research job at
an equally modest salary.. It was just as well for
Armstrong that there were no takers, for within
a few years, by granting licenses under his
patents, he was receiving $7,000 to $8,000 a year
in royalties. He could have lived very well had
it not been for legal expenses. But five years
later, he was in debt $40,000 to his lawyers.

SECOND BULL’S-EYE

AR MSTRONG’S closest friends were
the founders and early directors of the
Radio Club of America, which is not so much a
club as an engineering society. In World War I
a large proportion of the members were in the
armned services. Armstrong was commissioned a
captain in the Signal Corps, sent overseas, and
given the job of intercepting German front-line
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radio communications. It was impossible to pick
them up intelligibly at the American listening
posts with the vacuum tubes and receiving equip-
ment then available. Armstrong solved the prob-
lem by devising a new type of receiver, the super-
heterodyne, so superior in selectivity, sensitivity,
and ease of operation that by the late twenties it
had superseded all other types of receivers and
still holds unchallenged leadership.

The French made Armstrong a Chevalier of
the Legion of Honor for the superheterodyne and
the AEF promoted him to the grade of major.
Characteristically, he came home from the war
without giving notice of his arrival, appearing
suddenly on the steps of the Yonkers house, his
head swathed in bandages, crying, “I'm perfectly
all right, perfectly all right.”

The bandages were necessitated by a skin in-
fection which soon cleared up but disposed of the
remainder of Armstrong’s hair, which had started
falling while he was still in college. He had little
vanity, though his high domed forehead, quiz-
zical gaze, long upper lip, and firm mouth might
have been accounted handsome in their way.
When Time, in later years, referred to him as
the “bald, monolithic professor of electrical engi-
neering at Columbia University” the description
was as accurate as it was merciless.

When he returned from France the Radio Club
threw a big dinner for him. Every prominent
radio man who was in New York or could get
there was present. The only absentees were a
few opponents in litigation. Armstrong had a
hard, packed life but it contained some glorious
moments and this was one of them.

Within the next two years his financial situa-
tion improved. He had licensed twenty concerns
under his regenerative patents; he now sold what
remained of these patents, together with the
superheterodyne, to the Westinghouse Company.
His total receipts from this sale came to $435,000,
which in the early twenties constituted a substan-
tial estate. Even so, it was only a fraction of the
intrinsic value and Armstrong sold very reluc-
tantly. An important consideration was his
indebtedness to his lawyers and the continuing
cost of litigation; once he had sold, the further
dcfense of the patents devolved on Westinghouse.

MR. SARNOFF’S SECRETARY

A $ Armstrong was the technical genius
of radio’s second phase, David Sarnoff was
and veniains ity administrative genius. Inevit-
ably their lives were intertwined. In 1922 Sar-
noff, the ex-messeuger boy and wireless operator

—one of the most expert who ever tapped a
key—was, at thirty-one, vice president and gen-
eral manager of the Radio Corporation of
America. Sarnoff and Armstrong were almost
exactly of an age; Armstrong was the elder by
two months.

Sarnoff’s secretary was a tall girl from Merri-
mac, Massachusetts, named Esther Marion Mac-
Innis. One didn’t get to be Mr. Sarnoff’s secretary
by looks and churm alone: Miss Maclnnis was
also intelligent. Armstrong was in Sarnoff's office
a good deal, discussing patents and the like, and
he was ne inore immune than other young men.
His manner of courting her was in the spirit
of the Scott Fitzgerald era. Armstrong had re-
turned from a European vacation with a Hispano-
Suiza, in which he took her for a ride on the
Long Island Motor Parkway, a private toll road
financed by W. K. Vanderbilt which in one
respect was the precursor of modern turnpikes
—it had no grade crossings. The road was forty-
five miles long and an able driver would make
it in forty-five minutes or less. According to Miss
Maclnnis at one moment on this ride the speed-
ometer read 100 mph.

Another incident in the courtship reflected
Armstrong’s continuing impulse to risk his neck.
Early in 1923 the Radio Corporation of America
was erecting its first broadcasting stations in New
York City, on West Forty-second Street, opposite
Bryant Park. The building, which bore the
name of the Aeolian pianola company, was over
twenty stories high, and there were two one-
hundred-foot towers on the roof to support the
antennas. Each tower was surmounted by a
crossarm on which a man could walk; in the
middle, about fifteen feet higher, there was a
ball of strap iron symbolizing, somewhat feebly,
the world. Armstrong liked to come up to the
station and climb all the way to the ball of
the north tower, but Sarnoff had written him a
sharp letter telling him to stop. By way of
retort, Armstrong appeared at the formal recep-
tion which marked the opening of the station
and (while Sarnoff was officiating as impresario
in the studios on the sixth fioor) went up to
the roof, climbed the north tower, aid stood
on the ball 350 feet above Forty-third Street
while a photographer took flashlight pictures
from the crossanin. According to some eyewit-
nesses, Armstrong did a handstand on the ball.
He had not had a drop to drink.

Armstrong sent a set of prints to Miss MacInnis
and Mr. Sarnoff, and the next time Armstrong
came 10 Acolian Hall the engineer-in-charge had
the painful duty of informing the inventor of
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the regenerative circuit and the superheterodyne
that he was persona non grata.

In a few months, however, Sarnoff forgave
him. Nobody, except perhaps Dr. de Forest,
could stay mad at Armstrong very long. Nobody
wanted to and besides, it wasn't safe; with a
man who turned the industry upside down at
least once a decade, it was well to be on speak-
ing terms.

Miss Maclnnis also remained on speaking
terms with Armstrong; she married him on
December 1, 1928. While the bride-to-be waited
in Merrimac, the bridegroom started out from
New York in the Hispano-Suiza, paced by his
friend George E. Burghard in a DeLage. A few
miles out of New York the DeLage broke down.
Armstrong and Burghard took the carburetor
apart four times. At 2:00 .M. they were on the
outskirts of New Haven and further progress
became impossible.

It was a cold, drizzly night. The two eminent
technicians in their $15,000 vehicles did not
have a tow rope between them. Armstrong
drove into New Haven, obtained a rope, and
towed Burghard into Hartford, where they ar-
rived at 6:00 .M. The DeLage had to be towed
to the Bosch plant in Springfield for a new
magneto. The next day, in Worcester, the bat-
tery fell out. Eventually Armstrong and Burg-
hard reached Merrimac, the marriage was solem-
nized, and the couple fled south in the Hispano-
Suiza.

HOW TO INVENT

: I 'HE Armstrong story is not merely a story
of inventions, but of invention itself. Amer-

icans, even more than other peoples, live by
invention—"We live by obsolescence,” as Sarnoff
puts it—yet most of us haven’t the faintest idea
of how the thing is done.

In Armstrong’s case, one factor was humility.
He was always ready to learn from others. He
would patiently question the most uninspired
engineer to clicit what little the man knew;
in return, with equal patience, he would give
as much of his own understanding as the other
could absorb. In technical debate, when he felt
credit for what he had done was being taken
from him, he could be harsh and even cruel:
the way in which he tore de Forest apart at
meetings of the Institute of Radio Engineers
is still vivid in the memories of those who wit-
nessed it, forty years ago. But that was in the
heat of battle and de Forest was equally harsh
toward Armstrong; worse, he was patronizing.

Armstrong’s second great characteristic was
skepticism. He believed with Professor Arendt
that “it isn't all in the books.” He never tired
of quoting—or quoting his version of—the Josh
Billings saying, “It is better not to know so
much than to know so many things that ain’t
s0.” When he started on a project he went over
everything that had been done before to make
sure it was so. Educated in mathematics, Arm-
strong distrusted mathematical formulations; he
had seen how often, through erroneous assump-
tions, they made things seem impossible which
were actually possible. He invented by obser-
vation, instrumentation, hunches, intuition, and
reasoning. And he passed over nothing. “Listen,
look, and measure” is one colleague’s summing,
up of his technique.

And then, he thought. He thought long and
hard. Most of us, most of the time, do not
think in this way; we live in a fog of self-induced
reveric. Armstrong could not have been entirely
devoid of this aimless, restful activity, but his
mental processes were abnormally purposive.
Watching him with a radio circuit spread out
on a laboratory table, or just talking with hin,,
you felt the intensity, the preoccupation, the
dogged resolution, the overevaluation—for who
can do good work unless he is convinced it is
more important than it actually is?

Not all of Armstrong’s inventions were success-
ful. One was a total failure and another, the
super-regenerative circuit (1922), did not bear
out the high hopes of its inception. Its selec-
tivity was poor, and the superheterodyne drove
it out; the most important effect of super-
regeneration was to make Armstrong rich. When
first revealed, its performance was spectacular,
its weaknesses less apparent. RCA bought the
patent for $200,000 and 60,000 shares of RCA
stock, and later Armstrong received another
30,000 shares for helping, among other engineer-
ing services, to adapt the superhet for mass
production. He thus became, and for years
remained, the largest stockholder in the Radio
Corporation of America.

THE bitter legal controversies of technology
are not occasioned by mere greed or vainglory.
Such factors play a part, but there are also
honest differences as to who did what. Nobody
invents by himself. Every inventor stands on
the shoulders of his predecessors, and they stand
on the shoulders of earlier investigators, and so
on back through history.

Every inventor is also dependent on his con-
temporaries. An art progresses through the
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efforts, in. each generation, of a few major orig-
inators, perhaps some hundreds of second-rate
originators, and thousands on thousands of run-
of-the-mill engineers and technicians who do the
common labor. In the realm of ideas the ratio
is about the same. Fo: every good idea, there
are a hundred bad ones; for every new idea, a
hundred old ones. The mistakes and failures
are necessary to clear the ground.

Then, as Pupin said, inventions are always
partly luck. There comes a time when an inven-
tion becomes possible, and at that stage there
are usually more than one pair of hands reach-
ing for it. ¥t is not necessarily the most scholarly
or most deserving investigator who grasps it first.

THE PATENT WARS

T HE patent system attempts to reconcile
. the conflicting claims which arise out of
all this confusion. In a patent conflict the
parties—sometimes there are more than two—
may all have ethically valid positions. They all
made the invention and they may have made
it in substantially the same way and at about
the same time. Yet, by reason of some slight
priority, or verbal dexterity in the description
of what is claimed, or purely legal technical-
ities, one inventor may be doomed to depriva-
tion while another reaps the reward both in
fame and money. It is no wonder that at times
the in-fighting gets dirty.

Not one of Armstrong’s inventions was entirely
his own in the sense that his authorship was
never challenged. Eventually he lost the regen-
erative circuit in a heartbreaking decision in
which the engineering profession lined up almost
solidly behind him but the Supreme Court ruled
that de Forest was the legal inventor. The
superheterodyne patent was successfully chal-
lenged in the United States by Lucien Levy, a
French inventor, although the French gave Arm-
strong a patent and none to Levy. Frequency
modulation Armstrong never claimed as entirely
his own; as he said, the idea had been kicking
around for years, but nobody did anything with
it except to prove, by beautiful mathematical
analysis, that it was no good.

Alfred McCormack, a brawny, sapient Wall
Street lawyer who became Armstrong's attorney
in 1928, remarked that Armstrong’s inventions
were accepted by acclamation rather than by
litigation. The acclamation came to him not
because he was the only one who had the ideas
nor because he was the only one who could
make them work—but because he was one of the

precious few who had ideas, made them work,
demonstrated with pellucid clarity how they
worked, knew what was the next thing to do,
and went ahead and did it.

The regenerative litigation began in 1915
with patent “interferences” between Armstrong,
Irving Langmuir of the General Electric Com-
pany, a German named Meissner, and de Forest.
An “interference” is the Patent Office proceed-
ing for determining priority among claimants
who have all made the same invention. Arm-
strong beat out Langmuir by six months, Meiss-
ner by two. From 1922 to 1934 de Forest and
Armstrong alternated as the legal inventors. The
case went up to the Supreme Court not-once,
but twice. The animosities it aroused bordered
at times on physical violence, and of verbal
violence there was no end.

De Forest tells in his autobiography how
Pupin, whom he had regarded as a “kindly
friend,” burst into a hall at the Bureau of
Standards in Washington where de Forest was
giving a demonstration of the oscillating tube,
bellowing, “What right have you to have that
there? That thing is not yours! That belongs
to Armstrong!” And when de Forest read a
paper on the audion and its evolution at the
Franklin Institute in Philadelphia in 1920, Arm-
strong himself was ordered by the chairman to
sit down when he declared that he himself was
the inventor of the féedback circuit, and that
all de Forest had invented was the audion.

In 1928 the Supreme Court, without reviewing
the evidence, decided for de Forest on points
of law. Armstrong was severely shaken. After
a few days he got in touch with an engineer-
friend and asked him to review the voluminous
printed record and tell him who was the inven-
tor—he or de Forest. A week later his friend
informed Armstrong, over the telephone, that
he was indeed the inventor from.a technological
standpoint, but that it might prove impossible
ever to sustain his claim in a court of law. He
then urged Armstrong to try to forget the experi-
ence, bitter as it was. -

“You still have the mind with which you
invented the damn thing,” he said. “If any-
thing, it's better than it was. You can make
other inventions just as important.” There was
a pause, then Armstrong’s voice came over the
line in a tone of quiet despair. “There’ll never
be another oscillating audion,” he said.

Others gave Armstrong the same advice. “We
all know you invented the regenerative circuit,”
Burghard told him. “All the engineers know it.
What do you care what the courts say?” But
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Armstrong insisted on re-opening the case. In
the meantime the Radio Corporation had cre-
ated its patent pool and possessed rights under
both the Armstrong and de Forest patents. RCA
had no further interest in defending Armstrong
—rather the contrary—and withdrew its support.
Armstrong spent about $200,000 of his own
money carrying the case up to the Supreme
Court once more.

This time the court reviewed the evidence but
made deductions fromn it which dumfounded
radio engineers. Pupin aud other savants pro-
tested in the newspapers and technical journals,
pointing out the gross errors in the opinion
written by Justice Cardozo. Nevertheless the
decision, although somewhat altered in its final
form, gtood in favor of de Forest. Arustrong
returned to the lustitute of Radio Engineers
its Medal of Honor, which had been awarded
to him in 1917 for the invention,

But the directors voted unanimously to re-
award the medal to Arinstrong, and in 1941 the
Franklin Institute awarded its medal to Arm-
strong for his inventions, including the regen-
erative circuit. In 1942 the American Institute
of Electrical Engineers awarded the Edison
Mecdal to Armstrong for the invention of the
superheterodyne, the FM system, and the regen-
crative circuit.  De Forest was awarded the
Edison Medal in 1946 for the invention of the
audion.

Schiller, being asked by some fool which was
the greater poet, he or Goethe, replied com-
placently, “You can thank God for both of us.”
American technology and industry, and indeed
the whole world, can thank God for both Arm-
strong and de Forest, but in the eyes of engi-
neers Armstrong invented the uscillating audion.
And Armstrong was right: there never was an-
other invention of such far-reaching economic
and industrial importance, and of such sheer
technological beauty, in his lifetime. There was
to be FM, but it was not the same.

LIFE WITH HOWARD

IN 1918 Mrs. Armstrong confided to a reporter
that while it had been wonderful to live all
those years with a genius—she did not use the
term but Howard was a genius—it had not
.always been easy. He worked at all hours. Some-
times he would go to bed early, sleep for a while,
then get up and work. Some one who liked and
admired him complained that he could talk of
nothing but radio. Professor Alan Hazeltine, an-
other prominent radiv inventor and an adniirer

of Armstrong’s, tells how he waited, starving,
until after nine at Armstrong’s apartment where
he had been invited to dine, because Armstrong,
completely absorbed in the matter under dis-
cussion, forgot to take his guests in to dinner.

But that was only one side of him. For every
story of how Armstrong didn’t mix, there is
another of how he did—and was a warmhearted
and easy success at it. He would have enjoyed
more of life if he could have invented a machine
for stretching time. He played a good game of
tennis until he was past sixty and gave it up
only when wouble with his shoulder made it
impossible for him to serve overhand. He liked
to get off once in i while to a night club, have
a drink and a hamburger and watch people. 1n
middle life he loved the circus and musical
comedies.

A light drinker, he liked drinking and
dilated in spirit with a few ounces of whisly.
Mrs. Armstrong says some of their happiest
hours came when he would review the day’s
work with her, over old-fashioneds. They had
fewer guests i the later years, but if Howard
became something of a recluse it was only be-
cause he attempted to do too much for one
human being.

His manner of operating an office must have
appalled his wife. Howard had Professor Pupin’s
old office at Columbia but did not use it much.
His principal office was in their twelve-room,
five-bath apartment in River House, overlooking
the East River. A secretary would come down
three or four times a week to take dictation.
In another room, cluttered up with radio equip-
ment and packing cases and wires running in
every direction, Thomas |. Styles, an old friend
of Howard’s who had been a banker, took care
of accounts, payments, taxes, and the like.

In the library Howard sat on an old lounge
chair, surrounded by telephones, a Duncan
Phyfe sofa, and three tea tables on which he
piled the wmost important correspondence and
documents. Eight more tea tables and somne
chairs formed a kind of outer orbit. He would
pile the day’s mail on the floor, open it himself,
and go through it. He would never write if he
could telephone, and he made no distinction
between local and long-distance calls,

He was scrupulously, almost morbidly, honest.
It is even harder for a man to be a hero to his
lawyer than to his valet, but McCormack speaks
of Armstrong’s “terrific integrity” and says he
never overstated a scientific point, even when
accuracy would confuse the courts and possibly
result in the loss of the case. He loathed the
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pseudo-scientific pap which is fed to judges in
patent cases and never concocted any of it him-
self. *“He was capable of kidding himself in
other matters like the rest of us,” says McCor-
mack, “but never in science.”

Armstrong might be bullheaded or at times
naive, but it was impossible to imagine him
performing a mean-spirited act. His friend
C. R. Runyan, Jr., who lived near the Armstrongs
in Yonkers and knew him from boyhood, de-
scribes him as “the damndest, 1nost generous inan
you ever saw.” On a picnic or camping expedi-
tion he was always the one who carried the
heaviest box, saw that everyone—else was com-
fortable, and did most of the work.

Under a protective crust of rcticence, he was
extreniely sentimental. He kept the Hispano-
Suiza in storage and always intended to recon-
dition it. When the Aeolian Hall towers were
torn down he bought the strap iron ball from
the wreckers. In 1930 he bought for $100 an
old shed at Babylon, Long Island, which had
housed the first American Marconi marine sta-
tion in 1902, He presented the shack to the
RCA station at Rocky Point to be set up and
preserved.

FM: THE TITANS CLASH

IF FM is not exactly a revolution that failed,
it is one that has not been as successful as
it deserves to be. In FM Armstrong conquered
nature, but the obstacles raised by ien were
too much for him. FM was unlike any of his
earlier inventions. It involved not only the
creation of a new torin of radio communication
but an effort to divert a complex industry with
a large capital investment into a new channel.

The original motive for developing FM was
to eliniinate natural static, the bane of radio
communication. Every inventive radio engineer
had tried to lick it and it had licked them all.
Apparently nothing could be done. A distin-
guished mathematical physicist had said, “Static
like the poor, will always be with us.” But
Arinstrong was a man who never gave up. The
elimination of static was to be his monument.

Modulation is variation in some form that
makes possible the transmission of information.
In radio, the orthodox method of modulation
was to vary the power or amplitude while keep-
ing the frequency constant—AM, amplitude mod-
ulation. There was no way ol shutting out
static with this technique, for static is itself a
form of amplitude modulation, present on every
frequency. Armstrong’s solution was to turn

the technique upside down; he kept the power
constant and varied the frequency—FM, fre-
quency modulation. The type of electro-mag-
netic wave thus produced is not found in nature.
As Armstrong worked it out, it largely elim-
inated man-made as well as natural (lightning)
static, thus giving radio a silent background:
you could actually hear the proverbial pin drop.
But it made many existing transmitters and re-
ceivers obsolescent.

While, as Sarnoff said, we live by obsolescence,
it is the task of the financial administrators to
balance obsolescence—which involves loss of capi-
tal—against the gains from new devices which
can reasonably be expected to replace the capital
destroyed. Thus the seeds of conflict are sown
between the independent engineer and the cor-
porate administrator—in terms of the outstand-
ing personalities in this case: Armstrong versus
Sarnoft.

The Sarnoff-Armstrong alliance was one of the
most productive in the history of radio. That
they were able to work together for over twenty
years is a tribute to the good sense and adap-
tability of both. They werc not only collabora-
tors but friends. After Sarnoff was married in
1917 Armstrong came to the Sarnoffs’ house in
Mount Vernon so regularly, in the morning
before going to work, that the Sarnoff children
called him “the coffee man,” because Armstrong,
declining breakfast, would always say, “All 1
want is a cup of coffee.” Even after the real
break had begun, in 1935, Armstrong appeared
at the annual meeting of RCA and, when
Sarnoff was under the usual fire of dissatisfied
stockholders, rose impulsively to his defense.

“I didn’t come here to make a speech,” said
Armstrong. “l didn’t come here to get into a
row. 1 have been a stockholder since 1915,
since the days of the old Marconi Company. 1
have seen the inside of radio from the begin-
ning to the end. 1 want to say that the man
who pulled this Company through during the
difficult times of the General Electric, Westing-
house, RCA mixup with the government was
its President, Mr. David Sarnoff. [Applause]
I think you would have been wiped out if it
hadn’t been for him. I know what I am talking
about. I tell you, I wouldn’t have his job for
$500,000 a year. I don’t agree with everything,
for I have a row on with him now. I am going
to fight it through to the last ditch. I just
wanted to tell you what you owe to Mr. Sarnoff.”

Surnoff wrote Armstrong the next day: *“Doubt-
less 1 have made many mistakes in my life but I
am glad to say they have not been in the quality
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of the friends I selected for reposing my faith.”
While he still pays tribute to Armstrong, how-
ever, Sarnoff says that he grew difficult to deal
with. “And you know,” he adds, “he liked to
fight.” This is a half truth, and it is also half
true of Sarnoff. Neither went out of his way to
fight; men of their caliber have too much regard
for cficiency to engage in useless brawls. But
neither are they backward in asserting their
rights. Once they are in combat, such men fight
with zest.

T HE basic patent on Armstrong’s system of fre-
quency modulatian was granted in 1933. The
systein was further developed and the IRE paper,
which traditionally follows the culmination of a
major radio research project, was delivered in
New York City on November 6, 1935. Up to
that time the system had required nearly ten
years of experimentation and, according to one
estimate, some 50,000 measurements. Armstrong
worked on it like a man possessed, seven days
a week, holidays included; some years he took
only Christinas off.

Late in 1933 Armstrong demonstrated the
equipment for Sarnoff and was invited to move it
to the Einpire State Tower, where it was field-
tested for evaluation by RCA and NBC engineers
from June 1934 on. The Armstrong and RCA
groups did not see eye to eye and in October 1935
RCA inforined Armstrong that it needed the
Empire State space for its television research
project; which had been carried on concurrently.
In no pleasant mood, Armstrong moved out his
gear, sold a hefty block of RCA stock, and in
January 1936 applied to the Federal Communi-
cations Commission for a construction permit for
an experimental station of his own, to be located
on the Palisades at Alpine, opposite his «.l:t home
in Yonkers. The FCC, after somwe ‘iopgling,
granted himn the permit; by the summer of 1938
he had a four-hundred-foot tower of his own to
climb. :

When Armstrong got into a real hassle you had
to be for or against him; the middle ground
quickly became untenable. The industry was
split wide open. General Electric, Westinghouse,
Zenith, and Stromberg-Carlson lined up with
Armstrong and became his licensees. RCA,
Philco, Crosley, Emerson, and other large pro-
ducers manufactured FM receivers without ben-
efit of Armstrong licenses. Armstrong and his
partisans contended that these receivers were
strictly ersalz. The non-licensees retorted that a
large part of the improvement in quality was
just a matter of high-hdelity reproduction which

could be achieved just as well on AM as on FM.
The engineering controversies were loud, in-
volved, and bitter.

Amid the sound and the fury, this much was
clear: Armstrong had rescued FM from oblivion
and he was responsible, singlehandedly, for in-
ducing—some would say forcing—the industry to
recognize its advantages. He could and did repro-
duce sound with a fidelity and freedomn from
disturbance previously unknown. The strength
of his patent position was something else again:
it was possible that the systems not licensed under
his patents wereslegally in the clear. The only
claims he had were for the improvement he had
actually effected, to the extent that this proved
to be profitable—and, in the last analysis, to such
amounts as he could compel the industry to shell
out if the matter were carried to the courts.

In 1940 Sarnoff held out the hand of com-
promise. He offered a million dollars for a license
under the Armstrong FM patents. The license
was to be non-royalty paying: a million dollars
in a lump sum, and that was that. And indeed it
was. Late in 1954, after Armstrong’s death, the
suit was settled for “approximately $1,000,000.”

Sarnoff, it has been said, likes to collect royal-
ties, not to pay them. Naturally. He was largely
responsible for the creation of the RCA patent
pool which, however onerous it may have been
to some, brought order out of chaos and enabled
radio to go about its business instead of engaging
in endless, destructive litigation. But Armstrong
refused the offer. He already had royalty-paying
licensees; and he was determined to keep control,
this time, in his own hands.

THIS was a new Armstrong. A lifelong Re-
publican, a revolutionist only in technology, in
politics he was one of the most conservative of
men. But in this instance Armstrong was buck-
ing the economic and political system which
places the interest of the financier before that of
the inventor. Armstrong was trying to act like
one of those eighteenth- or nineteenth-century
industrialist-inventors who, before big business
was dreamed of, started their own industries in
an atmosphere of total freedom—freedom fromn
cither governmental interference or the network
of existing financial and corporate interests.

First Armistrong had to hack his way through
the electronic jungle. This he did with his old-
time brilliance; only a man who felt and sensed
and lived circuits could have brought FM into
the realm of practicality at all. Then he came up
against the thick wall of AM plant and vested
interests—which includes, of course, not only,
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property interests but habit, inertia, and all kinds
of psychological factors resisting change. He was
making some headway against that when the
government forbade the manufacture of TV and
FM broadcast equipment during the war period.

TV was not yet commercialized, but FM was,
and the four-year standstill hurt. Immediately
after the war the FCC (on technical advice which
Armstrong called “legerdemain” and “engineecr-
ing skulduggery”) uprooted FM from the 40-52
megacycle band and shifted it 1o 88-108 mega-
cycles, just above the low TV band. With 500,000
FM receivers already in use, the forced move was
damaging~ Then TV reached the commercial
stage and rocked FM back on its heels.

Armstrong spent more than a million of his
own money on the construction and operation of
the Alpine station and for twenty years most of
his own time went into FM. He had envisioned
thousands of FM transmitters on somewhat the
same basis as local newspapers, so that every
community, small as well as large, could formu-
late and express its views on the radio instead
of relying on the nation-wide networks for enter-
tainment and indoctrination. He did not submit
gracefully to the relegation of FM to what he
called “an auxiliary and uncompensated service”
which mercly duplicated the AM programs of
the chains.

In July 1948 he brought suit against RCA and
NBC in the United States District Court in
Wilmington, Delaware, asserting in effect that
the defendant companies had conspired to dis-
courage FM, had attempted to persuade the FCC
to allocate to it an inadequate number of usable
radio frequencies, and had illegally obstructed an
application of Armstrong’s in the Patent Office.
In 1953 and January 1954 he filed additional
suits against numerous manufacturers of tele-
vision and radio receivers.

TWILIGHT

I N 1950 Armstrong was sixty years old. Meas-
ured by deeds, he had lived much longer. He
did, in fact, look ten years older than he was,
Invention, and scientific investigation in gen-
eral, is as tough a way of life as can well be
imagined. Mental and emotional breakdown is
one of its occupational hazards. Lawrence §.
Kubie, the psychiatrist, writing in the American
Scientist for January 1954, reminds young scien-
tists that for every successful piece of research
there are hundreds which prove only that some-
thing is not so. “A scientist may dig with skill,
courage, energy, and intelligence just a few feet

from a rich vein . . . but always unsuccessfully.”
Or he may be brilliantly successful, as Armstrong
was, and still the fate of which Kubie warns may
overtake him.

By the summer of 1953, the suits against RCA
and NBC had dragged on for five years. The pre-
trial testimony ran into volumes. Armstrong
was spending most of his time on this litigation.
During the war years and after, he had been
engaged in classified radar work, and toward the
end, an apparatus used to pick up impulses
reflected from the moon was built under his
direction.” He was dangerously overtaxed.

Mrs. Armstrong tried to persuade him to taper_
off. Beyond a certain point devotion to a cause,
however admirable, enters the realm of path-
ology. Mrs. Armstrong felt that Howard had
reached that point. Howard, however: was not
convinced.

On Sunday morning, January 31, 1954, forty-
one years to the day from the legal date of inven-
tion of the regenerative circuit, Armstrong tele-
phoned Burghard at about nine o’clock. Burg-
hard’s wife had been ill and Armstrong called to
inquire about her condition. Burghard was leav-
ing the house and the conversation was brief. It
made no particular impression on Burghard;
Armstrong sounded perfectly normal. During the
day there were three servants at the Armstrong
apartment; they left shortly after preparing his
lunch. Mrs. Armstrong was in Connecticut. After
about one o’clock he was alone.

Sometime during the evening or night of Jan-
uary 31, Armstrong wrote a love letter to his
wife, in pencil on two sheets of yellow paper.
Then he put on his hat, overcoat, and gloves and
jumped out of the thirteenth-story window. He
fell to the third-floor terrace. No one heard him.
The man who had done more than any other
to increase the clamor of the world departed
from it without a sound.

What words, what prayers, what music could
have availed him more? Perhaps if there were
a special liturgy for the inventor, it could say
that he creates the future out of the ideas left by
the dead and the dying, including himself. Then,
except by specialists, his name is forgotten. Arm-
strong’s is the common fate; even now, only engi-
neers and his friends remember him. But the
forces of the past and the future worked in him,
and if one measure of a life is this capacity to
bridge time, the span of his life was high and
long.

Armstrong lay dead on the terrace. The sun
rose a few minutes after seven. At ten o’'clock
they found him.
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REMINISCENCES

by Arch C. Doty, Jr., KBCFU, (LF)

Growing up in Yonkers, New York in the
mid-1930's was fun and exciting. My life was
enriched as my father had either gone to school
with, or knew, a number of interesting people. They
included, for example, Joseph Stiliwell who, as
"General Vinegar Joe,” led the Allied troops in
Burma and China during World War Il; Professor
Bakeland who invented bakelite; and Carman
Runyon who later was Chairman of REL. There also
was a man who followed Dad in high school and,
later, at Columbia University: Edwin Howard
Armstrong.

My association with Armstrong was
primarily because of his close relationship with
Carman Runyon, W2AG, whose son, Randy (C.R.
Runyon lll) was a contemporary of mine, and a
friend. As a result of our friendship, | was often at
the Runyon’s home on North Broadway in Yonkers.

It was at Runyon’s home that Armstrong and
Runyon built the first FM transmitter which was used
for the first public demonstrations of frequency
modulation broadcasting before the Institute of
Radio Engineers on November 6, 1935. The same
transmitter (which often was modified) was used for
many public and private demonstrations that
followed, both before and after Armstrong built his
tower and facilities at Alpine, New Jersey.

To provide room for this transmitter, the
Runyons emptied a spare bedroom on the second
floor of their home. A shelf approximately 12 inches
wide was built completely around the room, and the
various "breadboard” components of the transmitter
were placed on this shelf. The transmitter started
with the audio input near the door and the
succeeding segments: oscillator, IF’s, discriminator
and RF sections taking up what must have been 30

lineal feet of shelf space. The final amplifier was at
the end of the row near a window that allowed
access to the antenna. The room was all the more
impressive (and | can see it distinctly now, 55 years
later) as it contained no furniture -- this provided
ample space for visitors who were allowed in the
room with the admonition: “Keep your hands in
your pockets, boys!"

Evenings at the Runyon’'s were particularly
interesting if “The Major" was visiting, as often
happened. For example, on one memorable
evening, Runyon and Armstrong had obtained a
prototype of Hallicrafter’s Dual Diversity receiver
(SX-88?7). The whole evening was spent in tuning
the Ham bands with two antennas connected to the
dual front ends of the receiver, and in watching the
great variations in signal strengths provided by
each. Even smaller boys -- including the future
K8CFU -- were allowed a chance to play with the
“New Toy."

While he was at Runyon’s, Armstrong was relaxed,
extremely interesting to listen to, and sincerely
cordial to the Runyon family and their friends.

| left Yonkers in 1940 but took with me a fascination
for Amateur radio that had been born in the
Runyon’s study in 1935 and that has stayed with me
for the rest of my life.

in 1959, | wrote to Carman Runyon to thank him for
his kindness to the Yonkers teen-ager in the 1930’s,
and to report that my career in electronics had
stemmed from that association. In his reply of July
14, 1959, he commented: "It's always nice to learn
that a look at one's Amateur station has been
remembered for so long a time. | am glad indeed
that you have gotten into this fascinating art."

Soam|!
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E. H. Armstrong

The booming voice of Professor Pupin emanating from
Room 209 Philosophy Hall, in which he lectured, is well
remembered by this writer, when no distracting noisc in
the immediate neighborhood of that room was tolerated.
This same room, long since soundproofed and altered by
Armstrong at his personal expense, is now used by this
writer and the Armstrong Memorial Rescarch Foundation,
In this room, Armstrong studied under Pupin, and was
usually the first to correctly answer when Pupin, lecturing
on clectrical theory and great discoverics, would suddenly
wheel around and ask “Who made it?”” During his lectures,
the Professor often used the expression “lousy with har-
monics™ to the anusement of his students.

During Armstrong’s student days, Professor Pupin, with
a $20,000. rescarch grant, acquired a huge Crocker-
Wheeler carthgrounded alternator with which he planned
to do some continuous wave “wireless” signalling. Before
he could get off to a start with it, however, the student
Armstrong  brought out his regenerative or “feedback”
circuit, simpler and lighter in comparison and, when emn-

Prof. E. H. Armstrong

Thomas J. Styles

ployed as an oscillator, far more effective than the heavy
alternator of Pupin.

Pupin abandoned use of his alternator. It remained in
its place for many yecars, serving as an object lesson for
others. After Armstrong’s demise, it was disposed of to a

Junk dcaler, who reduced it to scrap with acetylene torch

and sledgechammer blows, under the watchful eye of Pro-
fessor John Walsh of the Department of Electrical En-
ginecring.

During Armstrong’s freshman year at Columbia, the
writer met him for the first time at a small gathering of
“wireless” amateurs in Yonkers, N. Y., home town of hoth,
and was impressed by his serious mien and knowledge of
the then young and primitive art; when coherers, spark
gaps, crystal detectors, headphones, home made receivers.
variable condensers, spark coils and Morse code were the
vogue; when there was little or nothing in the books to
guide one, A few Audions, or three-element tubes, gassy
and low in vacuum, were obtained by amateurs, Armstrong
and the writer among them, who could afford five dollars
for them “‘under the counter,” from the glasshlowers who
supplied them to Dr. Lee DeForest, inventor of the Audion.
These tubes had little or no superiority over crystal de-
tectors, and the Armstrong “feedback” circuit was as vei
unbhorn.

The possibility of somchow obtaining greater amplifica-
tion of the signal from the Audion by some as yet undis-
covered means intrigued Armstrong. Other amatcurs.
meanwhile, resorted to higher powered spark transmitters
to cxtend their range, this writer among them. Armistrong
prophesied that more sensitive receivers would be the future
incans of increasing transmitter range, that too much powes
was heing wasted for too short a range. He was then close
to the discovery of regeneration, for in the Fall of 1912.
during his scnior year at Colunbia, up in his attic room at
1032 Warburton Avenue, Yonkers, in which most of his off-
campus experiments were conducted, he demonstrated to
the writer the phenomenal results obtained from the use of
his feedback circuit.

He astonished the writer by tuning in a San Francisco
Poulsen arc C.W. station communicating in Morse code
with another Poulsen arc station in Honolulu. Then he
tuned his feedback receiver to the “compensating wave™ ol
the San Francisco station, thus bringing in the intervals or
spaces between cach dot and dash, instead of the dots and
dashes themselves. This puzzled the writer Iecause of his
inability to rcad anything intelligible from these space im-
pulses until Armstrong cxplained it and suggested remem-
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bering this experience as onc which might some day be
important. The changes in signal notc or frequency, and
the hissing sound when the tube went into a state of oscilla-
tion, were strikingly impressed upon the writer’s mind and
proved of importance to him later when called upon to
testify as a witness to these peculiarities of the feedback
circuit of Armstrong. On January 31, 1913, Armstrong gave
another Yonkers attic demonstration of his feedback inven-
tion to the writer and two others—William T. Russell and
John F. Shaughnessy. This datc was later established as the
Armstrong date of invention.

Armstrong frequently telephoned the writer at his home
and talked for long periods on his pet subject, radio. In one
conversation, the day before Columbia’s 1913 Commence-
ment, Armstrong expressed his happy anticipation of re-
ceiving from President Butler, on the morrow, his E.E.
degree. That summer in 1913 he was appointed a laboratory
assistant at $600 per year, and thc following ycar was madc
research assistant of Professor Pupin.

In those days meetings of the Institute of Radio Engincers
and of the Radio Clubh of Amcrica (founded in 1909, beforc
the I.R.E.) were held on the Columbia campus, when the
writer saw Armstrong frequently. Armstrong read papers
hefore both of these bodics. Following a paper dclivered by
Armstrong before the I.LR.E. in March 1915, on Regenera-
tion, DeForest cntered into a correspondence discussion on
the paper with the L.LR.E. Proceedings editor, challenging
Armstrong’s priority of invention of the Regencrative, or
feedback, Circuit. DeForest had given no explanation
theretofore of how his Audion tube functioned, while Arm-
strong, in a Deccember 12, 1914 article in “Electrical
World,” had given the first correct explanation of the
Audion’s action, supported by oscillograms made with the
help of Professor Morccroft at Columbia. )

The U.S. Patent Officc, on October 6, 1914, issucd to
Armstrong the historic Regencrative Circuit Patent No.
1,113,149. Nevertheless there were to ensue many years of
litigation all the way to the U.S. Supreme Court, where
DeForest was awarded priority of invention on the basis of
some notes of his about a “phenomenon” which the en-
gineering world knew to be identical with an effect known
as telephone howl. Despite the Supreme Court’s crushing

decision, which nullified Armstrong’s patent —a decision
which was bascd on law but not on facts as those then ex-
perienced in the radio art knew thein—scveral scientific
hodics upheld Armstrong as inventor of the Regencerative
Circuit, among them the Franklin Institute, which awarded
him the Franklin Medal, and the Institute of Radio En-
gineers, which refused to take back from Armstrong its
Medal of Honor previously awarded to him. The Amcrican
Institute of Electrical Engincers awarded him its Edison
Medal; the American Socicty of Mechanical Engineers its
Hollcy Medal; and the Western Society of Engincers gave
him its Washington Award.

In 1917 the country was on the verge of war with Ger-
many. Many Radio Club members, prior to the declaration
of war, volunteered for Army and Navy duty, wherce their
radio experience was nceded. The writer joined a Naval
Aviation Dctachment in Florida and made some open
cockpit flights to test out a quenched spark transmitter,
whose encrgy was obtained from a wind-driven generator
mounted on the leading edge of the plane’s wing. With a
key strapped to his knee he tapped out Morse code messages
to the land base. The pilot was obviously nervous ahout the
whole thing, being fearful of the wireless spark igniting the
plane’s gasoline. Subsequently the writer received a Navy
commission at New York and was assigned to aircraft radio
duty.

Armstrong was commissioned a Captain in the U.S.
Army Signal Corps, was ordered to Paris, and reported for
duty at the U.S. Signal Corps laboratory there. He became
dceply engaged in improving radio communications for the
American forces, developed the Superheterodyne Circuit,
was clevated to the rank of Major, applied for a U.S. patent
on the superhet, became a Chevalier of la Eégion d'Honneur.
and in 1919 rcturned to the United States. He was wel-
comed back to Columbia with open arms. Radio develop-
ment, meanwhile, was being greatly speeded in its transi-
tion from code to voice. Broadcasting was not far away.

Armstrong’s return from his war service found him al-
ready embroiled in the litigation with DcForest previously
referred to, a litigation destined to continuc for another
fifteen years. The writer soon followed him back to civilian
life.

Thomas J. Styles kncw Howard Armstrong when both were young radio
amateurs. He was Armstrong’s confidante at the time of the invention of the
regencrative circuit, secretary-treasurcr of the Armstrong Rescarch Corpora-
tion which held the major’s patents, and signed checks aggregating $2,600,000
while acting as Armstrong’s financial agent. It was Tom Styles who plotted
the characteristic curves from Armstrong’s cxperiments, drew the final versions
of the circuit diagrams, and served as witness to the new discoverics.

Mr. Styles began his carcer as the sccretary to a vice president of the Bankers
Trust Company in Wall Street. This work was interrupted by World War
I, when his cxperience with wircless was needed by the Navy. With the war
over, he returned to the bank and was assigned to the Paris office.

Armstrong, on a European visit, asked Styles to return to the United States
as his assistant, and the offer was accepted in 1924, He became associated
with the Marcellus Hartley Rescarch Laboratory, of which Armstrong was
director.

After Professor Armstrong’s death in 1954, the Armstrong Memorial
Rescarch Foundation was cstablished with Tom Styles as Sccretary. One of
the original dircctors and currently serving is Dean John R. Dunning.

Both Mr. and Mrs. Styles hold Columbia degrees. He is a past president of
the Queens County Grand Jurors' Association and was a candidate for
Congress in 1940.
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The Radio Clul of America, whose mectings had been
suspended for the war’s duration by Armstrong, its Presi-
dent, resumed its war-interrupted activities. The Club
tendered Armstrong a “welcome home” banquet in New
York in the spring of 1919, at which Dr. Pupin was an
honored guest. Pupin pointed with some pride to his
lormer pupil, Armstrong, the amateur turned inventor who
had served his country with distinction in time of war and
had made the Superheterodyne invention under the stress
of that war. He advised other amateurs and experimenters
1o ““monkey with vour sets.” Many of those present were,
or later became, prominent in the radio art and industry,
men such as Sarnoff, Hazeltine, Goldsmith, Hogan and
others,

In carly 1920 this writer was assigned to the Paris Office
of the Bankers Trust Company, remaining there for nearly
four vears. He was not to see Major Armstrong again until
October, 1922, when the Major decided to take a vacation
and renew some old acquaintances in Paris.

On Decenber 11, 1921 amateur radio history was madc
when the first successful spanning of the Atlantic on short
waves (200 meters) was accomplished by Armstrong and a
group of Radio Club members. They built and equipped a
1 K.W. C.W. transmitting station at Greenwich, Connecti-
cut—1BCG were the call letters—whose signals were heard
in Scottand by another Radio Cluly member using a super-
heterodyne receiver. This astounded the commercial radio
people, as the short waves were considered of no value for
such a distance. Théir engincers took a second look at these
low waves, or high frequencies. Professor Pupin made a
trip to Greenwich to investigate. ‘T'he low waves caine into
their own thereafter and the art learned more about the
“skip distance” phenomena due to these short waves
bouncing back to carth from the upper atmosphere. A
monument in Greenwich marks the site of the transmitter
which accomplished this fcat.' This writer was in France
at the time of the above tests. Two years before, plans were
discussed for having him sct up receiving equipment in
France for such wransatlantic tests, but the proper trans-
mitter had not yet been designed. Scotland was later se-
lected for the receiving site.

Upon his arrival in Paris in 1922, Armstrong was in a
jubilant mood. He had disposed of his Regenerative and
Superhcterodyne patents to Westinghouse around 1920 for
a reported $350,000. Prior to his arrival in Paris he sold his
Super-Regencrative patent to the same company for

Prof. Armstrong’s lab in 1935

$200,000. in cash, plus 60,000 shares of stock of the Radio
Corporation. Morcover, U.S. Circuit Court Judge Mayer,
at New York in May 1922, only a few months heforc
Armstrong’s trip to France, had found in his favor in his
feedback litigation with DeForest. (This decision was later
appealed all the way to the U.S. Supreme Court and, to
Armstrong’s dismay and that of his friends and others who
had lived with the art, DcForest won out in the end, as
has been related earlier in this article.)

During Armstrong’s stay in France he was asked to read
a paper on his Super-Regenerative Circuit hefore the
Société des Amis de la T.S.F., a society of engineers and
others identified with the radio art. The Major asked the
writer to translate from French into English a paper which
later turned out to be a French translation of Armstrong’s
previously prepared English version of his paper on Super-
Regeneration which he wanted re-translated into English
to see if any errors had crept into the text! Apparently he
was satisfied.

A dinner preceded the reading of his paper, attended by
such notables as General Ferrié of French Army com-
munications and Professor Abraham of the Sorbonne’s
science faculty. The writer also attended and was frequently
pressed into service as interpreter that evening, particu-
larly between Major Armstrong and General Ferrié.

Before returning to the United States, Armstrong ex-
pressed his gratitude for testimony given by this writer in
the Regenerative Circuit pre-trial proceedings and urged
him, if he ever tired of banking, to consider joining him in
research and patent work. In August 1924 the writer de-
cided to give it a try and the association with Armstrong
was a fait accompli. Professor Pupin and Mr. Cushman
warmly greeted this latest member of the laboratory staff.
The unpredictable hours with Armstrong at the laboratory,
the long nights of rescarch, were a new experience.

Armstrong’s name was a byword among thousands of
radio’s devotees. One night one of them looked through a
Laboratory window, discovered Armstrong at work with
rolled up shirtslecves and in deep thought, and, climbing
up on the iron-barred window excitedly pointed out the
Major to hi®companions. The shades were quickly drawn,
and drawn they were every time he worked in the Labora-
tory thereafter.

One of the first research projects Armstrong discussed
with the writer after his laboratory association with him,
was a new plan of attack on the static problem in its appli-
cation to radio telegraph signals. His method involved
establishment of a difference between natural waves and
signaling waves by transmitting two waves of closely
adjacent frequency and radiating them alternately, and re-
ception via two paths to balance out the static. A paper-
tape ink recorder, such as was in use at the time by the
Radio Corporation, was used. After some three years of
cxperimenting, code signals recorded on these paper tapes
showed quite some improvement over signals buried in
static when his method was not used. In 1927 Armstrong
read a paper before the L.LR.E. on this method. David
Sarnoff of the Radio Corporation visited the Lahoratory
for a demonstration. However, nothing ever came of thix
invention, although it appeared to have nerit.

Shortly after, in carly 1928, Armstrong went into high
gear with frequency modulation (FM) as a means of by-
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passing static and noise in radiotelcphone {(broadcasting)
reception and transmission.

It should be said here that Armstrong was performing
his research work independently of Columbia, was not yet
a faculty member, and unsalaried of course. This rather
unorthodox association with Columnbia made it diflicult to
cxplain to others at times. In gencral, it was considered an
asset to Columbia to have Armstrong doing his work there.
He always made it a point in his publications and lectures
to bring in the names of Columbia and the Marcellus
Hartley Research Laboratory.

In 1934 Armstrong received a nominal appointment as
Professor of Electrical Engincering. His old Professor and
former mentor, Dr. Michael I. Pupin, had for some time
Ieen suffering from a crippling illness which confined hiw.
constantly to a wheel chair. One of the barred windows of
the Laboratory was fitted with hinges and a padlock, which
was opened on Professor Pupin’s now infrequent visits so
that he could be wheeled through the window space and
into his office. On March 12, 1935, the formner Serbian
herdshoy who had achieved such scientific eminence passed
away. Armstrong thercafter headed the Laboratory.

As a Professor, Armstrong, except for some initial at-
tempts, did not teach and would accept no salary from
Columbia. He made liberal annual contributions to the
University. He maintained his stafl and conducted his re-
scarch at personal expensc.

Armstrong was a protégé of Pupin, who saw in him the
investigative mind of genius. Like Pupin, Armstrong be-
lieved that the text books and the theorics of others could
oftentimes be wrong.?

The development of the Armstrong wide-hand frequency
modulation method extended from 1928 until its refincment
to a point where, in November 1935, it was ready for his
paper and demonstration before the Institute of Radio
Engincers.® The history of this development has been so
well covered previously by others that the rcader would do
well to consult some of the literature on it, especially those
mentioned in the footnotes of this article.

To prove to the world that FM worked, the necessity of
building his own FM transmitting station became obvious
to Armstrong. His Columbia University laboratory staff
was increased considerably and an entirely ncw operating
staff for his Alpinc FM transmitter was cventually set up.
Hundreds of thousands of dollars of his moncy for con-
struction and operation were pourcd into the well known
station at Alpine, New Jersey with its 400-fcet high stecl
tower picrcing the sky—making it stand out as an casily
distinguishable landmark on the Hudson River, particu-
larly for aircraft. Armstrong’s staff had swelled to cightcen

Prof. Michael 1. Pupin, taken in 1927

Equipment used by Prof. Armstrong, now at Smithsonian

people, and the annual overall operation cost mounted to
as high as $200,000., all outgo, no incomec, from the ex-
perimental FM broadcasting part of it.

A hard uphill fight for public acceptance of the wide-
band, noise-free, high fidclity FM method of radio trans-
mission and rcception cnsued. Others in the art, particu-
larly John R. Carson, had discarded frequency modulation
as impractical and without any advantages over the
amplitude modulation (AM) method. With the advent of
World War 11, the production of FM reccivers for private
consumner use was at a standstill, robbing FM’s inventor of
any rewards from royaltics from that source for the dura-
tion. War or no war, the life of a patent is but 17 vears and
time was fleeting.

The Armstrong FM method ran into many difficultics.
It was looked upon with disfavor by the vested interests, so
well entrenched in broadcasting with their monopoly of
AM stations. FM was considered too revolutionary and a
threat to their AM monopoly. Talk-down campaigns were
vife. The Federal Communications Commission struck FM
a heavy blow hy shifting it to a higher band in the frequency
spectrum, making thousands of FM reccivers obsolcte.

Nevertheless, Armstrong’s wide-band frequency modula-
tion method was used by the Armed Forces during World
War II in some quarter of a billion dollars of FM radio
cquipment, on which Armstrong waived all rovalties for
patriotic reasons. After Japan’s defeat and the lifting of war
restrictions, hundreds of FM broadcast stations went on the
air, FM rcceiver production skyrocketed, and inventor
Armstrong collected steadily increasing royalties from man-
ufacturers licensed to use his FM inventions in the produc-
tion of receivers and transmitters, FM broadcasters paid
him a single fec based on the amount of power used.

FM found a ready use for television sound channels. The
cxpensive concentric cables of the telephone people gave
way to usc of FM for microwave relay stations in transcon-
tinental circnits for the transmission of TV network pro-
grams and other telephone uses. Western Union obtained a
license to use FM for facsimile messages. FM is built into
the carly warning system of national defense known as the
DEW Linc. It is widcly used for hroadeasting in Great
Britain and in West Germany.

Royalties from the FM inventions helped to pay the
heavy overhead of Armstrong’s Alpine station for a timc.
There were many infringers. Mrs. Armstrong made a wift
of the Alpine station to Columbia University. Its Electronies
Rescarch Laboratories now uses it for rescarch purposes
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THE LATE EDWIN H. ARMSTRONG

by Lawrence P. Lessing

Originally published in Scientific American, 190 (April 1954), 64-69.

The tragic death of the principal creator of modern radio occasions this brief review of the trials and tribulations

and achievements of an independent inventorin the U. S.

When Edwin Howard Armstrong jumped
from a 13th-floor window of River House in New
York City on February 1 (1954), there died one of
the authentic inventors of our time. He had
conceived the three basic circuits upon which rests
the whole of modern radio communications. The
first is the regenerative feedback circuit (1912)
which took wireless telegraphy out of the spark-gap,
crystal-detector stage into continuously amplified
sound; the second is the superheterodyne (1918),
which underlies all modern radio and radar
reception;  the third is wide-band frequency
modulation or FM (1933), a novel system of
high-frequency broadcasting which excludes noise
and is the core of developments in high-fidelity
sound.

Though Armstrong received many
professional honors and large financial rewards, he
was not the stereotype of a great American inventor.
He was born in New York City in 1890, the son of
John Armstrong, who was for many years U.S.
representative of the Oxford University Press. In this
comfortable, bookish household, later removed to a
big house in Yonkers, young Armstrong was soon
absorbing the stories of Watt, Volta, Hertz, Tesla
and Marconi, devouring the works of Michael
Faraday, who remained his lifelong idol, and rigging
wireless contraptions in the attic like other young
"hams" of the day. At Columbia University, to which
he commuted from 1909 to 1913 on a red Indian
motorcycle, he entered electrical engineering and
came under the inspirational teacher Michael Pupin.
From his early teens he had shown the urge to go
beyond textbooks into the unknown. He made his
first great invention while still a junior at Columbia;
his second while still in his twenties, serving as an
Army Signal Corps Major in France. At the war’s
end he returned to Columbia to teach, experiment
and eventually take over Pupin’s chair, a position
which, with its precious freedom to investigate, he
never relinquished.

Lawrence P. Lessing

Armstrong’s early inventions, vital to the lusty
new radio industry, brought him almost immediate
wealth. In 1912 his father had refused him $150
with which to file a patent application on his
feedback circuit, asking him to wait until he was
graduated. In 1913, when he filed the patent, he
would cheerfully have sold it for $10,000 and a job.
None of the big communication companies made an
offer.  Right after the war, however, the
Westinghouse Electric & Manufacturing Company
offered him $530,000 over 10 years for both his
regenerative and superheterodyne patents, and he
sold them. (Later the government forced the radio
industry to pool all electronic patents, and the right
to license them for radio use was centered in the
new Radio Corporation of America.) In 1922
Armstrong sold a lesser invention, the
super-regenerative circuit, to R.C.A. for $200,000
and 60,000 shares of R.C.A. stock, which was later
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raised to 80,000 shares for consulting services,
making him the largest individual stockholder in the
corporation.

Armstrong, then 32, went to Europe, lived
expensively and brought back a Hispano-Suiza to
indulge his love for fast cars and to dazzle R.C.A.
President David Sarnoff's secretary, Marian
Maclnnis, whom he was courting. One windy night,
to impress her, he impulsively climbed to the top of
the 400-foot transmission tower of the new radio
station WJZ in 42nd Street. Armstrong and Miss
Maclnnis were married in 1923, and on their
honeymoon to Palm Beach he carried the first
portable radio, buiit for the occasion.

Despite behavior that suggests an F. Scott
Fitzgerald novel, Armstrong remained a serious
professor of electrical engineering, with more than a
touch of worldly shrewdness (he sold most of his
R.C.A. stock at a peak price of $114 a share before
the 1919 crash.) He was of the same breed as the
Wright brothers: practical, thorough, soundly
trained, tenacious in defense of his ideas and his
rights. If he was successful in establishing his claim
to fame, this may have been due partly to the fact
that he was never his own best advocate and that
while the Wrights’ achievements were soon visible in
large, shining vehicles riding the skies, Armstrong’s
were as invisible as the radio waves carrying a song.
His major accomplishments were contained within
the vacuum tube.

In" 1939, when | first met Armstrong, he was
at the height of his long battle to establish FM. In
1935 he had demonstrated FM before the Institute
of Radio Engineers and in months of successful
tests in R.C.A.’s facilities atop the Empire State
Building. Getting no action from the industry and
finding himself stalled by the Federal
Communications Commission on a license to erect
an experimental FM station of his own, he
threatened to take it to a foreign country. In 1937 he
was allowed to build a full-scale FM station, in which
he invested $300,000, at Alpine, N.J. In the next two
years he gave demonstrations of FM’s superior
radio quality to all who would listen.

The demonstration | attended started with a
briefing in his Columbia laboratory, from whose
walls two portraits of Faraday looked sternly down;
afterward Armstrong drove us first to Alpine and
then far out on Long Island to the house of a friend
who had an FM receiver. When the set was turned
on, the Alpine program came in out of a blank
silence, as if there were no receiver at all.
Armstrong telephoned an assistant at Alpine:

"Suppose we have a few tricks first, John." A match
was struck, a glass of water poured, a gong tapped,
and all were reproduced on Long Island with utmost
faithfulness. Then a pianist began a Mozart sonata,
and there issued from the black box such full,
natural tones as had never been heard before. FM
broadcasts were repeatedly recorded at this
location with the same steady, limpid clarity through
thunderstorms and other atmospherics that made
ordinary radio an affront to the ear more than hatf
the time.

Short-wave FM was not merely a tonal advance
but a different broadcasting system. it made
possible many more radio stations and networks
than could ever be crowded into the limited
long-wave radio bands. The inventor offered the FM
patents only for licensing, not for sale. He was
determined to administer FM himself in order to
control its quality. Regular radio, to his sensitive
ear, had had its technical standards steadily
lowered by the overcrowding of stations in limited
frequencies and by a flood of inferior receivers.
Naively, he was shocked by the stony silence and
opposition with which most of the industry greeted
FM. The industry coldly informed him that the
public was not interested in high fidelity, and
moreover, with television just on the horizon, that
FM had come too late. Armstrong never forgave
this rebuff.

Like his model Faraday, whose discoveries
founded the electrical industry, Armstrong was an
original, non-mathematical thinker in
electromagnetic waves. He shied at equations, not
because he was ignorant of mathematics but
because he preferred to think first in physical terms
of particles, currents, frequencies, circuits, then to
reduce his observations to mathematics. Too many
discoveries had been put off by figures which said
they were impossible. His forte was the sharp
analysis of unambiguous physical phenomena. He
was never so happy as when flying in the face of
some accepted theory or confounding an
unimaginative engineer. His deepest reverence was
for "the laws of nature.” Though his discoveries
were not basic as Faraday’s, they went far beyond
narrow invention.

This is well illustrated in his working out of the
regenerative circuit. In 1883 Thomas Edison
observed a mysterious effect. Experimenting with a
plate inserted in an incandescent lamp, he noticed
that when he connected the plate to the positive
terminal of a battery, a current leaped across the
space between the lamp’s hot filament and the
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plate. Edison passed over the phenomena as
insignificant. it took until 1904 for an English
physicist, Sir John Fieming, to puzzle out the
"Edison effect” and put it to use in the Fleming vaive
-- the first electronic tube. It had two elements: a
filament and a plate. Two years later, in the U.S.,
Lee deForest added a third element -- a metal grid
between the filament and plate which could control
or modulate the current across the space by small
voltage changes on the grid. He thereby created
essentially the electronic vacuum tube of today.

Its possibilities for radio were not
recognized at the time. Again a tiny effect was
observed, which deForest passed over and failed to
explain. When the tube was tuned to a certain
frequency as a circuit, it emitted a faint, long-drawn
whistle. In 1911 young Armstrong found the
answer. Like a dozen more eminent investigators
he was searching for a means of amplifying wireless
signals, which were then too weak for effective
transoceanic communication. Testing and
analyzing the tube’s performance, Armstrong came
to the startling discovery that, properly hooked up, it
was a powerful amplifier. The whistle deForest had
heard had been the tube imperfectly ampiifying.
When the tube’s electrical output was purposefully
fed back on the input line to the grid in an endless
loop, it multiplied weak incoming signals hundreds
of times. When, later, Armstrong allowed it to
amplify beyond a certain value, the tube began
sending out its own oscillating, high-frequency radio
waves. In 1914 Armstrong wrote two historic
papers fully delineating the regenerative feedback
principle and plotting the first curve -- now an
engineering commonplace -- showing how the
vacuum tube really worked.

His next inventions, which came in short
order, were of the more striking "accidental” sort.
He was led to the superheterodyne by a
mathematical dispute over a circuit called the
heterodyne. He solved the problem by
experimental means, and its solution, plus two
chance observations on unrelated military
problems, suggested a circuit which would
overcome feedback limitations and give
thousandfold ampilification. The next investigation
was pure chance. While resetting his regenerative
apparatus to prove that a patent lawyer had garbled
a law of nature, he suddenly puiled in an amazingly
loud signal. This proved after some days of analysis
to be super-regeneration, now used in special
military and police systems. "Ninety-nine out of 100
experimenters,” said his coworker Alan Hazeltine

on presenting him with the Edison Medal of the
American Institute of Electrical Engineers in 1942,
"would have failed either to notice the effect or to
find its cause."

FM came at the end of a dogged, 20-year
search in which Armstrong had chased many
will-o’-the-wisps. Static in radio is essentially the
same electrical phenomenon as the radio signal
itself: i.e., amplitude-modulated waves of varying
power. Hence it is extremely difficult to keep static
out of AM radios, even with heavy power and
ingenious filters. Searching for a way around this
impasse, Armstrong about 1925 found a way to
transmit signals by varying not the power but the
frequency of the waves. Many experimenters had
tried this and pronounced it unworkable for radio
use. But all had attempted to employ FM like AM
radio, transmitting it on as narrow a band of
frequencies as possible for sharp tuning. Armstrong
conceived the idea of allowing the frequencies to
swing over a wide band. This not only made FM
workable but allowed for the full frequency range of
the human voice and music. The band width
required put FM up into the more spacious,
relatively untenanted ultrashort waves where there
is less static to deal with.

In essence Armstrong’s solution was to employ
a type of electromagnetic wave not normally found
in nature.  Generated by a specially designed
transmitter and sent to a special receiver, it forms a
closed system into which normal static cannot
break. Since the signail’s amplitude is heid
constant, FM can operate on a small fraction of the
power of AM radio with a clarity unmatched by the
most powerful clear-channel stations. Its range,
however, is limited to not much more than the
horizon.

Most of Armstrong's work was done in the
arena where the patent and research departments
of great corporations contend for advantage. He
had an early baptism of litigation. In 1914, shortly
after Armstrong filed his feedback patents, deForest
applied for patents on a similar system called the
"Ultraudion" circuit. Armstrong received his patents
in 1914, deForest in 1924. For 12 years a violent
battle was fought in the courts. The radio industry
first backed Armstrong’'s patents which it owned,
then switched to deForest’s which it also owned but
which had an additional 10 years to run. Armstrong
carried the case alone up to the Supreme Court,
seeking vindication. The Court, following the
technical facts with difficuity, found for deForest.
Shaken and emotionaily distraught, Armstrong
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returned to the I.R.E. a citation and medal it had
awarded him in 1917. The organization refused to
take it back. In 1941 and 1942 two technical juries,
after again reviewing the case, awarded Armstrong
the Franklin Medal and the A.I.E.E. top medal for his
three major inventions.

' FM was to give Armstrong an even worse
legal headache. In 1940 the Federal
Communications Commission awarded to FM radio
the frequency band it had previously given to
experimental television, moving the latter to a higher
frequency. In addition, it ordered all of television’s
audio circuits to be changed to FM, as they are now.
Soon, 40 FM stations and 500,000 sets were
operating. The large AM networks added FM
facilities.

After World War 1l (during which FM served
in most of the mobile short-range military
communications) the F.C.C. deait FM broadcasting
two severe blows. It moved the broadcasting to
higher bands, making all transmitters and sets
obsolete, and, on an AM network suggestion, it
drastically cut the allowable station power in order
to limit each station to a "single market" area. This
hurt small networks of independent FM stations,
which had been relaying programs by air from one
station to another. Nevertheless, by 1949 there
were more than 600 FM stations on the air, and
high-fidelity radio has now become a
$300-million-a-year business.

Throughout all this, only a few
manufacturers paid Armstrong royalties on his FM
patents. Most set-makers used a type of FM (the
"ratio detector"), first heard of in 1946, which
Armstrong charged was merely a cut-rate, inferior
version of his invention. He brought suit. The suit
dragged on in pretrial hearings for five years.

Bitterest of all to Armstrong was the fact that
FM showed no signs, as he and others had
predicted, of supplanting AM radio. The AM
networks merely duplicated their AM programs on
FM, developed few if any live programs for FM
standards and failed to develop independent

advertising revenue from FM outlets.  Small,
independent FM stations, isolated in single markets,
had rough sledding economically and, therefore,
artistically, and many went out of business.
Armstrong himself anonymously put up some
$1,200 a month for high-fidelity toll lines between
Washington and Boston to hold the old FM
Continental Network together for such programs as
the Library of Congress chamber music series. He
also kept his old Alpine station going. This station
operated for 16 years at a cost of more than $1
million. Finally, after his death, it was shut down.

Armstrong’s life was a mixture of great
achievement and of nagging adversities which
finally killed him. Perhaps he might have been
happier if he had followed Faraday’s example of
renouncing the financial exploitation and rewards of
his discoveries. Yet if he had not pressed FM, it
might still be only a document in the Patent Office.
He, like Marconi, toward the end of a busy life,
looked longingly and prophetically at the
microwaves, in which he was certain there were
discoveries yet to be made, but his trials did not give
him time.

At the end he was weary of the battle. | talked
with him late that December. His basic FM patent
was running out. His suit showed every sign of
outlasting the deForest action. He would not be
consoled by the growing popularity of FM and the
high-fidelity idea. He had placed great hopes in a
new F.C.C., but that was gone. He had a sense of
failure such as often creeps in upon the best and
most creative minds.

in his big, lonely apartment overlooking the
East River Armstrong wrote a last letter to his wife
(who had gone off to Connecticut because he
refused to retire and relax). His funeral in the Fifth
Avenue Presbyterian Church was attended by his
Columbia University associates, some of the world’s
leading electronic engineers and the captains of the
radio industry he had founded. "Greatness,” said
Ralph Waldo Emerson, ‘"is a property for which no
man gets credit too soon."
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Edwin H. Armstrong — An Independent Inventor

In A Corporate Age

by James E. Brittain, Ph.D.
(M 1983)

On September 21, 1983, the U.S. Postal Service com-
memorated the 100th anniversary of the founding of the
IEEE with the issuance of postage stamps honoring
American inventors who were electrical engineers. The four
so honored were Edwin H. Armstrong, Philo T. Farnsworth,
Charles Steinmetz, and Nikola Tesla.

Also in commemoration of the event, The Smithsonian
Institution presented a symposium at the National Museum
of American History at which papers were presentedon E. H.
Armstrong and Charles Steimetz.

James E. Brittain, Ph.D., (M 1983), who is Associate
Professorof History of Science & Technology atthe Georgia
Institute of Technology, presented the following paper on
Dr. Edwin H. Armstrong.

* % % * %

Edwin Howard Armstrong is widely regarded as
America’s foremost inventor in the field of radio technology.
His four principal inventions were regenerative feedback
circuits, the superheterodyne receiver, the superregenerative
receiver, and frequency-modulation broadcast systems. He
received approximately fifty U.S. patents and he achieved
celebrity status especially within the amateur radio fraternity
and the Institute of Radio Engineers. As an independent
inventor whose patents became pawns in the arena of
corporate conflicts, Armstrong devoted much of his time and
energy to efforts to establish his priority in a legal sense as
well as in the eyes of his peers. The increasing frustrations
that he experienced in these efforts caused his final years to
unfold like a Shakespearean tragedy.

Armstrong exhibited an unusual style for a 20th century
inventor in the high technology of radio electronics. He
showed almost a phobic distrust of mathematical analysis
and his well-crafted technical papers rarely contained an
equation. Instead he relied on circuit diagrams, oscillograms,
and the characteristic curves of vacuum tubes in his ex-
planations. He was like an artist except that his medium was
the vacuum tube, the inductor, and the capacitor linked in
intricate combinations. He was able to grasp intuitively the
effect of altering circuit parameters and to track down the
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cause of unexpected phenomena that baffled less perceptive
experimenters. He followed a pattern that he admired in
Marconi by undertaking experiments that challenged the
dogma of established theory. Armstrong’s career that led
from his home attic to the top of the Empire State Building
with frequent litigious detours well illuminates the changing
environment of the inventor during the first half of the 20th
century.

ARMSTRONG'’S EARLY YEARS AND THE
REGENERATIVE FEEDBACK INVENTION
Armstrong was born in New York City on December 18,
1890 at a time when the electrical age was already well under-
way. Edison’s historic Pearl St. power plant had begun
operating in 1882. Nikola Tesla’s classic paper on the
polyphase power system had been presented before the
American Institute of Electrical Engineers in 1888, a year
also notable for the culmination of the remarkable
electromagnetic wave experiments of the German physicist,
Heinrich Hertz. The application of the Hertzian waves in
wireless communication was destined to become the prin-
cipalfocus of Armstrong’s inventive talents. One of the inven-
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tors who also is being recognized during this symposium,
Charles Proteus Steinmetz, published his proposed law of
magnetic hysteresis in a short paper in the Electrical
Engineer in the issue dated December 17, 1890, the day
before Armstrong was born.

The cultural environment in which Armstrong spent his
formative years was ideal for a future inventor of radio
circuits and systems. His father was an executive with the
Oxford University Press and his mother had been a school
teacher. New York City was the center of the emerging elec-
trical engineering profession in the United States as the head-
quarters of the AIEE since its formation in 1884. The
Wireless Institute formed in 1909 and its successor, the
Institute of Radio Engineers, were centered in N.Y. City. In
fact the first meeting of the IRE was held at Columbia Univer-
sity in 1912 when Armstrong was in his junior year at
Columbia

The New York area also was the center of amateur wireless
enthusiasts who enjoyed a kind of golden age during the
period when Armstrong was attending Yonkers High School
and, later, Columbia. Amateur wireless was a cultural
phenomenon not unlike that occuring among young computer
enthuiasts today. Prior to the first World War, amateur wire-
less was a populist phenomena fed by “fantasies of friend-
ship, fame and conquest” and dominated by teenage boys
who constructed their own apparatus, and eagerly shared
information about the latest advances or achievements with
others in the fraternity. Their enthusiasm was encouraged by
such writers as Victor Appleton who wrote Tom Swift and
His Wireless Message and Allen Chapman who wrote a
series of adventure stories about the “Radio Boys.”

Blessed with indulgent parents, Armstrong was permitted
to engage in wireless experiments from his home from the age
of fourteen. Later he joined The Radio Club of America and
remained an active member for the rest of his life. This club
had been formed as the Junior Aero Club in 1907 by a New
York schoolboy, W.E.D. Stokes, Jr. The club’s initial
interest was in flying model airplanes but the focus changed to
wireless by 1909 when the club became the Junior Wireless
Club Limited and finally was called The Radio Club of
America in 1911.

In addition to being the home of the IRE and The Radio
Club, the New York City area spawned college programs that
were exceptionally strong in radio-electronics engineering
Columbia University, where Armstrong enrolled in 1909,
served as a virtual incubator for radio engineers and inven-
tors. If offered not only formal engineering courses and access
to good laboratory facilities but also enabled motivated
students to acquire information about the latest developments
through the meetings of the IRE and The Radio Club that
were held frequently at the University. Alfred N. Goldsmith,
who received his Ph.D. from Columbia in 1911, taught at
City College of New York, and was the editor of the
Proceedings of the IRE. His laboratory was used for radio
research sponsored by GE and later by RCA.

Nearby was the Stevens Institute of Technology where
Armstrong’s friend Alan Hazeltine graduated in 1906 and
began teaching the following year. Hazeltine became a suc-
cessful radio inventor and later founded the Hazeltine
Corporation that employed several engineers with an
Armstrong connection.

At Columbia, Armstrong came under the influence of the
legendary Professor-inventor, Michael 1. Pupin, who had

sold his loading coil patents to the Bell Telephone Company
in 1900 for almost a half-million dollars. Pupin became arole
model for Armstrong as well as an effective promoter of the
younger inventor. As independent inventors, the two men
shared a low regard for the contributions of in-house
corporate inventors. The Columbia faculty that included also
Henry Mason and J.H. Morecroft encouraged Armstrong to
patent his first invention and even referred him to a local
patent attorney. Mason loaned him instruments and
Morecroft assisted him in oscillogram tests of regenerative
amplifiers and oscillators.

Armstrong discovered the regenerative feedback effects
while he was still a Columbia undergraduate. He acquired his
first audion tubes in 1911, devices that he later described as
having been “clouded in the mystery” of the gas ionization
theory of de Forest. Armstrong carried out a careful study of
the audion with the aid of instruments at the University.
While experimenting with tuned-plate and tuned- grid circuits
in the Fall of 1912, he observed the phenomenon of regenera-
tive amplification that enhanced greatly the strength of
received wireless signals. He also identified self-excited
oscillations in the output of an amplifier with feed-back which
meant that the vacuum-tube oscillator could serve as a source
of high-frequency waves.

He received his B.S. degree in electrical engineering in
June 1913 and remained at Columbia to teach a class in wire-
less for the Navy and to continue his research.

He filed a patent application on the regenerative receiver in
October 1913 and it issued almost a year later. Professor
Pupin arranged for the regenerative circuits to be demon-
strated for representatives of the American Marconi Wireless
Company in December 1913, and for engineers of
A T.&.T. early the following year. Neither firm chose to
purchase rights to the invention. However the receiver was
licensed to the German Telefunken Co. and used by its
station at Sayville, Long Island to pick up signals transmitted
from Germany.

Armstrong’s technical papers on the audion and regenera-
tive circuits made a strong impression on the first generation
of radio-electronics engineers. His paper on the “operating
features of the audion” in the Electrical World of December
1914 employed characteristic volt-ampere curves and
oscillograms to show graphically how the tubes functioned.
Early in 1915, he presented a paper entitled ** Some Recent
Developments in the Audion Receiver” atan IRE meeting. In
this paper, Armstrong gave a comprehensive explanation of
regenerative amplifiers and oscillators, and practical results
achieved with receivers at Columbia. This paper precipitated
a dispute between Armstrong and Lee de Forest who
challenged not only Armstrong’s ““results and conclusions”
but also his priority in the discovery of the feedback oscillator.
These first publications by Armstrong later were credited by
Alan Hazeltine for having opened his eyes to the engineering
possibilities of the vacuum tube and to have exerted a pro-
found influence on his professional career as well as that of
many others.

Armstrong remained at Columbia until 1917, as Trow-
bridge Fellow at the Hartley Research Laboratory. He and
Professor Pupin filed five joint patent applications during the
period 1915-1917 although none of these were issued prior to
the War. In 1916, Armstrong was elected President of The
Radio Club of America and, in the same year, he began to
reccive royalties from the American Marconi Company that
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finally had decided to acquire a license to use his re-
generative receiver.

THE FIRST WORLD WAR AND THE
SUPERHETERODYNE RECEIVER

In 1917, Armstrong’s talents were diverted to military
needs for radio communication and it was during his service
in Europe with the U.S. Army Signal Corps that he conceived
his second major invention, the superheterodyne receiver. He
was given a commission as a Captain and, after a brief period
of training, was ordered to Paris, France to establish a Signal
Corps laboratory. During a brief stop in England, he learned
from Henry J. Round, a Marconi radio engineer, that a criti-
cal problem had developed that involved a need to detect
very-high-frequency radio signals that the Germans were
believed to be using,

Arriving in Paris late in 1917, Armstrong became the
leader of a group of talented radio engineers and technicians.
Unfortunately the full story has yet to be told of the sociology
of the group, their contributions during the war, and their
interaction with French and British experts. Among the
group’s members were Harry W. Houck, Harold M. Lewis,
Willis R. Taylor, William A. MacDonald and Jackson H.
Pressley. Houck was an amateur radio veteran and an
outstanding electronic-circuit craftsman who remained a
close associate of Armstrong after the war. Lewis had an
engineering degree from Union College and constructed the
first working model of the superheterodyne receiver following
Armstrong’s circuit diagram. After the war, Lewis worked as
an engineer-inventor for the Hazeltine Co. Taylor held an
engineering degree from Stevens where he studied under
Professor Hazeltine, and he later was patent attorney both for
Armstrong and Hazeltine. MacDonald had worked for the
American Marconi Co. and, after the war, worked for RCA
before serving as chief engineer with Hazeltine. Pressley also
worked for Hazeltine before becoming chief engineer of the
U.S. Radio and Television Co.

The inspiration for the superheterodyne receiver apparent-
ly came to Armstrong early in 1918 when he was speculating
on whether short-wave radiation from airplane engines might
be detected and used to direct the fire of anti-aircraft guns. He
was acutely aware of the deficiencies of existing vacuum
tubes at higher frequencies, and the superheterodyne prin-
ciple provided an ingenious solution since it would enable a
high-gain tuned amplifier to function at lower frequencies
during reception. The first model employed eight tubes, and
tests of sensitivity and selectivy were encouraging although
the invention was not perfected in time to be used during the
war. Armstrong’s application for a U.S. patent on the inven-
tion was filed in February 1919 and the patent issued in June
1920. Interestingly there is evidence that a German engineer,
Walter Schottky, independently conceived the super
heterodyne principle early in 1918 during an investigation at
the Siemens Labs. Schottky filed for a German patentin June
1918 but he later gave credit to Armstrong and associates for
having introduced the new receiveer into practice. A third
claimant, Lucien Levy, was a French inventor whom
Armstrong met during his service in France and whose patent
later was involved in litigation with the Armstrong patent.

Armstrong was awarded the first Medal of Honor of the
IRE in 1918 for his feedback discovery, and was promoted to
the rank of Major in the Signal Corps early in 1519. He
returned to New York in September 1919 to resume his work
at Columbia while defending his patents agains litigation. In

December 1919, he presented papers on the superheterodyne
receiver for both The Radio Club and the IRE.

The environment to which Armstrong the inventor
returned after the war had changed in such a way that it
provided him with a golden opportunity and quickly made
him a millionaire. His position was analogous to that of a
small, unaligned nation when two superpowers are seeking a
competitive advantage, and his radio inventions suddenly
were perceived to have strategic value in corporate radio
wars. The major institutional change in the radio environment
in the U.S. was the formation of the Radio Corporation of
America, in 1919, with a broad mandate to develop inter-
national point-to-point radio communication. The
Westinghouse Electric Co. had made an entry into the radio-
electronics field through the manufacture of military
apparatus during the war but saw itself in danger of being
excluded from the radio field by RCA and GE, firms with
close corporate ties. Westinghouse decided to purchase
rights to the Armstrong patents in order to use them for
leverage in negotiations with RCA and GE. From this sale,
Armstrong realized the sum of $335,000 with a contingency
clause that would add another $200,000 if a feedback
oscillator patent, that was involved in an interference pro-
ceedings, issued. The patents were probably worth the cost to
Westinghouse as its principal bargaining chip in a cross-
licensing agreement reached with RCA and GE in June
1921.

Armstrong attracted further acclaim in December 1921
when he and six fellow radio enthusiasts successfully carried
out an experiment in which a message sent from a 1000 watt
transmitter operated at a wave length of 230 meters at a site in
Connecticut, was picked up in Scotland by one of the group,
Paul F. Godley, on a superheterodyne receiver. The experi-
ment demonstrated that it was not necessary to employ the
expensive long-wave 200kw radio alternators of RCA, to
communicate across the Atlantic. Armstrong later called the
experiment ““a turning point in radio history”” where “some-
thing contrary to what was in the books” had been
discovered.

The advent of radio broadcasting and its phenomenal
growth during the early 1920s further enhanced Armstrong’s
reputation and his fortune. The pioneering Westinghouse
station KDKA began operation in October 1920 and the
number of broadcast stations in the U.S. reached 580 by the
end of 1922. A seller's market for household receivers
developed and several hundred firms manufactured receivers
during the 1920s. Armstrong and Harry Houck helped to
develop a commercial RCA version of the superheterodyne
known as the ‘“Radiola” that used fewer tubes and simpler
controls than earlier versions. Engineers at GE, RCA, and
Westinghouse also contributed design improvements before
the six-tube sets were introduced to the national market in
1924. The RCA superheterodyne receiver was commonly
regarded as the*‘ Rolls-Royce of Radio’” during the 1920s and
alternative receivers such as Alan Hazeltine’s “neutrodyne”
were highly regarded competitors until RCA licensed other
firms to manufacture the superheterodyne after 1930.

THE SUPERREGENERATIVE RECEIVER

In 1921, while preparing a regenerative circuit as an
exhibit for patent litigation, Armstrong invented a sensational
new radio receiver that required only two tubes to produce
remarkable sensitivity. His lecture on superregeneration
presented at a Radio Club meeting at Columbia, in 1922,
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attracted at overflow crowd who reportedly “simply ate up
every word Mr. Armstrong uttered and watched in rapt
admiration as he demonstrated his latest development.” He
attracted what was said to be the largest audience ever to
attend an IRE meeting when he spoke on the newestreceiver,
in June 1922.

In his IRE paper, Armstrong followed his usual pattern of
avoiding mathematical analysis. Instead he gave aqualitative
explanation that involved variations in negative and positive
resistances in a tuned circuit He pointed out that great
amplification could be obtained if the negative resistance
exceeded the positive resistance at periodic intervals so long
as the average resistance remained positive. He credited his
friend Alan Hazeltine for theoretical assistance.

Perceived as a solution to the problem of manufacturing
low-cost but sensitive radio receivers, the supgrregenerative
receiver soon attracted the attention of executives at RCA
who saw it as a way to gain entry into the lower-price range
of a rapidly expanding mass market. Armstrong received
$200,000 in cash and 60,000 shares of RCA stock for rights
to his superregeneration patents, thus becoming the cor-
poration’s largest individual stockholder. He was given an
additional 20,000 shares for his assistance with the commer-
cial superheterodyne-receiver design. His holdings of RCA
stock eventually became worth approximately $9,000,000
so that he might have chosen to retire to a life of affluence by
the time he was 35.

The superregenerative patents did not prove to be a wise
investment for RCA since it did not provide adequate selec-
tivity for closely spaced stations in the broadcast band
although it did achieve some success in specialized high-
frequency applications.

FREQUENCY MODULATION

The decade of the 1920s had been an age of super-power
network proposals, superheterodyne, and superregeneration
when Armstrong had skillfully exploited his opportunities. In
contrast, the 1930s brought a severe economic depression,
corporate retrenchment, and the birth of electronic television
systems. It was an environment that still could provide oppor-
tunities for the independent inventor as demonstrated by the
case of Philo T. Farnsworth. For Armstrong, the 1930s were
filled with frustration in the courts and in the negative
response of RCA to his efforts to promote the frequency-
modulation broadcasting system that became his great
obsession.

Late in 1933, Armstrong was issued a cluster of FM
patents and conducted a demonstration of his system for
David Samoff, of RCA. The following year, he was permitted
to install an FM transmitter in the Empire State Building for
tests that continued until April 1935. When it became clear
that RCA intended to devote its resources to the development
of electronic television rather than FM, Armstrong decided to
use his own considerable resources to introduce the system
that he was convinced would be far superior in quality to AM.
For the first time, his activities would have to go beyong the
stage of invention and even development to include marketing
and lobbying. In brief, he would have to function as an
inventor-entrepreneur rather than as an independent inventor
relying on large corporations to convert his inventions to com-
mercial products. To add further to the complexity of the
challenge, he was trying to develop a complete system of
transmitters and receivers for an uncertain market rather than
components for an existing system as his earlier inventions
had been. On the positive side, he still had access to

laboratory facilities at Columbia and could afford to hire a
staff of young engineering graduates to assist in development
ofthe hardware. Filled with optimism after the first successful
tests, he wrote in a log book that “ after ten years of eclipse, my
star is again rising.”

Once again, Armstrong followed his earlier pattern by giv-
ing an IRE paper on FM in November 1935. He took obvious
delight in pointing out that mathematical theorists had erred
in dismissing FM as offering no advantages. He stated that he
was introducing a *‘new principle” that conflicted * with one
which has been a guide in the art for many years.” Again he
used no equations but relied on block, circuit, and phasor
diagrams in his explanation. Nevertheless, the system he
described was based on relatively unfamiliar concepts and
the response of the profession was more subdued than it had
been to his earlier professional papers. By 1936, he was
realistic enough to acknowledge that the introduction of FM
might be delayed by ‘‘intangible forces” originating in
“vested interests, habits, customs and legislation.”

As anintegral part of his campaign, Armstrong installed an
expensive FM transmitter in Alpine, NJ and began regular
broadcasts in 1939, The same year, the so-called “ Yankee
Network™ was formed to begin FM broadcasts from several
sites in New England. Armstrong’s system attracted the
support of a large corporation when GE acquired a license to
manufacture FM equipment and constructed an experimen-
tal station. E.F.W. Alexanderson, of GE, had visited the
Alpine facility early in 1938 and had recommended that GE
seize the opportunity that had been missed by RCA, and
identify itself with a new system of high quality. In a 1940
paper, Armstrong compared the FM-AM situation to the
battle between AC and DC power systems of the late 19th
century. He predicted that an FM revolution would take
place over the next five years and would largely supplant AM
broadcasting. His aggressive crusade for FM was gaining
considerable momentum when the second World War
intervened.

Armstrong continued to receive professional recognition
for his technical contributions including the Franklin Medal
of the Franklin Institute in 1941, and the prestigious Edison
Medal of the AIEE in 1943. During the Edison award
ceremonies, he referred to patent litigation as the ‘“bane of the
inventor’s existence’” and likened it to “the serpent in the
Garden of Eden.” During the war years, he helped in the
development of FM communication systems for military
applications including two-way systems for Army tanks.

The post-war years brought increasing frustration to
Armstrong as FM radio broadcasting suffered at least
temporary setbacks. FCC decisions that were unsuccessfully
opposed by Armstrong, forced FM to move to a higher fre-
quency band and to operate at lower transmitter powerthan in
the prewar period. In 1948, he brought suit against RCA for
infringement of his FM patents but “pre-trial hearings”
dragged on for five years placing severe strains on his finan-
cialresources. He refused overtures for an out-of-court settle-
ment. The Armstrong tragedy ended in a climatic act on the
night of January 31, 1954 in a fall from the 13th floor of his
River House dwelling. Armstrong’s inventive talents had
flourished in the age of vacuum tubes, radio mania, and cor-
porate competition but ultimately his personal characteristics
made it difficult to adapt to an environment of regulation and
litigation. He fell victim to the serpent that invaded his
Garden of Eden.
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The Father of FM

— the tragic story of Major E. H. Armstrong

top the Palisades at
Alpine, New Jersey,
across the Hudson River
from Yonkers, stands a tall,

Jeanne Hammond

Armstrong’s radio tower atop the Palisades at Alpine, New
Armstrong in WW!1 uniform. (Photo by Bradley B. Hammond) Jersey, as seen from Yonkers. (Photo by Jeanne Hammond)
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three-armed tower. It is ac-
cepted as part of the land-
scape by those who live on
the river’s east bank and is
seen daily by thousands of
commuters on Conrail’s
Hudson Division trains, yet
few know what this tower is
or how it has affected their
lives.

The tower and its ac-
companying radio station
were built in 1938 at a cost
of over $300,000 by Edwin
Howard Armstrong, pioneer
radio inventor, to demon-
strate the superiority of his
new system of radio broad-
.casting—frequency mod-
ulation (FM). After Pro-
methean battles with the
broadcasting industry,
which fought to preserve its
investment in the estab-
lished system (amplitude mod-
ulation— AM), FM was finally
accepted and today is the
preferred system in radio,
the required sound in TV,
and the basis for mobile
radio, microwave relay, and
space communications.

As little known as the sig-
nificance of the tower is the
man who built it. Armstrong
was born in New York City
in 1890. When he was
twelve years old, the family
moved to 1032 Warburton
Avenue—known to family
and friends simply as
1032 —in Yonkers. The
house, which still stands
just up from the Greystone
railroad station, was de
clared an historical land-
mark in 1978 by the Yonkers
Historical Society.

Next door, on the north
side of the house at the cor-
ner of Odell Avenue, was
1040 Warburton Avenue,
the home of Armstrong’s
maternal grandparents. The
members of the two fam-
ilies were a gregarious lot,
and Howard’s childhood
was a happy one filled with
large gatherings of rel-
atives, many of whom were
teachers. Learning was
prized. “Quick, boy! How
much is nine times five,

Howard Armstrong, about six years old, with his sister, Ethel.

minus three, divided by six, City Public School 160, When Howard was four-
times two, plus nine?” His would quiz his nephew to teen years old, his father,
great uncle, Charles Hart- encourage his mental agili- who was American repre-
man, principal of New York ty. sentative of the Oxford

1032 Warburton Avenue, Armstrong’s boyhood home in Yonkers. His earliest experiments
were carried out in the cupola on the third floor.
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University Press, bought
him (on one of his yearly
trips to London) a book, The
Boy’s Book of Inventions.
Reading of Guglielmo Mar-
coni’s sending of the first
wireless message across the
Atlantic so excited his imag-
ination that he determined
then and there to become
an inventor.

In his attic room in the
cupola overlooking the
Hudson River, Howard
Armstrong began tinkering
with radio. In those days,
broadcast sound consisted
of Morse code signals
picked up with earphones.
The incipient young inven-
tor set out to make them
louder. He was dogged in
his search and developed at
this early age a capacity for
infinite patience in his ex-
periments which was to
mark his life’s work.
“Genius is one percent in-
His bedroom/workroom in the cupola looked out on the spot on the Palisades where his spiration and ninety-nine
radjo station would later be. (Photo by Bradley B. Hammond) percent perspiration,” he

Armstrong constructed large antenna kites which he flew
from the upper stories of “1032” in an attempt to improve
reception. The young inventor at work on the “1032" pole.
52 73Magazine * February, 1982
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used to say in later years,
queting Thomas Edison.

Armstrong explored
many paths in his attempts
to strengthen the sound.
Reaching up into the air to
better catch the broadcast
signals, he flew from the up-
per stories of 1032 large an-
tenna kites which he had
built with the help of his
Yonkers friend, Bill Russell.
He built a 125-foot antenna
pole, the tallest in the area,
in the south yard. His youn-
ger sister, Edith ("Cricket”),
helped in the construction,
holding the guy wires and
handing him buckets of
paint as he swung aloft in a
boatswain’s chair. Neigh-
bors watched with awe and
apprehension. His mother,
however, had complete
faith in her son. When a
neighbor telephoned to say
that Howard was at the top
of the pole and it made her
nervous to watch, “Don’t
look, then,” was her confi-
dent reply.

Howard attended Public
School 6 in Yonkers and

Yonkers High School, and .

went on from there to Co-
lumbia University, com-
muting on a red motorcycle
his father had given him as
a high school graduation
present. His interest in radio
led him to the study of elec-
trical engineering.

In his junior year at Co-
lumbia, Armstrong’s dil-
igent search for improved
radio reception paid off. He
invented the regenerative-
oscillating, or feedback, cir-
cuit which greatly in-
creased radio signals, made
them loud enough to be
heard across a room and
led the way to transatlantic
radio telegraphy. His sister,
Ethel, remembers vividly
the night it happened.
“Mother and Father were
out playing cards with
friends and | was fast asleep
in bed. All of a sudden
Howard burst into my room
carrying a small box. He
danced round and round
the room shouting, ‘I've

Major Armstrong’s sister, Ethel, and her husband, Bradley Hammond, listen to a crystal set
with their evening meal, around 1920. (Photo by Bradley B. Hammond)

done it! I've done it!’ | real-
ly don’t remember the
sounds from the box. | was
so groggy, just having been
wakened. | just remember
how excited he was.”

Thomas J. Styles, Armstrong’s
Bradley B. Hammond)

Later, another inventor,
Lee DeForest, challenged
Armstrong’s priority for this
discovery and the issue was
twice argued before the US
Supreme Court—which

found in DeForest’s favor.
However, the sciéntific
community has always
credited Armstrong for the
invention and he received a
gold medal for it from the

longtime associate, Ethel, Howard, and his mother. (Photo by
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stitute in Philadelphia, also
credited him with the inven-
tion of the regenerative cir-
cuit.
AISTONY G0 TR ENTED Spary After graduation frorn
You passing g, S . - Columbia in 1913, Arm-
strong worked as an in-
structor at the college.
When the US entered the
war in 1917, he joined the
Army Signal Corps and rose
to the rank of Major— his
preferred title for the rest of
his life. While in the service,
he invented the super-
heterodyne circuit which
amplified even further the
sound of radio transmis-
sion. This invention brought
him into contact with David
Sarnoff, who later became
President of Radio Corpora-
tion of America and whose
bright and attractive secre-
tary, Marion Maclnnis, he
Billboard in Yonkers dating around 1921, (Photo by Bradley B. Hammond) later married.
After the war, Armstrong
) P® Institute of Radio Engi- returned to Columbia
neers. Years later, the report where he worked as an as-
accompanying the presen- sistant to Professor Michael
tation to him of the Franklin 1. Pupin, famed physicist
= Medal, by the Franklin In- and inventor. When Pupin

‘Yonhm i the bome of

Browdh sstng and tramsatlont,
telography possible

Armstrong and his wife, Marion, by the “1032" pole. (Photo
by Bradley B. Hammond) Close-up of the tower. (Photo by Bradley B. Hammond)
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In 1923, to celebrate the opening of New York’s first radio
station—and to impress his fiancee— Armstrong cavorted
atop the new WJZ transmitter tower. (Photo by George

Burghard)

died, Armstrong took over
his professorship and, fi-
nancing his own research—
his inventions had by now
made him wealthy—con-
centrated on the elimina-
tion of static.

In 1933, Armstrong se-
cured four patents which
were to be the basis for fre-
quency modulation. This
was an entirely new system
of broadcasting. Unlike
amplitude modulation
which varies the amplitude
or power of radio waves to
transmit sound, frequency
modulation varies the num-
ber of waves per second
over a wide band of fre-
quencies. As static is trans-
mitted by amplitude modu-
lation and cannot break in-
to the wide band of fre-
quencies of frequency
modulation, the latter is
virtually static-free. Arm-
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strong, who enjoyed apho-
risms, liked to quote defeat-
ists who said, “Static, like
the poor, will always be
with us.” He proved them
wrong.

The first public broad-
cast of FM was made in
1935 from the home of his
friend C.R. (Randy) Runyon
at 544 North Broadway in
Yonkers. Runyon was a ham
who operated under the
call letters W2AG and
broadcast from a tower in
the yard of his house. The
tower and the house are no
longer standing. The Run-
yon living room served as a
studio for a demonstration
of different kinds of sound
that were broadcast to a
meeting of the Institute of
Radio Engineers at the Engi-
neer’s Building on West
39th Street in New York City.
Water was poured, paper

Armstrong receives the Medal of a Chevalier de la Legion
d’Honneur for his contributions to wartime wireless, from
General Ferrie, head of French military communications.

was crumpled, and-live and
recorded music were
beamed from the Runyon
tower to the audience forty
miles away.

Although the engineers
marveled at the fidelity of
the sound, FM did not im-
mediately take off and it
would be some time before
it would become a commer-
cial success. “If you build a
better mousetrap the world
doesn’t necessarily beat a
path to your door,” Arm-
strong said ruefully in later
years as he fought for the
acceptance of his new sys-
tem of broadcasting. As a
matter of fact, FM was so
revolutionary that an entire
industry had to scrap its
hardware and start over
before its potential could
be realized. Understand-

ably, the establishment was
less than enthusiastic at the
prospect.

However, for several
years RCA gave Armstrong
experimental broadcast
privileges in its studio at the
top of the Empire State
Building. But in 1937, say-
ing that they wished to de-
vote the space to the de-
velopment of TV, they
asked Armstrong to with-
draw.

More determined than
ever to prove the superior-
ity of FM, Armstrong built
his own station in Alpine,
New Jersey. The site he
chose had been visible to
him as a boy from his attic
cupola at 1032, and it
served his purpose well. It
was one of the highest

Reader Service for tacing page » 70~
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Armstrong.

THE AUTHOR

Ms. Jeanne Hammond

The author, Ms. Jeanne Hammond, is the
niece of the late Major Edwin Howard

points in the region and had
unobstructed space around

station’s signal.
Programs originating

it for the broadcast of the with WQXR in New York

City were transmitted by
wire to Alpine and broad-
cast first under the call let-
ters W2XMN and later,
WE2XCC. Today, the sta-
tion is owned by UA Colum-
bia Cablevision Company
of Oakland, New Jersey,
and is operated for closed
circuit TV transmission.

During the Second World
War, Armstrong devoted
himself to military research
and allowed the govern-
ment to use his patents
royalty-free. He received
the Medal of Merit for his
contributions.

After the war, Armstrong
turned his attention once
more to the promotion of
frequency modulation. He
saw it grow in popularity as
a broadcasting medium as
more FM stations went on
the air and more FM sets
were sold to receive the
programs. However, few
outside the industry had
ever heard of Edwin
Howard Armstrong —the
man who invented it. Fur-
thermore, manufacturers
began to build and sell FM
equipment ignoring his pat-
ents. Goaded perhaps by
the bitter memory of losing

Armstrong at his desk at W2XMN.
58 73Magazine ¢ February, 1982

his regenerative patent
years before, Armstrong be-
came embroiled in twenty-
one infringement actions to
adjudicate his FM patents.
Battling giant corporations
with batteries of lawyers
used up his resources. Final-
ly, in 1954, ill, disillusioned,
and his fortune gone, Arm-
strong took his own life.

After his death, his wid-
ow, Marion, set out to finish
what he had started. She
continued the lawsuits, sit-
ting in the courtroom each
day following the argu-
ments and watching as tes-
timony was given. Her first
victory, over RCA in 1954,
gave her funds to continue
the other suits. In 1967, with
the victory over Motorola,
she had won all twenty-one
and established clearly and
decisively that Edwin
Howard Armstrong was the
inventor of frequency mod-
ulation.

Today, the Alpine tower
stands as a monument to
the brilliant man whose in-
ventions touch our lives
every day. His contribu-
tions are perhaps best
summed up by Lawrence
Lessing in his biography of
Armstrong, Man of High
Fidelity (). B. Lippincott
Company, Philadelphia and
New York, 1956). “The lone-
ly man listening to music in
the night, the isolated farm-
er hearing nightly the news
of the world, the airplane
pilot guiding his craft safely
through the ocean of the
sky, the astronaut now in
his capsule gathering in the
whispers from space, the
earthbound emergency
crew contending with some
mission of mercy or di-
saster, the army on the
move and the man in his
armchair, charmed or in-
structed for an hour by a
great play, a symphony, a
speech, a game of ball—all
owe a debt to thisman who,
in some forty years of high
fidelity, fashioned the in-
struments illimitably ex-
tending these powers of hu-
man communication.”
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THE ALPINE TOWER

by John T. Gubernard, K2LSX

Atop the Hudson Palisades at Alpine, New
Jersey, stands a tall, three-armed tower. Anyone
who has ever traveled the Palisades Interstate
Parkway through Alpine, has probably seen the
huge structure. Few people are aware, however,
that the structure now known as The Alpine Tower,
was erected and completed by The American Bridge
Company in 1938 for Edwin Howard Armstrong,
pioneer radio inventor, to demonstrate his new
method of radio broadcasting: Frequency
Modulation (FM). Programs were broadcast at
Alpine first under the call letters W2XMN and later
KE2XCC. Armstrong’s station KE2XCC went off the
air on March 6, 1954 with the playing of his favorite
music.

Some of the tower’s specifications are:
Height above ground to top of third arm is 410 feet.
Height above ground to second arm is 320 feet.
Height above ground to first arm is 240 feet.
Height above sea level to third arm is 936 feet.

The tower, presently owned by the "Alpine
Tower Company”, is used for a wide variety of
purposes including cable television by U.A.
Columbia, for microwave transmissions by Eastern
Microwave, for FM radio broadcasting by Fairleigh
Dickinson University, and for two-way radio services
by IBM, MCI, and Motorola. In addition, it is used by
various governmental agencies. The tower site
presently is being renovated due to the expanding
complexities of the communication fields. However,
none of the historic architecture will be changed.

Also located at the tower is the Major
Armstrong Memorial Amateur Radio Club, Inc.”,
known as "MAMARC." The club was formed in May
1978 to encourage experimentation and
development of new and little-used radio techniques
-- in the pioneering spirit of Major Armstrong. The
club means to assure that Armstrong is given his
rightful place in history along with Marconi,
deForest, and other radio pioneers. Edwin Howard
Armstrong, who gave the world the static-free sound
of FM radio, was amongst the last of the breed of
attic inventors.

The Major Armstrong Memorial Radio Club,
inc. presently operates two repeaters at the tower
site with operations on 446.525 MHz. and 223.680
MHz. The club also plans to assemble a museum at
the site to dispiay equipment used by Major
Armstrong.
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Creativity in Radio

Contributions of Major Edwin H. Armstrong*

By JOHN R. RAGAZZINI
Professor of Elecirical Engineering, Columbia University

I

My purpose here today is to outline the
contributions and to analyze some of the
factors which have contributed to the
creative genius of one of the great in-
ventors of our time, Edwin Howard Arm-
strong. IHe would have been here today
to speak for himself were it not for his
tragic death some months ago. In dis-
cussing Major Armstrong, I may betray
a certain amount of hero worship to
which I freely confess for he was an
heroic figure to all who knew him. In
Some ways, my speaking for him may
give you a better picture than he would
have been able to do for himself. Pos-
sessed of an innate modesty he probably
would have minimized his role and per-
sonal contributions to the phenomenal
series of inventions which have laid the
foundations of modern radio communica-
tions. In referring to him I shall use
the appellation of Major because he pre-
ferred it over others to which he was en-
titled.

To emphasize the importance of the
contributions of Major Armstrong, I
shall outline his inventions before going
into his life, his times, his education and
those personal characteristics which con-
tributed to these successes. The four
basic discoveries which represent his most
important but by no means only creative
contributions are the regenerative circuit,
the superregenerative circuit, the super-
heterodyne receiver, and the broad-band

* Presented at the Annual Meeting of
ASEE, University of Illinois, June 16, 1954,

frequency modulation system. These will
be taken up in turn.

At the time of the invention of the
three-element vacuum tube named the
“audion” by Lee De Forest in 1906, radio
communication, as we know it today, was
launched. In those early days tubes were
expensive and scarce and their character-
isties none too favorable, so that it was
imperative to increase the effectiveness
of each individual tube. Setting the then
accepted theories aside and embarking on
an experimental approach, Major Arm-
strong was able in 1912 to obtain unheard
of sensitivities from a single triode.
While commonplace today, the concept of
reinforeing a week input signal to the
tube by feeding back a small portion of
the output signal was revolutionary., He
not only observed this phenomenon but
was perceptive enough to realize its im-
portance as an invention which he dis-
closed on January 31, 1913, and finally
patented in 1914. The regenerative feed-
back circuit made possible communica-
tions across and between continents with
a minimum of tubes.

Shortly after the initial disclosure of
the regenerative principle for use as a
sensitive receiving detector, Major Arm-
strong discovered that by increasing the
amount of feedback it was possible to
cause self-oscillations in the circuit. The
tremendous importance of this property
was quickly evaluated by Armstrong be-
cause a rechnique for producing oscilla-
tion by this means would replace the
older spark or arc transmitters then in
use. He filed a separate patent applica-

JourNAL or ENGINEERING Epucation, Ocr., 1954
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tion for this circuit, a factor which later
cost him heavily in patent litigation. De
Forest was able to win an interference’
suit in 1924 which resulted in the is-
suance of patents to himself for the oscil-
lating audion and regenerative circuit
and the rejection of Armstrong’s appli-
cation for a patent on the oscillator cir-
cuit. Ultimately, as late as 1934 and
after long and expensive litigation, the
Supreme Court upheld the contention
that De Forest was the inventor of the
regencrative circuit and oscillator al-
though the enginecring and scientific so-
cieties, including the American Institute
of Electrical Engineers, the Institute of
Radio Engineers, and the Franklin Insti-
tute, generally discredited this decision by
awarding medals and honors to Arm-
strong for his inventions including the
regenerative circuit.

These brief references to Armstrong’s
patent litigation are cited not so much for
their importance to the purpose at hand
but to emphasize early in this talk a facet
of his character which led him to fight
tenaciously for what he considered to be
right. This he did even when it cost him
heavily and when he might have benefited
financially by accepting an adverse de-
cision. His lifetime will show many other
instances of this characteristic.

Superheterodyne Reception

Chronologically, the sccond of his great
discoverics was the system of superhetero-
dyne reception. The first in the sequence
of events leading to this invention was,
the heterodyne prineiple whicli he studied
experimentally and presented in his out-
standing paper before the Institute of
Radio Engineers in 1916. This paper
laid the foundations for the future by
rationally explaiiing the phenomenon of
beating two high frequency inaudible sig-
nals to obtain an audible difference fre-
quency signal. During World War I, the
principle of superheterodyne reception
was synthesized as a result of speculation
on his part that attacking German bomb-
ers could be fired upon more accurately

if they could be located by picking up
the radiation from their ignition systems.
The frequency content of this radiation
was very high for those days and could
not be picked up by then existing meth-
ods. The whole concept suddenly oc-
curred to Armstrong that if he could re-
duce the frequency of the short waves to
a value more manageable for amplifica-
tion, receivers of much higher sensitivity
could be designed. In retrospect, this
seems to be a natural outgrowth of his
carly studies in the field of heterodyne
detection. In his 1916 paper, Armstrong
was dealing with the reduetion of the
frequency of a received signal from a
high inaudible frequency, say 100 kilo-
cycles to an audible frequency of, say 1
kiloeycle, by beating with a local signal
at 99 kiloeycles. The principle was ex-
tended to take a very high radio fre-
quency, say 10 megacycles and beat it
down to an intermediate but inaudible
frequency of say 150 kilocyeles, amplify-
ing at this frequency and then detecting
the audible signal in this amplified sig-
nal. This invention was not used for its
original purpose in World War I but it
did become the basis for practically all
radio reception including radar. It is
interesting to note that the circle was
completed only in World War II when
radar detection of enemy aircraft came
into its own using, a reception technique
invented by Armstrong for the same pur-
pose more than twenty years earlier. It
can truly be said that the invention of the
superheterodyne receiver represents a
superb exhibition of inventive genius
where one step logically led to another
and a set of unrclated facts were syn-
thesized into a useful device.

Shortly after his return from World
War I, Major Armstrong hecame in-
volved in the first of a series of court
suits in defence of his patents. It was
while carrying out an experiment at
Columbia University to prove convinc-
ingly that statements made by opposing
counsel were in denial of fundamental
truths that he came upon the principle
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of superregeneration. While testing a
regenerative circuit using a  miniature
transmitter located across the room with-
out an antenna, he noted strange signals
coming in with unbelievable signal
strengths. Numerous transmitting sta-
tions were identified and their signal
strengths were far beyond those observed
in previous regenerative recciver tests.
Far from ignoring this effect, he tena-
ciously studied it and finally brought to
light a new principle of regeneration.
What had happened was that the re-
generative detector was being triggered
on and off oscillation at an inaudible rate
so that on the average, the circuit was
being operated at a condition of tremen-
dous gain located near the point of in-
cipient oscillation. It was his ability to
recognize that he had found a basic and
important new principle that accentuated
his genius, for it must have been true that
many other experimenters had noted the
effect previously. As a matter of fact,
Armstrong himself came upon some old
notes indieating that he had produced
superregeneration in his early experi-
ments many years before but failed to
recognize it.
never forgot and one which made him
emphasize his persistence and care in
experimentation lest unusual phenomena
should go by without being noticed.

Frequency Modulation

Major Armstrong’s final important in-
vention was that of static-free frequency
modulation reception known as FM.
Ever since his early days with Pupin at
Columbia, he had dreamned of the day
when statie, that is natural and man-made
electromagnetic disturbances, would be
overcome and uscful signals could be re-
ceived clearly and with high fidelity at
all times. The basic technique used by
Armstrong to solve this problem was to
employ a system of modulation in which
the intelligence was applied to a carrier
signal by varying its frequeney. This
idea was by no means new, having been
considered by numerous authorities in the

This is a lesson that he

field and having been discarded as im-
practical and as having no particular ad-
vantage over the current amplitude mod-
ulation system (AM).

In particular, expert opinion of the
day was that the comparison between FM
and AM based on both theory and experi-
ment indicated no particular advantages
for ¥M. This situation would have been
enough to discourage any investigator
from going much further. However,
Major Armstrong had other ideas. He
studied some of his concepts developed
as far back as 1915 which led him to
belicve that broad-band, not narrow-band
FM was the key to the problem. In view
of the fact that the energy of the random
noise or disturbances admitted into a
eircuit is proportional to its bandwidth,

“his notions seemed completely contrary to

accepted concepts. The only trouble was
that these concepts, correct as they were,
were being applied to only one form of
FM and did not reckon with the basie
element in the Armstrong system which
included the amplitude limiter. This de-
vice clipped off all amplitude variations
superposed on the signal by unwanted

‘static and permitted only the desired fre-

quency variations containing the intelli-
gence to pass through. The broader the
frequency swing of the desired signal, the
less significant would be the undesired
swings due to noise. It was simply a
case of the right theory being applied to
the wrong model and again Armstrong
proved that he was by far a more precise
mathematical thinker even though he did
not indulge in the writing of mathemati-
cal relationships.

In any case, the broad-band FM sys-
tem including the all-important ampli-
tude limiter was patented in 1933. This
invention made possible the reception of
almost completely static-free signals even
in the midst of violent thunderstorms in
the immediate vicinity, and this was in-
deed a technological triumph.  Accom-
panying this great advantage was that
of high fidelity made possible by the
broader bandwidth employed by the svs-




48 PROCEEDINGS OF THE RADIO CLUB OF AMERICA

tem. Also, it was possible to prevent
interference between adjacent stations
since the Armstrong system caused the
weaker station to be completely sup-
pressed. By employing higher ecarrier
frequencies he opened up a new large
piece of the frequency spectrum to broad-
casting. Finally, the cost of construction
and operation of FM stations was less
than that of AM stations with the same
coverage.

Conflict of Interests

However, it was one thing to achieve
this tremendous success and still another
to bring about its acceptance by the
broadeasting industry and the govern-
ment. The conflict of interests between
established organizations, like the Radio
Corporation of America, and Major
Armstrong had begun in all seriousness.
The fight to bring about adoption of
this, his greatest invention, consumed so
much of Major Armstrong’s time and
energy that he was diverted from his
primary activity of study and experi-
mentation. FM proved to be the last of
his great inventions and most of his ac-
tivities from the issuance of the FM
patent to the time of his tragic death were
directed to the fight for adoption of FM.
His devotion to this task proved to be so
intense that his FM 1ight has often been
referred to as his Cause. He was cast
in the role of the lone inventor pitted
against the array of great corporations
that characterize our economy. In this
task he was as dogged, as brilliant and as
assured as he had ever been in ferreting
out an intercsting and peculiar phenome-
non in the laboratory.

This recital of the most important
technical achievements of Major Arm-
strong is by no means complete. It has
been given to bring into focus the mag-
nitude of his creativity and life-long
achievement and to provide the frame-
work into which to attempt to fit the
human being that was Major Armstrong.
The remainder of this discussion will be
devoted to an attempt to explain the

factors which contributed to his amazing
record.

II

Edwin H. Armstrong was born in 1890
and spent much of his youth in the city
of Yonkers, which as you probably know
lies adjacent to New York City. While
not wealthy, his family lived comfort-
ably, his father being United States rep-
resentative of the Oxford University
Press. In view of his father’s position
it is not surprising that he was an avid
reader of books, a factor that influenced
the course of his life. That his preferred
reading dealt with the lives of such great
inventors as Volta, Hertz and Marconi
was significant. One of his favorite idols
was Faraday whose accomplishments he
rivalled in later life. During his teens
Armstrong filled his attic room in the
Armstrong house in Yonkers with all
the paraphernalia of the typical radio
ham, including various wireless contrap-
tions such as coherers, interrnpters and
spark coils of the day. Most of his spare
time was spent listening to the dots and
dashes of other radio hams in Yonkers
and vieinity and occasionally picking up
Naval and commercial stations both near
and far. By the age of 19 Armnstrong
was ready to enter college and the matur-
ing of the amateur into the professiénal
had begun. It is important to note than
cven before entering college he had de-
cided with typical singlemindedness to
become an inventor in the field of radio
and never to the day of his death did he
waver from that objective. This man was
no confused uncertain young teenager
who had to have someone else make up his
mind for him!

In 1909 Armstrong entered Columbia
University to study electrical engineering
and came under the influence of the great
inventor and teacher, Michael Pupin, who
was then Professor of Electrical Engi-
neering. It was soon evident that, aided
by formal training in electrical engineer-
ing, he had developed a knowledge of
radio which far exceeded that contained
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in the textbooks of the day or, for that
matter, of many of his instructors. His
outstanding performance in this regard
led him to study the performance of the
then new and revolutionary De Forest
audion while still a college junior. His
experimentation resulted, as noted before,
in the invention of the regenerative de-
tector in the year 1912.

Scientific Turn of Mind

It is important to observe that a major
technical contribution made by Arm-
strong about this time was not just the
regenerative circuit itself which was an
invention of first rank but also the ex-
planation of the operation of the triode
vacuum tube. Until then, it had been
regarded as a trigger device, but Arm-
strong, with typical eclarity and logic
showed that its performance could be
explained by the use of a characteristic
curve and laid the groundwork for the
vacuum tube circuit theory of today.
This illustrates a scientific turn of mind
possessed by very few undergraduate
students today.

One might be tempted to conclude that
Armstrong was a bookworm or possibly
a “lab-worm” who paid little or no at-
tention to other aspeects of student life.
Nothing could be further from the truth.
While in college he rode, somewhat reck-
lessly it is said, the hot-rod of his day—
a red Indian motorcycle. He entered the
usual freshman-sophomore contests and
became a tough competitor on the tennis
court. The latter sport was one of his
favorites and he played well until he
sustained an injury to his shoulder in
later life. Nevertheless, despite these
recreations, Armstrong never wavered
from his primary objective, radio. By
the time he was a college senior, Arm-
strong had a basic invention and the
benefit of association with Pupin, a fore-
most inventor in his own right.

Because of his intense interest in his
subject and because laboratory facilities
would be available to him, Armstrong ae-

cepted an assistantship at Columbia Uni-
versity where he continued his work. His
salary was quite low, only $50.00 a
month, and I have often heard him re-
late how Le used to have his one meal a
day at a small restaurant on Broadway
near the University because the propri-
etor was so foolish as to allow him all
the bread he could eat with his meal.
Not long after his acceptance of this post
at the University, his regenerative patent
issued and royalties began to pour in at
the rate of about $8000 per year.

One might note here that the excellent
guidance he received from Pupin and
his associates on the management of his
affairs as an independent inventor may
have laid the seeds of much unhappiness
and frustration in later years. Had he
renounced all commercial advantage or
financial return as his idol Faraday, his
creativity might have been even greater
because much of the energy he diverted
to court actions and litigation would have
been available for scientific work. But
such was not to be, and muech of Major
Armstrong’s life was spent in the defence
of his rights as he saw them. It is in-
teresting to note, however, Armstrong
never relinquished his interest in or as-
sociation with Columbia University and
its freedom of thought and investigation,
taking over and holding until his death
Pupin’s chair in electrical engineering.
He was always the serious-minded,
thorough, experimental scientist.

World War I found Armstrong in uni-
form as a captain in the Signal Corps.
Whoever was responsible for assignment
of personnel at that time should be con-
gratulated for having placed Captain
Ariastrong in a position where he could
help solve the problems of communica-
tions from ground to aireraft and many
other similar problems in which he was
a foremost expert. It was in this service
that the inspiration for the superhetero-
dyne receiver came to him. Discharged
as a Major, he returned to Columbia to
resume his life as a scientist and inventor.




46 PROCEEDINGS OF THE RADIO CLUB OF AMERICA

Court Clashes

Once back, Armstrong entered into the
first of his many court clashes in defence
of his patents. The whole question of the
regenerative circuit and oscillator against
De Forest came up and during the pro-
ceedings, Armstrong was made an offer
of $335,000 by Westinghouse Company
for his regenerative and superheterodyne
patent rights. In the meantime, he re-
turned to his work on static elimination
with Pupin and accidentally discovered,
as described previously, the principle of
superregeneration. Concurrently, he par-
ticipated in the series of tests in 1921
sponsored by the American Radio Relay
League which resulted in the successful
communication between the United States
and England on so called short wave
transmissions at a wavelength of about
200 meters. It is significant to note that
his colleague, Paul Godley, who picked
up the signal in Scotland, used a super-
heterodyne receiver. Shortly after these
tests his superregenerative patent issued,
and by 1922 he negotiated with the Radio
Corporation of America who wished to
buy the rights. Negotiations were com-
pleted resulting in the payment to Arm-
strong of $200,000 in cash and 60,000
shares of RCA stock. This block of
stock, combined with 20,000 additional
shares for later services, made Armstrong
one of the largest stockholders of the
growing company. Financially, Arm-
strong was a multi-millionaire but this
made little or no difference to his devo-
tion to radio and his quest for static-free
reception.

As a result of many visits to David
Sarnoff’s office at RCA, he met and
courted Sarnoff’s secretary, Miss Mae
Innes. During this period he lost no
opportunity to impress her with feats
that were often quite daring and which
reflected a bold and boyish personality.
The most memorable of these was his
hand-over-hand elinb of the 400 foot
tower of radio station WJZ. When he
reached the top he stopped to pose for
photographers. Whether or not this had

any significant effect on his courtship is
hard to say. At any rate, he and Miss
Mac Innes were married in 1923.

Shortly after his marriage, Armstrong
resumed his series of experiments at
Columbia, which culminated in the in-
vention of wide-band FM in 1932 with
the patent issuing a year later. It was
the fight for adoption of FM which con-
stituted his most bitter series of disap-
pointments. Armstrong tried to interest
RCA in his new invention but for reasons
which ean only be speculative, but which
involved the problems of existing invest-
ments, the coming of television and pos-
sibly personal relationships, he was re-
buffed in a manner which offended Arm-
strong’s sense of fair play. At any rate,
it may be said that he declared war on
RCA to the extent of turning down in
1940 an offer of 1 million dollars for a
royalty-free license. The concurrent fight
for broadecasting allocations was carried
to the Federal Communications Commis-
sion where Armstrong finally obtained
the allotment of a band in the 40 mega-
cycle range for FM broadcasting. After
the war, despite the fact that 500,000 sets
were thereby rendered obsolete, the FFCC
moved the FM band up to its present 100
Megacycle range. This dealt a hard blow
to FM, but still it flourished so that by
1949 there were 600 stations on the air.
Throughout this latter period, however,
RCA was waging war on Armstrong’s
patent position and most set makers were
not paying royalties to Armstrong but
were using the so-called ratio detector
based on patents held by RCA. Arm-
strong claimed that this was an infringe-
ment and brought suit. The suit was at
the stage of pre-trial hearings at the time
cZ his death.

Armstrong fought the battle for FM
with the same tenacity he used when at-
tacking his technical problems. Above
all, he was outraged at what he con-
sidered unfair treatment by RCA, and
this may have affected his better judg-
ment so far as personal advantage was
concerned. His wife and his colleagues
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would have wished him to retire and en-
joy his remaining years surrounded by
loyal friends and revered as elder states-
man of radio. The fact that he continued
his fight was characteristic of the dogged
tenacity which was so essential to his
suceess.

III

Let us try now to review the important
characteristics which may have contrib-
uted to Major Armstrong’s creativeness
in research. First, and foremost, he pos-
sessed a genius and character which was
God-given. Placed in exactly the same
circumstances, only a very few human
beings would have had the capacity to
achieve a fraction of what Armstrong
accomplished. He was single-minded in
his objective in life. He was thorough,
very hard-working and indefatigable.
When asked how Armstrong managed to
achieve what he did, one of his assistants
stated that he was willing to spend 23
out of 24 hours of his day concentrating
on radio. If ever there was an example
which illustrated the cliche that creative
research is only slightly inspiration and
mostly perspiration, he was it. He would
repeat an experiment over and over again
with little or no regard of the hour until
every peculiar effect was fully explained.

The second important factor in his life
was the professional eduecation which he
received. Wlile he no doubt benefited
greatly from his amateur radio activities
before entering college, it was his formal
education which matured him profes-
sionally. In addition, he came under the
influence of a foremost teacher, inventor,
and scientist in Professor Pupin who
earned the reverence of young Arm-
strong. By making laboratory facilities
available to Armstrong, Pupin greatly
furthered his produetivity.

The third important factor was the
timing of his career. The time was ripe
for the exploitation of the vacuum tube.
Great research organizations sponsored
both by industry and government were
not in existence and the individual in-

ventor had a good chance to do significant
work. The type of work done by Arm-
strong as an individual in the early
decades of the twentieth century is done
now by whole organizations of engineers
and scientists. Tt is correct to state that
Armstrong is probably the last as well as
possibly the greatest individual American
inventor.

Fantastic Capacity To Think In
Physical Terms

The fourth factor was Armstrong’s
fantastic capacity to think in physical
terms. It is often said that he was a
non-mathematical thinker, but such a
statement would have been challenged by
Pupin. If by mathematics one means
simply the formal writing of symbolic
mathematical relationships between quan-
tities, he was indeed non-mathematical.
A striking characteristic of his papers is
that they are generally devoid of any
cquations. However, if one means by
mathematics the exact science of rigor-
ously following one step of logic with
another to describe the whole, not neces-
sarily using symbolism, then Armstrong
was a foremost applied mathematician.
It has been said that he disdained and
distrusted the mathematical approach.
However, from personal experience I
know that he had the highest regard and
respect for those who used the mathe-
matical approach. What he objected to
was the use of mathematies for its own
sake or the application of erudite mathe-
matics to an incorreet physical model
resulting in the prediction of an incorrect
performance. He demonstrated this dev-
astatingly with his invention of broad-
band FM. As an experimenter, Arm-
strong had the uncanny faculty of ob-
serving effects and then assembling them
into a logical whole thereby producing a
clear concise and correct picture of a
particular phenomenon. He demon-
strated this over and over again starting
with his early deseription of the perform-
ance of the triode, explaining the phe-
nomenon of heterodyne and finally pre-
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dicting the effect of broadband FM on
noise reduection.

The fifth factor of importance was his
ability to inspire loyalty among his col-
leagues and assistants. Armstrong was
recognized by all as an important figure.
Yet he retained a modesty and self-
effacing character which made all who
knew him or worked for him respect and
like him. I asked him on at least two
occasions to tell me what it was that was
responsible for his enormous productivity
and success. The question embarrassed
him and he evaded a direct answer by re-
citing certain factual occurrences in his
professional life. Never did he play up
in any way his personal role. Probably
he did not really know exactly what it
was that made him the great man he was.
His generosity and loyalty towards those
whom he felt dealt honestly with him was
renowned. At the same time his tena-
cious opposition to those he felt did not
was equally well known.

Youthfulness of Outlook

Lastly, a factor which undoubtedly con-
tributed to Armstrong’s productivity was
a youthfulness of outlook, a boyish en-
thusiasm which is hard to define. It was
brought out tangibly in a number of his
more daring feats such as the memorable
climb to the top of the WJZ tower, or his
swinging at the top of his Alpine tower
in a boatswain’s chair to adjust the an-
tenna feed for his FM station. More
intangibly, it shone in his eyes when he

talked about his work. I shall never
forget my last meeting with the Major,
some two months before he died. The
occasion was dinner at his apartment to
which I had been invited to meet a busi-
ness acquaintance of his who had a re-
search and development proposal which
he thought might be of interest to me.
The Major was in a good mood. Only oe-
casionally did he show a few flashes of
the loneliness which lifelong concentra-
tion on his work brought upon him. At
the end of a most enjoyable evening, his
other guest and I bade him good night in
the foyer of his apartment. I clearly
remember him as I shook his hand. He
was tall, powerfully built, one shoulder
drooping slightly, his head bald, smiling
his typieal erooked smile, and looking a
bit tired. But the most striking thing of
all was the characteristic twinkle in his
eye which belied his age and was like that
found in a young man looking forward
to another exciting day. Perhaps this
was the most important asset of them all.

Major Armstrong died on February 1st
of this year. At the time of his death
he was in the midst of his greatest battle
for M. Regardless of the rights or
wrongs of this or any of his other con-
flicts, opponents as well as partisans will
probably agree that Major Armstrong
was the most important creative thinker
and inventor of all time in the field of
radio and that his passing marks hot
just the end of the life of a great man
but also the end of an era.
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He Gave a Lusty Voice to Radio

“The Regenerative Circuit Was Not an Invention, it Was a Discovery,”” says Edwin H. Arm-
=strong. The Story of the Man Who Was Responsible for Regeneration, the Super-Hetero-
dyne, and Super-Regeneration, Three of the Most Important Contributions to Radio Science

F YOU were asked to name the ten
men who have contributed most to
the progress of the twentieth century,
you would unhesitatingly include the

name of E. H. Armstrong in your list. To
him is due the credit for having taken
the feeble, piping voice of radio and trans-
forming 1t into a lusty tenor that can be
heard all over the world. Under his care
the adolescent wireless grew to manhood
and developed from a raw recruit into a
grand opera singer.

At the age of twelve, Armstrong started
out with the ambition to train the untamed
radio, and so well has he realized his ob-
jective that at thirtv-four, he is famous as
the inventor of the regenerative, the super-
heterodyne, and the super-regenerative
circuits.

In appearance, he is tall with mild blue
eves, a bald head and the erect carriage
of an army officer. He is ready to talk
on anything but himself. To elicit such
personal facts, you must consult the “old "
members of the Radio Club who knew
“Howard” when he was at college and
was struggling to establish his claim to
his regenerative circuit.

“Uknew Howardback in 191 1 when hefirst
began his experiments,” says George Eltz,
head of the radio

By MYRA MAY

“l remember going to Howard’s home in
Yonkers, one day—I think it was about
tg12—and having the greatest thrill of
my life, for | heard Little Glace Bay station
in Nova Scotia. Most of our spark sets
were unable to exceed the record of fifty
miles some one else had set, so I felt that
I was present at an epoch-making cvent
to hear that distance. At that time, long
antennas were fashionable; the longer the
antennas, the better we thought we could
hear. Armstrong’s antenna, therefore, was
strung along an embankment one mile«in
each direction, and we used to gaze in mute
envy at the thousands of feet of wire.

“We had still another reason for envy,
Howard was the only boy in the club
who had more than one tube. The rest
of us were proud to own even one, but
Howard had quite a collection with which
he constantly experimented.

‘“At the top of the house, he had his radio
room which is as full of junk to-day as it was
in those college days when we used to stand
over him, and wide-eyed, watch his experi-
ments. To support his antenna, he built
the tall mast which still stands in front of
the house. That mast was a wonderful
vantage point from which to see fires.
When the alarm sounded in Yonkers,

Howard would make a rush for his mast.
He always was a remarkabie climber and
could hoist himself up its length in double
quick time.

“He had a better understanding of
wireless than any of the members, and all
of us in the Radio Club of America were
aware that he was far ahead of science, in
his knowledge of the audion. The rest of
us looked upon radio as a fascinating diver-
sion to which we gave as much time as we
could spare, but Howard devoted his whole
life to it.  Day and night he spent in the
little room at the top of the house, where he
experimented with his tubes and gadgets.”

As a boy he was chiefly interested in
reading.

“We couldn’t make him go out and play
with the other bovs,” his mother savs.
“He was always curled up, his head bent
over some book. Scmceone gave him a
copy of Marconi’s treatises on wireless
when he was about eleven, and after that
Howard was a hopeless radio fan. He
borrowed every volume on clectricity the
town libraries had, and he transformed
his bedroom into a laboratory .

When [ called on Mrs. Armstrong in
Yonkers, she showed me the laboratory on
the third floor. The room is undisturbed

and just as it was

department of the
Manhattan Electri-
cal Supply Company
and one of his cro-
nies. “He never
spoke of what he
was doing and none
of us presumed to
try to find out. He
had made so much
more progress in
radio than any of
the rest of us, tha:
we followed him
blindlv. What he
did was right as far
as we were con-
cerned, and he was
our arbiter on all
questions of wire -

when the boyv used
to make his experi-
ments. A beautiful
old secretary is piled
high with weighty
text books, a work
table before the win-
dow is covered with
early sets, variomet-
ers and bits of wire;
even the floor is
strewn with radio
parts. [n another
corner, there is a
heap of worn, dis-
carded electric light
bulbs while on the
other side of the
room, old storage
batteries still stand

less. Hewasasenior
at college the year |
transferred from
Stevens to Colum-
bia, but although we
rarely saweachother
at school, we often
met at the Club.

the Radio

A RADIO CLUB GROUP

Armstrong was closely associated with the Radio Club of America members when still at college, and
when struggling to establish his regeneration claim. George J. Eltz, jr., one of the oldest members of

gélub, and ncw a director, says that in the old days the members were all jealous of Arm-
strong, for he was the only member of the club who possessed more than one tube. The above picture
is a recent one of some of the Radio Club members. The gentleman with his left-hand thumb in a
vest pocket is Louis Gerard Pacent, a director and committee member.
Thomas J. Styles, while to bis right is George E. Burghard. Edwin H. Armstrong is a director of the

Radio Club of America

To his immediate right is

guard over the
models of armatures
voung Armstrong
made when he was
first in the grip of
the electrical fever.

“By the time
Howard was reads
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&~ high school, " his mother continues, **he
waud read all the availabie English texts
on wireless. At that time the German
books were considered the finest so he
elected German at school. It was no easy
matter for a thirteen-year-old boy to master
a new language and understand the techni-
cal features which are difficult even in a
native tongue, but he persevered. lle
reached the stage when he could read the
German as simply as the English. When-
ever he has a plan he wants to carry out,
he goes through with it, no matter how
manyv obstacles may stand in his way.

“| remember when he was about thir-
teen, his little sister wanted a doll’s house
50 he took some old boards and constructed
the frame work of a cottage. He didn’t
know anvthing about carpentry but he
worked until he had made a satisfactory
job. Then he cut in the doors, windows,
and even the stairwav. After the little
house was built, he added the crowning
touch by putting in electric lights. Every
room had its fixtures, which were controlled
by switches.

HE ERECTS HIS FIRST ANTENNA

Y THE time he had progressed far

enough into radio to want his own
antenna, several years had elapsed. His
sister, however, was still mindful of the
doll’s house so she helped construct the
mast. Her part in the building operations
was to send up on a pullev whatever tools
Howard needed. That mast was about
170 feet high, but Howard climbed up and
down with the utmost ease. The neigh-
bors used to phone me to request that | keep
my son away from the mast as it made them
nervous to see him at such a perilous
height.

“Howard was just
out of college when
he made his first in-
vention. Heused to
stay up late into the
night testing his dis-
coveries. Thepolice-
man on our block
savs that the light
shining from the
third floor windows
was his friendly sig-
nal when he used to
patrol his beat.
Since his marriage
Howard no longer
lives at home, but
he still uses his lab-
oratorv and comes
once or twice a week
to work in it.”

When Armstrong
was twelve years
old, Marconi sent
the famous letter
“S’ across the At-

HE GAVE A LUSTY VOICE TO RADIO
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LEE De FOREST TWENTY ONE YEARS AGO

This snap of Dr. Lee DeForest was taken long
before anvbody had thought of regeneration.
It dates back to 1005, and was taken before the
Boulder. Colorado. station. The names of
Armstrong and De Forest are always mentioned
when one begins to list those who made great
contributions to radio

had been plaving with electricity for more
than a vear but from that time on his
future was all mapped out. He devoted
his spare minutes from school to radio
just as thousands of other boys were
doing, but unlike these others, he was
driven on by his determination to under-
stand the miracles of radio. For the next

eight vears he continued studyving his
beloved subject with unabated zeal. It
had become the biggest thing in his life.
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By chance he secured a De Forest audion
tube. Nobody understood its mechamism
but voung Armstrong made up his mind
that he was going to discover the laws that
governed its operation. Hitherto he had
been mastering the theory of wircless in a
general way; now he had a definite task to
accomplish, As a means to an end, he
threw himself wholeheartedly into his
college course of electric cngineering.
At home he experimented with his audion
and tried out new ideas which were begin-
ning to occur to him. It was-not until
three vears later that he fult he understood
his subject thoroughly and at that time,
Professor Pupin declared that Armstrong
knew more about the audion than any one
else in the world.

He had simply put his mind on what he
wanted and gone after it.

“The rcgenerative circuit,” he explains,
*““was not an invention, it was a discover.
While | was working with the De Forust
audion, | found in the plate circuit high
frequency oscillations of perhaps 300.000
cvcles where | had expected spark tone
of onlv 1000 cyvcles to the second. Ac-
cording to our text books, these highe
frequency oscillations should not have been
there. Much excited. | tuned up the rest
of the circuit so that it would be resonant
with those waves. | was amazed at my
discovery. Whereas a moment before
the signals had come in faint and barely
audible, they were now clear and strong and
could be heard all over the house.

*“As [ listened in, | heard San Francisco
and Honolulu faintly, signaling to cach
other. The two stations were about two
thousand miles apart, but thev were com-
pelled to repeat their messages frequently
while [, more than
5000 miles awav,
could clearly hear
the whole proceed-
ings. |didnot, how-
ever, jump to any
immediate conclus-
ions. For the next
couple of months, |
checked up my dis-
covery until | was
very certain that it
was genuine."”

Then Armstrong
invited his teacher.
Professor Pupin, to
hear the new circuit
in  operation. As-
tonished at what his
pupil had done,
Pupin told the chief
engineer at the
American Telephone
and Telegraph Com-
pany about the
boy’s exploit. The
engineer could not

Yantic and the school
boy up in Yonkers
immediatelyevinced
a keen interest He

Yet unwilling to divorce himself from r
Armstrong, on the sands at Palm Beac

FAR FROM THE MADDING CROWD

Mr. Armstrong’s own “‘supers

adio altogether for even his vacation period. Major and Mrs.
h, listen to what the Florida ether has to offer with one of

grasp the magnitude
of the discovery and
it was not until the
next year that he
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came to investigate just what this boy
Armstrong had reallv done. He found the
boy had made good his claims, and realized
atonce what this revolutionary thingwould
mean for radio.

Armstrong hooked up the set and let his
father hear Ireland and Honolulu. Then
he asked for the money to take out a patent.
but his father refused on the ground that
inventions would interfere with his son's
studies. The boyv, however, believed that
he had a really valuable dis-

RADIO BROADCAST

preceded Armstrong, whereupon the de-
fendant brought his college friends into
court and they testified to his having told
them of the discovery. One bov even
submitted a diary which in the vear of 1912,
bore the entry, “Armstrong told me he had
a vonnection for intensifving sound.”

To strengthen the case further, morcover,
Armstrong rigged up a radio set which he
brought into court and which he explained
in simple. non-technical terms. During
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important wircless work in the A, E. F.
At first he was in England and later he wes
transferred to France where he associated
with the biggest scientific figures in Europe,
and was made a Chevalier of the Legion
of Honor in recognition of his second
invention, the super-heterodvne.  During
the war it was found that the Germans, who
had radio stations about a mile or two
apart, sent signals which our wircless
operators were unable to-pick up.  These

signals were no longer aud-

covery and applied to an
uncle for the monev to
establish his exclusive rights
to his circuit.

The uncle, instead, gave
his nephew some advice
which in later vears proved
more valuable than anyv
amount of money could
have been. He told the bov
to make a drawing of his
invention and have it wit-
nessed and dated by a
notary public.

DE FOREST OPPOSES PATENT
RIGHTS

WHILE the patents for

the discovery were
pending, Armstrongbecame
involved in a long tedious
law suit. De Forest claimed
that the regenerative circuit
which was based on his aud-
ion, was an infringement of
his patent. The boy, fresh
from college, found himself
in expensive litigation that
cost thousands of dollars,
dragged over six years, and
that left him at its con-
clusion, a weary man.

The drawing of thecircuit
which hisuncle had advised.
figured largely in the case.
In the interim, between the
witnessing of the sketch and

] ible when our stations, ten
miles away, tried to receive
them. Of course it was of
the utmost importance for
this country to be able to
intercept enemy messages,
' but their transmissions were
on very short waves, some-
where in the neighborhood
of 3,000,000 cveles a second.
Armstrong’s  problem was
to amplify these high fre-
quency oscitlations so that
they could be heard in the
American stations ten miles
back. .
The vacuum tubes cone
structed in the United
States failed to solve this
outstanding difliculty that
conironted the A.E.F.," he
relates.  “We were unable
to receive extremely weak
signals of frequencics vary-
ing from about 500,000 to
3,000,000 cvcles with an
absolute minimum of ad-
justments to enable rapid
change of wavelength,
Round in England and La-
tour in France had pro-
duced aperiodic radio fre-
quency amplifiers covering
the band from 500,000 to
2,000,000 cycles. Their re-
sults had been accomplished
by the use of vacuum tubes

the trial, the notary had
died. Theothersidebrought
signatures of the notary
which were ornamented
with fancy flourishes and
curleycues whereas the sig-
nature on Armstrong's doc-
ument was a plain simple
piece of writing. Uglv rumors of forgerv
began to circulate, but Armstrong finally
saved the day when he produced witnesses
who proved that the notary had two signa-
tures. The plain one which appeared on
the circuit drawing, was the notarv's ordi-
nary handwriting and the highly ornate one
was reserved for special occasions. The
notary had evidently so lightly regarded
the signing of the school boy’s drawing
that he had used the regular unembellished
signature,

After that point had been cleared in
Armstrong’s favor, there vet remained the
more important matter of prioritv. De
Forest, the plaintiff, claimed that he had

It is a standard United Wireless station.
tor in conjunction with an “*efficient”’
mitter was powered from a 1o-inch spark coil.

part in making obsolete such insta
surprising, though, how much some persevering oper.

played no little

AN EFFICIENT INSTALLATION, OLD STYLE

before the advent of the tube

the day, he was engaged in the law suit
while at night he constructed the sets
with which he hoped to substantiate his
claims. He was laboring under an im-
mense financial, mental, and physical
strain.  No company was willing to buy
his invention while the patent was opposed
or until he had proven his rights, so he
struggled on alone, finding the way more
and more thorny. The case dragged on
and then the United States entered the
war.  Armstrong’s reputation was alreadv
established, so when he offered his services
to the government, he was given the rank
of captain and sent overseas as head of
Radio Communication. His was the most

and transformers of mini-
mum capacity,

The receiver consisted of a crystal detec-
three-slide solenoid inductance.
The discovery of regeneration
llations as that pictured.
ators used to get from their sets

NECESSITY THE MOTHER OF
INVENTION

HEN the United
States entered the
war, the fact that it was nec-
essary to produce extremelv sensitive re-
ceivers for short wavelengths, and that tube
capacity would prove a bar to a straight-
forward solution of the problem. was not
known in this country. As a result, no
attention was paid to the capacity in the
type of the vacuum tube which was adopted.
and while it met the requirements of the
lower frequencies admirably. it was im-
possible to use it effectively for the fre-
quencies of importance in the direction-
finding service
During the carly part of 1918, through
the courtesy and c¢nergy of General Ferrié
and his staff, the Americans were supplied
with apparatus of French manufacture,

The trans-

It is
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DCTOBER 26
It was apparent, however, that this source
of supply could not be a permanent one and
a solution of the problem became essential.

After much experimenting, the super-
heterodvne was made for direction finding.
It was Armstrong’s first invention born
of bitter need; the regenerative circuit had
been the result of an amateur wireless
operator’s love of his work. The super-
heterodvne was this wircless operator’s
reaction to necessity.

Harrv Houck. who was Armstrong’s
sergeant in France. tells this story:

““The first super-heterodyne was de-
veloped under shell fire.  They (Big Ber-
thas) were bombing Paris and everv few
minutes another terrible explosion would
shake our laboratoryv and add zest to our
experiments. | had been working under
a captain by the name of Armstrong for
the past three months, and, while we
conducted our research to the tune of
exploding shells. | chatted with a mechanic
about what a fine, straightforward chap
this Armstrong was.

““You know who he is?
asked.

“Then for the first time, | learned that
my superior officer was the Armstrong of
regencrative circuit fame, the man who had
been my secret idol since | was twelve years
old. | could not believe that this

, the mechanic

HE GAVE A LUSTY VOICE TO RADIO

which was an exciting chapter in the story
of the American Expeditionary Forces.
Captures that formerly would have been
outstanding events became such regular
occurrences that we ceased to comment
on them.”’

THE PHANTOM ZEPPELIN

APTAIN Armstrong became Major
Armstrong, and he was made a
Chevalier of the Legion of Honor. but he
continued with unabated zeal to head the
radio branch of the A.E.F. Part of his
duties brought him in contact with airplane
radio. He had to go up in the American
planes that he might intercept the German
messages which were sent between their
Zeppelins  and  their  ground  stations.
On one occasion while Major Armstrong
was up in the air, cruising around Paris.
he and his pilot were startled by the sight
of exploding shells dropping on the city
below them. He was not equipped for
aérial battle so he tried to locate the Zep-
pelins so that he could inform the American
gunners below of their exact location.
In vain he and the pilot sought some clue
as to the whercabouts of the enemy ma-
chines.
“Those smart Germans must have made
an invisible airship,”” the pilot said.
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The invisible airship was wreaking more
and more havoc. Buildings toppled, sirens
whistled, shells exploded, and the Major
could find no trace of the death-dealing
“ship”. It was not until Armstrong and
his pilot returned to the hangar, that they
learned the “invisible airship” was “Big
Bertha' bombing Paris.

After the Armistice, American headquar-
ters were moved to Spa, Belgium, to a
house formerly occupied by Von Hinden-
burg. To keep in touch with the outside
world, Major Armstrong sct up a radio
station in the cellar. He made a workable
sct out of the parts of a number of small
damaged outfits. The very dav that the
new Spa station was in order. it was in-
augurated by a message frem the radio
operator in Paris who explained that a
cable for the Major had just arrived. and
if he so desired, it could be transmitted
by radio. The gist of the news was that
the De Forest interests had reopened
the legal fight in New York.

Armstrong was three thousand miles
from home and his life’s work was at stake.
He reached heme as soon as possible and
resumed the long-fought battle. [t dragged
on until March, 1022, when a verdict in
Armstrong’s favor was at last handed down.
Since then there have been additional

legal engagements between  the

unassuming Captain Armstrong was
the famous man about whose inven-
tions | had read so much. | had to
be reassured bv the men in the
laboratory before | was convinced.

“The first set we made was a
combination of parts from ever\
type of radio in existence. We used
old German apparatus that had been
captured and sent to us for observa-
tion and we picked to pieces some of
the American products also. Thus
we gradually evolved our trial set.
We sent it up to the front where it
was an immediate success. From
that time on, we intercepted German
messages without difficulty.  Everv
dav brought new confirmation of the
power of the super-heterodyne. We
would hear that the Germans ex-
pected to attack a certain sector;
we would decode a message from
their air force; we would learo where
they were massing their forces. Daily
our set performed miracles. cach of

holders of the Armstrong patent and
the De Forest interests. 1t is not,
however, within the province of this
article to go into the vagaries of the
decisions and legal points involved.

During the experiments in court,
with which he proved his case, he
noticed the phenomena that led to
the discovery of his super-regencera-
tive circuit. It magnified sound
cnormously.

All three of his inventions, Arm-
strong sold to a large radio and elec-
trical concern.

“Don’t let the thought of money
engross you; throw voursclf into
vour work, " he advises.  “The best
pay vou can get is the satisfaction of
a job well done, but socicty is so
arranged that the man who has con-
tributed happiness or comforts usu-
ally gets financially rewarded besides.
Money comes to those who think little
about the dctual carning of the dol-
lars and cents.”’

NORTH, SOUTH, EAST, WEST
Wherever radio has been taken up, the regeneration discoveries
have been incorporated in amateur constructed receivers.
This picture shows an Argentinian amateur operating his
home-made receiver. The gentleman is Mr. D. 5. P. Acuna,
one of the best known of Argentinian radio enthusiasts



EDWIN H. ARMSTRONG : AN INDIVIDUAL AGAINST A BUREAUCRACY 53

EDWIN H. ARMSTRONG:

by Benjamin S. Vickery

While Edwin Howard Armstrong made

significant contributions in communications and
electronics with inventions such as the regenerative
circuit and the superheterodyne, his pioneering
work in Frequency Modulation is considered his
greatest achievement. His personal fight for the
survival and growth of FM against a tide of
bureaucracy and industry interests that had little to
gain from FM, makes his role in FM radio’s survival
and success even more astonishing.
On November 20, 1940, more than five years after
Edwin Armstrong’s public unveiling of Frequency
Modulation, General Electric’s FM station, W2XDY,
inaugurated commercial FM broadcasting. Among
those present for the inaugural broadcast from
Schnectady, New York, was George Henry Payne,
Commissioner of the Federal Communications
Commission, which had been born out of the
Federal Radio Commission, created in 1927.'
Brought into existence by the Communications Act
on June 19, 1934, the FCC had been created for the
purpose of communications regulation as well as for
the protection and nurturing of the communications
industry. As part of the first scheduled program
broadcast over FM radio, Commissioner Payne
delivered an address which celebrated both the
invention and its inventor:

“It gives me a particular feeling of pleasure
to represent the Federal Communications
Commission in such a tribute to Major
Armstrong...| have seen how Major
Armstrong, with great courage and tenacity
of purpose, has consistently, in the face of
strong opposition, carried his fight through
to a successful conclusion.” 2

Payne’s words were quite ironic in light of the fight
to come between Armstrong and the FCC over
frequency allocation for FM radio.

Armstrong’s first encounter with the FCC on the
subject of frequency allocation gave little hint of the
adversarial relationship that was to develop
between the Commission and the inventor. From
June 15 through June 26, 1936, the FCC held an
informal engineering hearing both for the review

AN INDIVIDUAL AGAINST A BUREAUCRACY

Benjamin S. Vickery

of existing frequency allocation below 30,000
kilohertz, and to determine upcoming needs for the
allocation of frequencies above 30,000 kilohertz.
Factions interested in the "very high frequency" (or
VHF) range included police, government, military
and emergency services, as well as the
communications industry which included both
commercial radio and experimental radio and
television.>  While most of the radio faction was
dedicated to AM radio, two men -- Armstrong and
Paul DeMars (who would later become chief
engineer of the Yankee Network, a network of New
England radio stations that began experimental FM
broadcasts in the late 1930's) -- attended the
conference as representatives of FM.

Armstrong had first demonstrated Frequency
Modulation and its uses during the presentation of
his paper entitled "A Method of Reducing
Disturbances in Radio Signaling by a System of
Frequency Modulation" before a meeting of the
Institute of Radio Engineers on November 5, 1935.
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Armstrong again demonstrated FM at the FCC
hearing as he presented a sound-on-film recording
of an AM versus FM reception comparison. The
demonstration consisted of a comparison between
FM signals transmitted from a two kilowatt
transmitter at 41 megahertz from an antenna atop
the Empire State Building, and AM signals
broadcast from New York's 50 kilowatt station
WEAF. Both signals were received in Haddonfield,
New Jersey, some 85 miles distant. The
demonstration showed FM’s clear advantage in
both sound quality and static noise reduction. Like
Armstrong’s first demonstration, his presentation
before the FCC garnered little attention. It is
interesting to note that a report on the allocation
hearing in the FCC's Second Annual Report
comments on the attendance of television and
facsimile transmission experimenters at the hearing‘i
but makes no mention of frequency modulation.

Still, as a resuit of Armstrong’s demonstration, the
FCC allocated the 42.5 to 43.5 megahertz band for
FM experimentation. Within that band was room for
five stations, each separated by 200 kilohertz or
kilocycles.®

By late 1939, twenty experimental FM stations
were in operation. Five stations operated under
FCC licensing and fifteen stations were operating
under FCC construction permits. Most stations
were eager to make the switch to commercial
broadcasting. The experimental nature of FM, and
the lack of a regulated FM "industry" served to keep
production of FM receivers low. It was estimated in
late 1939 that only 2,000 - 5,000 FM receivers had
been distributed and most of those receivers were
concentrated in New York City and New England.6
During December of 1939, in the face of a growing
number of applications to begin commercial FM
broadcasting, the FCC announced that an informal
engineering hearing would be held on February 28,
1940 before the full Commission. The purpose of
the hearing would be to determine a permanent
policy "with respect to either or both systems of
modulation on frequencies above 25,000 kilohertz
for regular broadcasting services."”

Charges were made that the FCC was delaying
the introduction of commercial FM. AM radio was
still young and many considered it vulnerable to a
new system of radio that could deliver better sound
quality, less interference, no static, and the ability to
broadcast over a greater area using the same
amount of power. The industry’s economic fears
were concisely expressed in an October 1939
Fortune magazine article which began: "A fighting

inventor [Armstrong] is in a position to cause
replacement of 40,000,000 radio sets and
$ 75,000,000 worth of broadcasting equipment.” &
Also, the FCC was hesitant to assign commercial
frequency ranges because of the needs of another
experimental form of broadcasting which the FCC
felt could revolutionize the communications
industry: television.

Finally, on March 18, 1940, amidst
continuing charges of foot-dragging, the
Commission began its frequency modulation
hearing. Based on the evidence from two weeks of
hearing, and staff investigations on frequency
modulation, the FCC decided for the good of public
interests that FM was ready for the establishment of
commercial service. The FCC touched on the
potential and growing practicality of FM in their May
20, 1940 frequency modulation report:

"Frequency modulation is highly developed.
It is ready to move forward on a broad scale
and on a full commercial basis. On this
point there is complete agreement amongst
the engineers of both the manufacturing and
the broadcasting industries. A substantial
demand for FM (frequency modulation)
trans- mitting stations for full operation
exists today. A comparable public demand
for receiving sets is predicted.” S

The frequency band between 42 and 50
megahertz was assigned for commercial FM use,
enough for 40 FM channels. Of the 40 available
channels, 35 would be available for commercial use
while five would be used for non-commercial
educational broadcasts.'® Commercial FM
broadcasting was set to go into effect on January
1st of the new year, 1941. Unfortunately, Armstrong
had little time to watch FM’s commercial
development before the second World War brought
growth to a halt.

World War Il impinged uniformly upon all
ncritical" industries. As a result, civilian production
of the electronic equipment which fueled FM
broadcasting stopped and, without it, construction
of FM transmitters and receivers, in addition to the
towers and other vital components of the FM
industry, came to a halt. Although forty-odd FM
stations, amongst them Armstrong’s own Station
W2XMN, continued to broadcast to their audience
of roughly a half-million FM receiver owners,
commercial FM stayed in a holding pattern for the
next half-decade. "
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Perhaps Armstrong himself best summed up
the War’s disruption of FM’s potential when he said
in 1944: “Eight years ago, | had the privilege of
bringing to the attention of this Commission a new
system of broadcasting which, | ventured to predict,
would not merely supplement but rather would
supersede the existing standard system...But for the
advent of the war, it is a reasonable statement to
make that this prediction would have been well
underway to fulfilment. Beyond question, some
hundreds of transmitters and a good many millions
of receivers would have been operating in this
country alone at the present time." 2

Planning for post-war development did not
come until Fall 1944 when it seemed finally that an
end to the war might be just over the horizon. The
FCC was to hold a hearing during October 1944 in
Washington, DC for the purpose of determining
post-war frequency allocations. Because of the
expected increase of FM stations operating in
post-war America, the FCC considered options
which would allow a greater number of FM stations
than the 40 station limit set by an 8 megahertz
bandwidth comprised of channels set 200 kilohertz
apart.

One option considered by the Commission was
to shorten the width between channels from 200 to
100 kHz. In his testimony and cross-examination
before the FCC hearing on October 12, Armstrong
pointed out a number of problems with a reduction
in channel width such as a significant increase in
noise-voltage level and an increased chance of
problems due to oscillator drift over a shorter
frequency range. Additionally, Armstrong stated
that reduction to a 100 kHz channel width would
‘make the use of any multiplexing service a practical
impossibility." '3

Another possibility, and a much more serious
one, raised by the FCC was the relocation of FM to a
higher range of frequencies than the 42-50 MH:z
range in which FM had been operating since 1940.
It was during this October 1944 hearing that the
FCC first "tipped its hand" in revealing a major
aspect of a future strategy, aimed towards moving
FM up to higher frequencies, and based upon
dubious reasoning. Armstrong was asked for his
judgment on interference levels in the 100 MHz
range. Armstrong cautiously replied that
interference at higher frequencies probably would
be less, but also stated that he would rather deal
with interference “"head on" in FM’s current
bandwidth, rather than trying to escape a
phenomenon that hadn’t ever posed a real threat to

FM transmissions in the 42-50 MHz bandwidth, by
packing up and moving to an untested, higher
frequency range. Indeed, when asked by the
hearing Chairman what the major difficulty in a
possible move to 100 MHz was, Armstrong stated
that the principal worry to be the possibility of
unexpected difficulties with the move to and
operation in the higher frequency range. As FM'’s
creator said, "There have been...occasions when FM
escaped oblivion by a very narrow margin, and |
wonder if it would not be tempting the gods to take it
again." 14 1t was obvious that any movement of FM
out of its current frequency would make existing FM
hardware, both on the part of the FM broadcaster
and the FM receiver owner, obsolete. To force a
fragile new medium of communication that had
suffered through almost five years of stagnation to
‘start over" in many respects seemed too much to
ask.

If there were any doubts that the FCC
wanted to move commercial FM from its first and
only home, they were erased with the January 15,
1945 issuing of proposed frequency allocations,
which found FM moved up to double its then current
frequency. This came after the Radio Technical
Planning Board, or RTPB, recommended in October
of 1944 that FM stay in its current frequency range
of 42-50 MHz. Created by the FCC to represent
industry as an authoritative voice in the hearings
and chaired by Dr. W.R.G. Baker, the RTPB had
organized a number of Panels. Each Panel was
made up of industry "experts’, and each Panel
focused on a particular subject. Panels #5 and #2,
focusing on FM broadcasting and frequency
aflocation, respectivelg, both concluded that FM
should not be moved.’

The RTPB decided that about 75 FM
channels, each 200 kHz wide, would be required to
accommodate a national allocation of commercial
and educational FM stations. Thus, the RTPB
recommended, rather than moving FM, extending
the FM frequency range down to 41 MHz and up to
56."” Ina joint report, the two Panels stated that the
issue of FM frequency allocation was the most
important issue in the FCC proceeding, and that
both Panels recommended that FM remain
essentially where it was and expand around its
current location. Furthermore, they reported that no
other RTPB Panel had recommended otherwise.'®

Additionally, the Interdependent Radio
Advisory Committee (IRAC), representing
government departments, drew up an allocation
plan for the frequencies in question. Like the RTPB,
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the IRAC recommended that FM not be
moved from its prewar position, just that it be
allowed to expand around its narrow frequency
range. Actually, the IRAC advised slightly less
expansion of FM around its current band than the
RTPB had, advocating an FM frequency range of
42-54 MHz.'® So, both groups had recommended
that FM expand around its 42-50 MHz range rather
than be moved to an entirely new band. Why, then,
did the FCC propose the exact opposite of both the
RTPB’s and IRAC’s recommendations?

The official FCC reasoning for this move was
based on predictions of "skywave interference” by
Kenneth A. Norton, a former FCC engineer,
ironically employed at the time of the hearings by
one of Major Armstong’s old employers, the U.S.
Army Signal Corps. 0 specifically, Norton
considered three sources of interference significant
enough to warrant a move to a much higher
frequency range: tropospheric wave transmission,
Sporadic E transmission and, most importantly,
F2-layer transmission. In a brief presented before
FCC Docket No. 6651, from February 28th to March
3rd, 1945, Armstrong discussed and, in the eyes of
the industry, discredited Norton’s findings.

Created by ionized sections of the earth’s
atmosphere, Sporadic E transmissions come from
an intermediate level of the atmosphere. They can
occur during light or darkness, and appear with
greater frequency (no pun intended) during the
summer. They are not affected by solar activity.
Although they are portrayed as having the ability to
severely disrupt FM broadcasting, Norton actually
testified during the hearings that Sporadic E
transmissions were for all practical purposes
unimportant to FM broadcasting even at FM'’s
current frequency band. Armstrong formed an
analogy from Norton’s testimony that illustrates the
unimportance of Sporadic E transmissions when he
said in his March 3rd brief, "Stated another way, Mr.
Norton agreed that a station normally having a
range of 120 miles would cover, without
interference, a range of 100 of those miles 99.9% of
the time, and that for 99.975% of the time, 80 miles
of that range would be covered without
interference.” *’

Tropospheric wave transmission is caused by
the bending of waves within a few miles above the
earth’s surface. Like Sporadic E transmission,
tropospheric waves seem to occur in both light and
darkness, are prevalent during summer months, and
seem unrelated to solar activity. As this form of
interference was understood to a much lesser

extent than Sporadic E transmissions and F2-layer
transmissions, neither Armstrong nor Norton were
able to determine the effect of this phenomenon. In
fact, Norton seemed to imply the possibility of less
tropospheric interference for lower frequencies
when he testified: "As the frequency is increased,
the tropospheric wave_interference range maybe
expected to increase."?

As the potentially most-severe form of
interference, the F2-layer consists of the electrified
strata of the upper atmosphere, or ionosphere, from
approximately 225 to 400 kilometers above the
surface of the earth. Reflections from this layer
cause some interference at low-level frequencies
during the three years of peak solar activity in the
eleven year sunspot cycle. This F2-layer
interference would manifest itself only during the
middle of the day in winter months.23 Using the last
sunspot cycle between 1933 and 1944, Norton used
a set of curves first presented to the Commission by
Dr. L.P. Wheeler on October 24, 1944, which
estimated the percentage of listening hours during
which the F2-layer transmission, or interference,
would occur. lonospheric measurements that
estimate worst-case conditions of potential
interference were used. Norton’s curves predicted
F2-layer transmissions at levels up to and over 100
MHz whereas previous tests and observations from
industry experts such as Dr. Harold Beverage, who
had gathered data for Washington, DC, had never
revealed F2-layer transmission above 60 MHz.%*
Characterized at the time as data from an
undisclosed location, later declassification revealed
that Norton had taken his data from the island of
Maui. Based on his findings, Norton recommended
that FM be reassigned to a frequency band above
120 MHz.2°

A fundamental error that contributed to
Norton’s findings was his understanding of wave
reflection. Norton assumed that all that was
necessary for the transmission of a wave between
two points on earth was the reflection of the wave in
the ionosphere at a location equidistant from the
two points. Thus, if Norton’s assumption was true,
only one reflection would be required for the
transmission of waves regardless of distance
traveled, -and F2-layer transmissions would be
scattered around the world during peak solar
activity. Fortunately, this is not the case. Because,
due to the curvature of the earth, the longest single
wave reflection that can occur covers approximately
2,200 miles; waves must travel between two points
farther apart through multiple reflections, or "hops.”
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Further, F2-layer transmission will occur
only if conditions are right for F2-layer transmission
at the final point of reflection before the wave'’s
reception. Thus, it is important what conditions
exist at the preceding points of refiection.2® This
rationale was explained by Armstrong in his brief
before the FCC. As it turned out that Norton’s data
had come from Maui, more than one "hop" away
from the continental U.S., his findings were entirely
invalidated.

What was not disclosed until Fall 1945 was that
secret hearings had taken place on March 12th and
13th of 1945, during which Armstrong had brought
such errors to light. Furthermore, the FCC itself
recognized errors in Norton's findings. For
instance, it was determined by the FCC that F2-layer
transmissions would exceed previous estimates
such as Dr. Beverage's only by 7% as opposed to
Norton’s predictions of interference even at 120
MHz, double the interference cutoff frequency of
previous studies.?’ Additionally, a
cross-examination of Norton by Armstrong verified
that Norton was aware of his erroneous information:

Major Armstrong: Everybody is already
agreed, | take it, that for interference to
enter the United States, a line roughly 1,250
miles beyond our borders will determine
whether or not interference gets into the
country.

Mr. Norton: Yes, that is correct.

Major Armstrong: And unless the
ionosphere 1,250 miles away supports
transmission, then we need not worry about
F2-layer interference.

Mr. Norton: That is right.28

This exchange not only verifies Armstrong's earlier
conclusions with respect to Norton’s findings but
also demonstrates Norton’s realization of the falsity
of his own predictions. Incredibly, with full
knowledge of this erroneous information, the
Commission suppressed its findings, and publicly
continued to cite Norton's data as their basis for
moving the FM band.2®

Considering the FCC’s apparent determination
to move FM up the frequency band, it came as no
real surprise when on June 27, 1945, the FCC
ordered all FM broadcasts to be moved from the
42-50 MHz bandwidth to FM’s new bandwidth

between 88 and 106 MHz (the 106-108 MHz range
was allocated to facsimile with the provision that the
band could be used for FM in the future). The FCC’s
Eleventh Annual Report provided the “official”
interpretation of the frequency allocation
proceedings:

For several years there had been
concern that FM broadcasting in the vicinity
of 50 megacycles would be subject to
serious skywave interference...The
Commission has been conducting a
recording program for over 2 years,
measuring the extent and intensity of
skywave signals from existing FM stations:
the data collected during this program
served to emphasize the amount of
interference that would be expected when a
large number of FM stations were installed
and in operation in the vicinity of 50
megacycles. There was divergence of
opinion as to the expected amount and
effect of skywave interference in the future,
some believing that the characteristic of FM
transmission and reception would serve to
minimize the deleterious effects of skywave
transmission, and others believing that the
service would be severely degraded during
summer seasons and during times of high
sunspot activity...Many factors are involved
in a decision of this nature including ground
wave coverage, skywave interference,
transmitting and receiving equipment,
present investment, and other matters of a
minor character. Based on the testimony
and data before it, the Commission was
convinced that a superior FM broadcast
would be furnished by operation in the
vicinity of 100 megacycles...

The FCC’s decision was quite unpopular
among broadcasting and manufacturing industries.
Hearings on a petition for restoration of FM’s old
42-50 MHz band were held during January of 1946
but the FCC remained steadfast and ordered that all
FM broadcasters would have to change over to the
new frequency range by January 1, 1947. The
FCC’s ruling even became a Congressional issue.
House Representative William Lemke even
introduced a resolution during 1947 condemning
FM’s frequency change and calling for a return to
FM's old band, but Lemke's efforts were
unsuccessful.3’ Still, with the inevitable acceptance
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of FM's move, the industry began preparing for
the band change. Articles and advertisements for
FM converters soon began appearing such as in the
May 1946 issue of Broadcast Engineers’
Journal, which introduced a converter from the
Hallicrafters Company designed to allow pre-World
War 1| FM receivers, built for FM’'s old frequency
range, to tune in FM stations in FM’s new frequency
range.

Armstrong’s role in Capitol Hill's attempts to
move FM back to its old band were acknowiedged
in a confidential 1948 FCC staff report prepared by
staff member William Golub for the Committee on
independent Regulatory Commissions. The report
mentioned that a series of resolutions had been
introduced during the two previous sessions of
Congress calling for the licensing of FM stations in
the 42-50 MHZ band. Furthermore, the report
stated that "these resolutions were inspired by
Major Armstrong, the father of FM, who has
asserted that the Commission's reallocation of
those frequencies in 1945 and its treatment of FM
generally represented a sell-out to the Radio
Corporation of America."33 Many believed that RCA
had always been opposed to FM, such as DeMars
who spoke of RCA’s antagonistic attitude towards
FM during his testimony in the Armstrong vs.
Hansell case.®* indeed, RCA (which was a lifelong
adversary of sorts of Armstrong) did not even build
commercial receivers untit 1946. Thus RCA had
little to lose by the FCC's adoption of new FM
frequency ranges. Aiso, RCA had made great
investments in both AM radio and television, each a
business enemy of FM. The question of the FCC's
motives regarding their determination to move FM
was partly answered when the new frequency
allocations were released. FM's old frequency
range was assigned to television whose frequency
ranges now surround FM.  Six channels were
allocated to television on a shared basis in ranges of
44-50 MHz, 54-72 MHz, and 76-88 MHz, and seven
channels were created between the upper end of
FM and 216 MHz. it seems that the FCC was more
concerned with the well-being of television than
radio, especially FM radio, whose original
commercial frequency band happened to stand in
the way of possible television channel frequencies.
This disregard for radio was made clear in Golub’s
FCC Staff Report, under a subsection ironically
tittled "Encouragement of Use of Radio." He cited
the FCC’s neglect of radio when he wrote that the
Commission had done little more to promote the
better use of radio than to provide space in the radio

spectrum and to grant licenses when applications
were filed. Golub also mentioned that the Federal
Radio Education Committee, created in 1935 to
foster the use of radio for educational purposes, had
been inactive for a number of years. Finally, Golub
mentioned the FCC's favoritism towards television
when he wrote: “TV is an example of a service which
the Commission has been particularly eager to have
developed. Members of the Commission,
particularly the Chairman, have recently been calied
upon with some frequency to deliver speeches and
write articles on TV and its potentialities."3>

When the FCC decided in September of
1947 to eliminate television’s channel number one
thus freeing the 44-55 MHz range for other services,
Armstrong mustered a final attempt to re-secure the
bandwidth for FM radio. in a brief presented before
the Commission at the relocations hearing in
November of 1947, Armstrong implored that the
frequency range in question be restored to FM, and
scolded the FCC for the harm it had caused.
Armstrong began his brief by noting the transient
nature of Commission personnel, and suggesting
that no one in the current Commission even had first
hand knowiedge of the FCC's actions that had
"affected, and in many instances, retarded FM
development.“36 The father of FM cited two causes
of judgment errors on FM’s development.

The first source of misinformation came in
the form of incorrect engineering advice given to the
FCC by its Engineering Division, as has been
discussed here. The second source of retardation
came from the radio industry, particularly the AM
radio industry. To back-up this charge, Armstrong
recalled the January 1946 hearing based on the
Zenith Radio Corporation petition to return the
42-50 MHz band to FM. At the hearing, a number of
radio manufacturing companies opposed the
reallocation of the band back to FM, saying that
they had already prepared for the use of 88-106
MHz band, that reailocation wouid cause great
production delays, and that substantial business
losses would follow. One manufacturer stated that
reallocation would cause his company to lose 75
million dollars worth of business. The deception of
these manufacturers’ statements became clear
when Armstrong mentioned that manufacturers’
subsequent post-hearing actions which
contradicted their testimony from the hearings:

"The Commission is aware that both those
manufacturers, instead of making the FM
sets they testified they were ready to make,
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proceeded to dump large quantities of
obsolete AM equipment on the public. One
of the companies did practically nothing in
the way of FM production for a year. A
representative of the other company
testified 6 months later that it was not in
production on FM receivers and his
testimony made clear that he knew of no
plans for going into production.” 37

Still the FCC would not grant Armstrong's
request. Instead of giving the band back to FM. as
of June 14, 1948, the 44-50 MHz frequency range
was glven to non-government tixed and mobile
services such as police, fire ,fransit, utility and
special emergency services.

Both television and fixed/mobile radio services
were at least as sensitive to interference as FM,
television using FM for audio, and the tixed and
mobile radio services operating in an environment
less tolerant of interference than FM. Armstrong
pursued this line of reasoning in his November 1947
reallocation brief. He testified that emergency
services would have to be able to operate on
extremely weak signals, and that interference
inconsequential in broadcasting could not be
tolerated in emergency services where “even a small
delay might render them useless and have the most
serious consequences."

Curiously, the FCC now seemed to give much
less credence to its own interference studies which
had supposedly been the basis for FM’s move to a
higher bandwidth. In his confidential 1948 FCC staff
report, writing on the 1945 allocation plan, Golub
mentions that the plan disregarded tropospheric
interference in that it neglected safety factors
previously provided for tropospheric interference:

In other words, where the staff had felt
that a spacing of 200 miles was needed to
avoid objectionable tropospheric interfer-
ence...the plan adopted by the Commission,
based on a spacing of about 150 miles
between co-channel stations, probably did
not provide for that protection...What
happened to troposphere between
September and November 1945 has not
been readily ascertainable. One thing does
seem to be reasonably clear -- the engineer-
ing staff was not too strong in its handling of
the problem.3°

The FCC also came to de-emphasize
F2-layer transmissions during peak solar activity. In
the FCC’s Sixteenth Annual Report, some dozen
years after the Commission’s inauguration of
sunspot cycle recordings, a conclusion still had not
been reached as to the effects of peak solar activity.
Instead of reaching a conclusion after an 11 year
solar cycle, as had been anticipated, the FCC study
now purported to require 22 years to complete. The
Commission had decided that since “the spots of
succeeding cycles are of opposite magnetic
polarity...a 22-year period is involved for definite
testing of these effects.”*? Thus, after FM's move to
higher frequencies, the question of ionospheric
interference never again seriously entered into the
Commission’s policy-making process.

Armstrong was a strong man but he had
invested a great deal of his life fighting for the
survival and success of FM. On July 22, 1948,
Armstrong filed a federal suit against a number of
companies, chief among them RCA, for the
infringement of five of Armstrong’s FM patents as
well as the violation of anti-trust laws. As in his
dispute with the FCC over frequency allocation,
Armstrong found himself a grain of righteousness
among a mountain of bureaucracy. The suit
dragged on for over five years when Armstrong took
his own life in January of 1954. In fact, the suit was
not concluded in Armstrong’s favor until some
thirteen years after the inventor’s death, in October
1967.41

Still, Armstrong’s creations preserved his
legacy. The period immediately after FM's
assignment to the 88-106 MHz band saw initial
growth. On-air FM stations increased from 46 as of
June 30, 1945, to a high of 737 operating FM
stations as of June 30, 1949 (see Table #1 for more
detailed statistics concerning FM activity during the
period immediately following the Second World
War). %2 The 1950's saw a decline in the number of
FM stations in operation but a number of tactors
helped fuel a second wave of growth in the early
1960’s.  One such factor was the advent of the
stereo record. FM was the perfect medium for
playing the high fidelity recordings. Another factor
was the FCC’s 1961 authorization permitting FM
stations to market "background music" services, of
which Muzak is a popular example, to businesses
such as supermarkets, restaurants, banks, etc. An
additional growth factor was the 1965 FCC ruling
which forced all FM stations in markets
broadcasting to over one-hundred thousand
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listeners to offer original programming
rather than AM simulcasts, during at least half of the
broadcasting schedule. This served to create a
number of unique outlets on FM stations for
programming unavailable on any other broadcast
medium. As a result of these factors, the number of
FM stations in operation has increased from under a
thousand in 1961 to about five thousand today 4
Aithough the FCC ultimately chose to
ignore Armstrong’s wisdom in his fight for the

survival and success of FM, the father of Frequency
Modulation was instrumental in the initial application
and growth of FM radio. It is doubtful that FM would
have survived had Armstrong not worked during the
1930's and 1940's to protect and preserve FM
radio. His perseverance through the embodiment of
bureaucracy allows us to enjoy high fidelity
broadcasting and its benefits today.

Table # 1

FM Statistics in the Immediate Post-War Era

Fiscal Year No. of FM No.of FM  No.of FM
Ended Stations Stations Receivers
(As of June 30)  Operating Authorized Estimated
1945 46 55 400,000
1946 63 456 500,000
1947 238 918 680,000
1948 587 1,020 2,000,000
1949 737 865 3,500,000
1950 691 732 5,500,000

Sources for Table #1 Data

1) FCC, Eleventh Annual Report,
2) FCC, Twelfth Annual Report,

(1945) pp. 19-25
(1946) pp. 16-20

3) FCC, Thirteenth Annual Report, (1947) pp. 20-21
4) FCC, Fourteenth Annual Report, (1948) pp. 35-37

(1949) pp. 39-40

1)

5) FCC, Fifteenth Annual Report,
6) FCC, Sixteenth Annual Report,

NOTES

Murray Edeiman, The Licensing of Radio Services in The United States, 1927 - 1947:
A Study in Administrative Formulation of Policy (Urbana, 1950) pp. 5-7

2) *G.E. Premiers FM* FM (January 1941) p.9

3) Don V. Erickson, Armstrong’s Fight for FM Broadcasting (University, Alabama, 1973) p. 56

4) Federal Communications Commission, Second Annual Report (Washington, 1936) pp. 33-35
5) Paul DeMars, “Discussion of the Secret FM Hearing," FM & Television (November 1945) p. 47

6) “EM: A Revolution in Broadcasting?” Efectronics (January 1940) pp. 10-11

7) Erickson, Armstrong’s Fight for FM Broadcasting, p. 68

8) Erickson, ibid. p.68

9) Federal Communications Commission, Sixth Annual Report (Washington, 1940) p. 66

10)
11)
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Original apparasus with which E. H. Armstrong discovered the regenerative
circuit in 1912.
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THE REGENERATIVE CIRCUIT

by Edwin H. Armstrong

Originally published in THE ELECTRIC JOURNAL, Vol. XVHI, No. 4, April 1921

EDWIN H. ARMSTRONG'S contribution to the radio art. particularly the vacuum tube radio art, is epoch making.
No one who has employed his feedback or regenerative circuit can fail to appreciate its eminent value and
inexhaustible possibilities. Armstrong made his invention while he was about 21 years of age and before he
graduated in the Department of Electrical Engineering at Columbia University in 1913. Although the original
discovery was more or less accidental, Armstrong soon appreciated the real meaning of it and applied it to the
construction of the vacuum tube oscillator, which is more easily and accurately controllable than any other
oscillator in existence. The regenerative receiver and the regenerative oscillator will always figure among the
classical inventions and will occupy a foremost position in the research laboratory, as well as in the commercial
wireless service. It entitles Armstrongto a very high place among electrical inventors.

When | was in Paris in the Spring of 1919 met General Ferrie, the Chief of the Signal Corps of the Allied Armies.
Armstrong was working under him. The general paid me several well meant compliments which | refused to accept

on the ground that | had done so little for the Signal Corps..

you not given us Armstrong?*

The question as to how the invention of the
regenerative or feed back circuit came about can
best be answered by the statement that it was the
result of a streak of luck that comes once in a
lifetime. For, all things considered, the operation of
the regenerative circuit involves too many new
phenomena, inextricably woven together with the
operation of the audion, a device whose action was
clouded in the mystery of the DeForest gas
ionization theory at the time the invention was
made, for any one seriously to claim to a mental
preconception of the operation of the feedback
method of amplification and oscillation.

The invention was the result of an idea -- the
kind of idea which may best be expressed in the
form "what would happen if" certain additions
should be made to existing apparatus. The resulting
trial of these additions uncovered a series of new
phenomena based on a new principle. The
discovery came out of a desire to find out exactly
how the audion detector detected -- not an easy
thing to do in the dark ages of '11 and '12 when the
very scanty literature on the subject explained
(without explaining) that the action was due to
ionized gas, and the audion was known to the art
simply as a detector of high frequency oscillations.

To find out exactly what went on in the tube, |
started an investigation. This was carried on under
considerable difficulty, since my main object in life
just then was supposed to be the obtaining of the
degree of Electrical Engineer at Columbia
University, and the professors could not be relied
upon for the necessary charity mark of 6 unless a
certain so-called reasonable amount of time was
devoted to their particular courses.

However, during this investigation it was

‘Ah, Monsieur le Professeur® exclaimed he, ‘but have

PROF.M. 1. PUPIN

observed that a condenser placed across the
telephone receivers in a simple audion receiver
sometimes gave an increase in signal strength; not
much of an increase, but nevertheless a very
definite increase, and with only a small value of
capacity. Now | tried a condenser across the
phones many times before (what amateur has not,
when graduating to the audion from crystal detector
stage, where telephone shunt condensers
originated) but never before had there been any
observable change in signal strength.

The small condenser indicated strongly the
presence of high-frequency oscillations in the plate
circuit, and | thought about it a great deal without
being able to account for their presence there in any
satisfactory manner. During the summer vacation
that year, an idea suggested by the fundamental
axiom of radio, "wherever there are high frequency
oscillations, tune the circuit,” and the idea to see
what would happen if the plate circuit of an audion
detector should be tuned by means of an
inductance.

All the old timers remember CC, later known
as MCC and WCC, the Marconi press station at
Wellfleet, Mass. This station was the one-hundred
percent reliable testing standby of all
experimenters, and on MCC the first tests were
made. A standard audion detector system was set
up and tuned in, and a tuning inductance introduced
into the plate circuit of the audion. Then various
things began to happen. As the plate inductance
was increased, the signals were boosted in strength
to an intensity unbelievable for those days, the more
inductance the louder the signal, until suddenly the
characteristic tone of M.C.C. - the tone which any
of the old timers, if they heard it on Judgment Morn,
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would recognize instantly -- disappeared,
and in its place was a loud hissing tone, undeniably
the same station, but recognizable only by the
characteristic swing and the messages transmitted.
A slight reduction of the plate inductance and the
old tone was back again, -- and then the placing of
the hand near a tuning condenser and the hissing
tone reappeared. It required no particular mental
effort to realize that here was a fundamentally new
phenomenon, as obscure as the principle of the
operation of the audion itself, but which opened up
an entirely new field of practical operation.

Here the element of luck ended and it became
simply a case of hard work, digging out the meaning
of the various phenomena. A long series of
experiments was carried out on different wave
lengths and with various circuit modifications, and it
became possible on a very small amateur antenna
to receive reliable signals from the navy shore
stations on the Pacific coast, the Manaos and Porto
Vehlo stations in Brazil and the Marconi
transatlantic station at Clifden, Ireland, with
regularity every night, a performance which a few
months before was undreamed of. But while the
method of producing these results was known,
many of the phenomena involved were as obscure
as ever. The most striking of the various
phenomena was, of course, the change of tone and
the investigation centered on this. A number of
things contributed to the suspicion that the hissing
was due to the production of local oscillations by
the system. With this idea and the aid of some
instruments borrowed from one of the university
laboratories, it was a relatively simple matter to
determine that this was actually the case. Once it
was apparent that the system was capable of
generating oscillations, the explanation of another
phenomenon became plain. | had observed on a
number of occasions during the course of listening
to various stations, that a whistling note would
frequently appear in the telephones, which could be
varied by the adjustment of the receiving apparatus.
| observed this particularly in the course of listening
to a wireless telephone station. After the discovery
of the generating feature of the system, the
explanation of the change in tone became apparent
-- the system was acting as a heterodyne receiver.
A series of tests confirmed this explanation.

That is briefly the story of how the
invention of the feedback circuit came about, and
how its properties of acting as a generator and a
self-heterodyne were discovered. Since that time a
vast amount of work has been carried out in
investigating in detail the precise manner in which
the various phenomena occur and in determining
quantitatively the amplification given by the circuit in

both the non-oscillating and oscillating state.

Without considering the actual mechanism
of the operation of the system let us consider the
physical results accomplished in practice. Consider
first the results in the non-oscillating state.
Measurements of the signal energy in the telephone
receivers show that an amplification of from 100 to
1000 results from the regenerative action, the value
depending on the strength of the incoming signals,
the greater amplification being obtained on the
weaker signals. By reason of the nature of the
amplification, which is of the negative resistance
type, the selectivity of the system is greatly
increased, the gain in selectivity becoming more
pronounced the lower the damping of the incoming
wave. Three distinct operations are therefore
carried on simultaneously in the non-oscillating
state: 7- the high frequency currents are
regeneratively amplified; 2- the selectivity of the
system is increased; 3- the amplified high-frequency
currents are rectified and converted into currents of
telephonic frequency.

When the amplification is increased beyond
a certain limit the system passes into the oscillating
state and generates, in radio circuits,
high-frequency currents. In this state it is applicable
to the uses of any generator, and because of its
simplicity and reliability, it is particularly applicable
to the heterodyne receiving system. By far the most
interesting application is that of the
“self-heterodyne” in which the same circuit and tube
perform simultaneously the functions of generator
of the local frequency, amplifier of the incoming
high frequency and rectifier of the beat current to
produce currents of audible frequency in the
telephones; at the same time giving the increase in
selectivity inherent in regenerative amplification. All
these operations go on simultaneously in the same
system with a single tube and out of it all comes a
signal 5000 times as strong as the signal given by a
simple audion circuit with a chopper, and far less
subject to the disturbing influence of static and
interfering signals.

On account of the very fortunate
combination of sensitiveness and simplicity, its
effect on the art was immediate. The amplifying
feature made possible transoceanic signaling. The
self-heterodyne feature contributed very largely to
the change from spark to continuous wave systems.
The generating feature has been responsible for the
development of carrier wave or wired wireless
signaling. And this progress can be attributed, not
to any carefully preconceived ideas, but to the
versatile properties of the regenerative circuit and
the luck that led to its discovery.
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SOME RECENT DEVELOPMENTS IN THE AUDION RECEIVER

By Edwin H.Armstrong

Presented before the Institute of Radio Engineers, New York, March 3, 1915, and The Boston Section, April 29, 1915
Originally published in Proceedings of the IRE, Vol. 3, no. 3, Pp. 215 - 248, September 1915

THE AUDION AS DETECTOR AND AMPLIFIER

The fundamental operating characteristic of the
audion is the relation between the wing current and
the potential of the filament. Such a characteristic is
shown in Figure 1, and from it we see that a positive
charge placed on the grid produces an increase in
the wing current, and that a negative charge placed
on the grid produces a decrease in the wing current.
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When the audion is used as an amplifier, and an
alternating e.m.f. is impressed between the grid and
the filament, the continuous current of the wing
circuit will be varied in accordance with the
characteristic of Figure 1, producing on the
continuous current a superimposed a.c. wave in
phase with and of the same frequency as the
impressed e.m f. Diagrammatically this action is
shown in Figure 2.

The action of the audion as a detector of radio
frequency oscillations is very different from its
action as a simple amplifier. Some form of
connection must be used, such that the effect of a
group of radio frequency oscillations in the grid
circuit of the audion is translated into a single audio
frequency variation of the current in the telephones.
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The usual method is to make use of the
valve action between the hot and cold electrodes at
low pressures, and the connection used to do this is
shown in Figure 3.
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In this method of connection there are two
distinct actions; one rectifying and the other
amplifying. The closed oscillation circuit: LC,
filament, grid, and condenser Cz, behaves exactly
as a Fleming valve receiver, the incoming
oscillations being rectified between the grid and
filament and the rectified current being used to
charge the condenser C_, (the side connected to
the grid being of course ‘negative). The negatively
charged grid then exerts a relay action on the wing
current, decreasing it; the wing current returning to
its normal value as the charge in the grid condenser
leaks off by way of the grid and the grid assumes its
normal potential. If the audion is properly
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constructed, the relay action results in an
amplification of the energy available for use in the
telephones over that which would be available in a
simple rectifier. Figure 4 indicates the features of
the valve method of detection.
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Working in conjunction with Professor
Morecroft, | have recently secured oscillograms
which confirm explanations aiready advanced and
these oscillograms and the means by which they
were obtained are herewith shown in Figures 5, 6,
and 7.

FiGURE 5

it will be seen, therefore, that using the audion
as a detector of radio frequency oscillations, it has
been shown that it addition to operating as a
rectifier it simultaneously acts as a repeater of the
radio frequencies; so that oscillations in the grid
circuit set up oscillations of similar character in the
wing circuit of the audion.
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In the ordinary detector system no use is made
of the repeating action, and it is the purpose of the
present paper to show that it may be turned to
account to produce improvements in the reception
of signals which completely overshadow any of the
particular advantages of the audion when used as a
simple detector. The ordinary detector circuit is
illustrated by Figure 3 and the phenomena present
therein may be summed up diagrammatically by the
curves of Figure 4. It will be seen from these that
the radio frequency oscillations present in the wing
circuit of Figure 3 with the ordinary audion are
necessarily small and also that they are of no value
in producing a response in the telephones; but by
providing means for increasing their amplitude and
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means for utilizing them to reinforce the oscillations
of the grid circuit, it becomes possible to produce
some very remarkable results.

REINFORCEMENT OF RADIO FREQUENCY
OSCILLATIONS BY THE AUDION

There are two ways of reinforcing the
oscillations of the grid circuit by means of those two
circuits together in the manner shown in Figure 8.
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This is essentially the same as Figure 3, but
modified by the introduction of the
inductively-coupled coils L, and L, in the grid and
wing circuits respectively and by the condenser C
which forms a path of low impedance across the
telephones for the radio frequencies. In such a
system, incoming signals set up oscillations in the
grid circuit which repeat into the wing circuit
producing variations in the continuous current, the
energy of which is supplied by the battery B,.

By means of the coupling M,, some of this
energy of the wing oscillations is transferred back to
the grid circuit, and the amplitude of the grid
oscillations thereby increased. The amplified grid
oscillations then react on the wing circuit by means
of the grid to produce larger variations in the wing
current, thus still further reinforcing the oscillations
of the system.

Simuitaneously with this procedure, the regular
detecting action goes on; the condenser C, is
charged in the usual way, but accumulates a charge
which is proportional, not to the original signal

strength but to the final amplitude of the oscillations
in the grid circuit. The result is an increased
response in the telephone proportional to the
energy amplification of the original oscillations in
the grid circuit. It will be observed from the
operating characteristic (the relation between the
grid potential and the wing current), that the
amplitude of the variation in the wing current is
directly dependent on the variation of the grid
potential.

This indicates that the grid circuit should be
made up of large inductance and small capacity to
obtain the maximum voltage which it is possible to
impress on the grid. For moderate wavelengths the
tuning condenser C of the grid circuit may be
omitted altogether and the capacity of the audion
alone used to tune the circuit. For long
wavelengths, the distributed capacity of the grid
circuit inductance becomes so high with respect to
the capacity of the audion that better results are
obtained by the use of a tuning condenser to fix
definitely the points of maximum potential difference
across the grid and filament of the audion.

In the second method of reinforcing the
oscillations of the grid circuit the wing circuit of the
audion is tuned by means of an inductance
introduced as shown in Figure 9.
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This differs from the ordinary detector
circuit of Figure 3 by the addition of the coil L,and
the condenser C,. The manner in which the grid
oscillations are amplified may best be understood
by the following analysis. With no oscillations in the
system, the potential difference between filament
and wing will be approximately the voltage of the
battery B,, but when oscillations are set up in the
grid circuit, causing radio frequency variations of
the wing current, the potential of the wing with
respect to the filament varies as the reactance
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voltage of the wing inductance alternately adds to
and subtracts from the voltage of the battery.When
a negative capacity charge is placed on the grid, the
wing current will be reduced and the direction of the
reactance voltage of the wing inductance will
therefore be the same as the voltage of the battery
B..

2 The reactance voltage will therefore add to the
battery voltage and the difference of the potential
between wing and filament and also between wing
and grid will be increased. Similarly when a positive
charge is placed on the grid the wing current is
increased and the reactance voltage of the wing
inductance opposes the battery voltage, producing
a decrease in the potential difference between grid
and wing. Hence, supposing a negative capacity
charge is placed on the grid, the tendency of the
corresponding increase in the potential of the wing
with respect to the grid will be to draw more
electrons out on the grid, thereby increasing the
charge in the condenser formed by the wing and
grid, the energy for supplying this charge being
drawn from the wing inductance as the wing current
decreases. The increased negative charge on the
grid tends to produce a still further decrease in the
wing current and a further discharge of energy from
the wing inductance into the grid circuit. On the
other hand, when a positive charge is placed on the
grid, the potential difference between grid and wing
is reduced and some of the energy stored in the
capacity formed by them is given back to the wing
inductance. During this part of the cycle, electrons
are being drawn into the grid from the surrounding
space to charge the grid condenser in accordance
with the well known valve action, and this, in effect,
is a conduction current, so that a withdrawal of
energy, however, a well defined resonance
phenomena between the audion capacity and the
wing inductance is to be expected and in the
reception of signals such is found to be the case.
When the wing inductance is properly adjusted at
the resonance frequency, energy from the wing
circuit is transferred freely to the grid circuit and
oscillations build up therein and are rectified in the
usual way.

A curve showing the general relation between
signal strength and value of wing inductance is
shown in Figure 10, the circuits used being those of
Figure 9.

As the capacity of the audion is the main means
of transferring energy from the wing to the grid
circuit, best results are obtained when the
condenser C is very small. On account of the very
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Figure 10

small capacity of the audion, the effectiveness of
this method of tuning is more pronounced at the
higher frequencies, but by the use of a shunt
condenser across the inductance of the wing circuit
very good amplification is secured on frequencies
as low as 30,000 cycles (10,000 meters
wavelength.) The best results, however, are
obtained with some combination of coupling and
wing circuit tuning, as illustrated in Figure 11.

Figure 11

Other methods of coupling may be
employed between the grid and wing circuits,
electrostatic and direct magnetic couplings are
being illustrated in Figures 12 and 13.

Finvre 12
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The arrangement of Figure 13 operates in the
same way as the system with the two coil coupling;
but the electrostatic coupling of Figure 12 works in
an odd way. It is necessary, in this connection, to
complete the wing circuit for the continuous current
of the battery and this is done by shunting the
coupling condenser C by a coil of high inductance.
The continuous current of the wing circuit flows thru
this coil and C provides a path of low impedance
around this coil for the radio frequencies oscillations
of both grid and wing circuits. When a positive
charge is placed on the grid, an increase in the wing
current results, the alternating component of the
wing current charging the condenser C, and the
sum of the currents passing thru C and L equaling
the current thru the audion. When a negative
charge is placed on the grid the current thru the
audion is reduced and the inductance L5
discharged into the condenser shunted across it,
charging it in the opposite way to that caused by the
increase in the wing current. In both cases, C then
discharges thru the grid circuit relnforcmg the
oscillations therein.

AUDIO FREQUENCY AMPLIFICATION

It is possible to combine with any of these
systems a system of audio frequency circuits which
amplify the telephone current in exactly the same
manner as the radio frequency oscillations are
amplified, and such a system is shown in Figure 14.

Here M, represents the coupling for the radio
frequencies and the coils are of relatively small
inductance. M, is the coupling for the audio
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frequencies, and the transformer is made up of coils
having an inductance of the order of a henry or
more. The condensers C_, and C, have the double
purpose of tuning M3 to the audio frequency, and of
by-passing the radio frequencies. The total
amplification of weak signals by this combination is
about 100 times, with the ordinary audion bulb. On
stronger signals, the amplification becomes smaller
as the limit of the audion’s response is reached.

THE AUDION AS A GENERATOR
AND BEAT RECEIVER

Any repeater, which is also an energy
amplifier, may be used to produce continuous
oscillations by transferring part of the energy in the
circuit containing the battery back to the controlling
circuit to keep the latter continuously excited. By
providing a close enough coupling between the grid
and wing circuits, sufficient energy is supplied to the
grid circuit to keep it in continuous oscillation, and
as a consequence thereof oscillations of similar
frequency exist in all parts of the system

The frequency of these oscillations is
approximately that of the closed grid circuit if the
tuning condenser of that circuit is large with respect
to the capacity of the audion. |If this capacity is
small, then the wing circuit will exert a greater
influence on the frequency of the system, and it will
not approach that of the grid circuit so closely.
When such a system of circuits is in oscillation, it
has been found possible not only to receive
continuous waves by means of the beat method but
also very greatly to amplify then as well.
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The phenomena involved may best be
understood by reference to Figures 15 and 16,
which show the relation between wing current and
time at the beginning of oscillation. When the
audion begins generating, the grid oscillations are
continuously rectified to charge the grid condenser,
.and this charge continuously leaks off either by way
of the grid or by means of a special high resistance
placed in shunt with the condenser. As the negative
charge builds up in the grid condenser, it decreases
the average value of the continuous current
component of the wing current and therefore limits
the amplitude of the oscillations of the grid circuit
until a point is finally reached where the rate at
which electricity is supplied to the grid condenser is
just equal to the rate at which it leaks off.

Consider now the effect on the system of an
incoming continuous wave having a frequency
slightly different from the frequency of the local

oscillations.
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The presence of the local oscillations will not in
any way interfere with amplifying powers of the
system and the incoming oscillations will build up in
exactly the same manner as for the non-oscillating
state but to a greater degree because of the closer
grid and wing coupling. Simultaneously with the
amplifying of the incoming wave, beats are
produced between the local and the signaling
currents, the effect being alternately to increase and

tRIRPFNONE

decrease the amplitude of the oscillations in the
system.

From Figure 15 it will be apparent that when
this steady state is reached an increase in the
amplitude of the grid oscillations by any means
whatever will increase the negative charge in the
grid condenser, producing a decrease in the
average value of the wing current and hence a
decrease in the telephone current. On the other
hand, a decrease in the amplitude of the oscillations
will allow some of the negative charge in the grid
condenser to leak off and thereby permit an
increase in the telephone current. Hence, when
incoming and local oscillations add up, the negative
charge in the grid condenser is increased and a
decrease in the telephone current results. When the
two frequencies are opposed, some of the charge in
the grid condenser leaks off and an increase in the
telephone current occurs.  The result is the
production in the telephones of an alternating
current having a frequency equal to the difference in
the frequencies of the local and incoming
oscillations and having the very important property
of being almost simple harmonic.
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Figure 16 illustrates the characteristics of
this method of reception. The complete phenomena
may be summed up as follows. Incoming
oscillations are simultaneously amplified and
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combined in the system to produce beats with a
local oscillation continuously maintained by the
audion. The radio frequency beats are then rectified
by the audion to charge the grid and the grid
condenser, and this charge varies the electron
current to produce an amplifying action on the
current in the telephones.

When the grid condenser is omitted, the beat
phenomenon is slightly modified, and the audio
frequency variation of the telephone current is
produced according to the asymmetric action
outlined in a previous publication dealing with the
operating features of the audion. The system is
more sensitive with the grid condenser, but the
same general result is obtained by either method of
reception.

PECULIAR FEATURES OF OSCILLATION

Some very interesting features of operation
accompany the production of oscillations in the
system. Suppose the audion is not oscillating, and
the grid and wing coupling is fairly weak. As this
coupling is increased, the point at which oscillations
begin is indicated by a faint click in the telephones
accompanied by a slight change in the character of
the static. The oscillations produced are usually so
high in frequency and constant in amplitude that
they are entirely inaudible.

As the coupling is still further increased, a
rough note is heard in the telephones the pitch
decreasing with increase of coupling. This note is
produced by the breaking up of the oscillations into
groups, and it occurs whenever electricity is
supplied to the grid condenser at a greater rate than
that at which it can leak off. The result is that the
grid is periodically charged to a negative potential
sufficient to cut off entirely the wing current, causing
a stoppage of the local oscillations until the grid
charge leaks off and the wing current re-establishes
itself.

The frequency of this interruption depends
largely on the capacity of the grid condenser, the
resistance of its leakage path, and the amplitude of
the local oscillations; and it may be varied from
several hundred down to one or less per second.
This effect is sometimes troublesome in the
reception of signals, especially with high vacuum
tubes. It may be eliminated, however, by increasing
the leak of the grid condenser by means of a high

resistance shunt. The best coupling for receiving
continuous waves lies somewhere between the
point at which oscillations start and the point at
which interruption begins, and can only be
determined by trial.

In this region, trouble is sometimes
experienced by the appearance of a smooth
musical note in the telephones. This occurs under
certain critical conditions of coupling with the
antenna when the grid circuit oscillates with two
degrees of freedom. Two slightly different
frequencies are therefore set up, producing beats
which are rectified by the audion in the usual way.
This effect is quite critical, and when it causes
interference with signals, a slight readjustment of
the circuits will usually make it disappear. It may,
however, be made perfectly steady and reproduced
at will by the system shown in Figure 17, where two
grid circuits of different periods are provided. Two
frequencies are therefore generated one having the
frequency of the circuit LCL,, and the other the
frequency of the circuit L'C'ch. This arrangement
may replace to advantage the ordinary buzzer for
producing groups of oscillations. The foregoing
explanations refer to the audion only when it
is used as an electron relay.2 When there is
an appreciable amount of gas, in the tube in
the ionized state, disturbances of an entirely
different character occur.
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AUDIO FREQUENCY TUNING

One of the very important advantages of the
receiver when used for continuous waves is that the
alternating current produced in the telephones is
almost a pure sine wave. Only when the audio
frequency is simple harmonic can selectivity be
obtained by tuning the telephone circuit. A
distorted wave such as that produced by spark
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signals possesses many harmonics and as
each may be picked out by the tuned telephone
circuit there is little chance of separating two spark
signals by audio frequency tuning. With continuous
waves, however, the pure wave produced by the
beat method of reception makes it possible to
obtain selectivity by the audio frequency tuning,
resonance being fully as sharp as in the radio
frequency circuits. Two methods of audio
frequency tuning are shown in Figures 18 and 19.
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In Figure 18, the telephone is inductively
connected to the wing circuit of the audion by
means of a transformer the secondary of which
includes besides the telephone a tuning condenser.
In this connection, the telephone, with a resistance
of many thousand ohms, is placed directly in the
tuned audio frequency circuit, and hence for good
tuning the inductance of the coil L, must be made
extremely large to secure the necessary ratio of the
reactance of L to the resistance of the circuit.
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This disadvantage is overcome in the
system of Figure 19 by removing the telephones
from the audio frequency circuit, and using the latter
to operate a second audion. The telephones may
then be placed in the wing circuit of this audion
without adding appreciably to the damping of the
circuit. The tuning of the circuit L.,C6 may therefore
be made very sharp with reasonable values of
inductance simply by keeping the resistance low. In
this case considerable amplification is obtained by
the use of resonance in the transformer M, to
increase the voltage impressed on the grid ofa the
second audion. The great advantage of this kind of
tuning is shown by the following example. Suppose
the incoming signal has a frequency of 50,000
cycles, and the local frequency is 49,000 cycles.
The differential frequency is 1,000 and the audio
frequency circuit is tuned accordingly. An
interfering wave 1 per cent, shorter than the
signaling wave, or 49,500 cycles, will produce an
audio frequency of 500 cycles per second, which
will not appear at all in the wing circuit of the second
audion unless it is many times stronger than the
1,000 cycle signal.

This combination of radio and audio
frequency tuning is at the present time even when
the sending station is equipped with an alternator,
as the slight changes in frequency of the radiated
wave produce changes in the beat frequency of the
receiver which carry it out of range for the sharply
tuned audio frequency circuit. A disadvantage of
this method of tuning is that atmospheric
disturbances produce a musical note due to shock
excitation of the audio frequency system. Very
loose coupling with the wing circuit of the first
audion is a partial remedy for this. There are times,
however, when interference is more troublesome
than static and in such cases the method may be
used to great advantages. If desired, both radio and
audio frequency tuning can be carried out in the
same audion as indicated in Figure 14.  This
combination is apt to be somewhat troublesome to
operate as a cumulative amplification is obtained in
the audio frequency as well as in the radio
frequency system.

CASCADE SYSTEMS

Where a greater amplification than can be
obtained with one audion is required, cascade
working of the radio frequency systems may be
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resorted to by coupiing together two or more
audion systems, each connected as aiready
described, in the manner indicated in Figure 19.
The incoming oscillations in the first audion system
are amplified in the usual manner and set up
oscillations in the second system by means of the
coupling M3 (See Figure 20). The oscillations
initially set up in the second system are again
amplified, and then rectified in the second audion to
produce audible response in the telephones. For
the reception of spark signals, considerable
adjustment is required to get the best results
without causing one or the other or both of the
systems to generate oscillations. It will be found
that after the first circuit is adjusted to the point of
oscillation and the second is coupled with it, the
strength of signal in the first system will be reduced
owing to the withdrawal of energy from it by the
second system. The signals may then be again
brought up in strength by increasing the coupling
between the grid and wing circuits of the first audion
until the appearance of the local oscillations
indicates that the limit of amplification has been
reached. By careful adjustment about a thousand
times amplification and very sharp tuning can be
obtained with two steps.
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For continuous wave reception, there are
several methods of operating cascade systems. ltis
possible to have either system generate oscillations,
the other system acting simply as an amplifier or
both systems may be made to generate in
synchronism.

It will generally be found that when both
systems produce oscillations, beats will be
produced, so that a continuous note is heard in the
telephones; but by ad justing the frequency of one of
the systems the pitch of this note will be reduced as
the two systems approach synchronism, until finally
at one or two hundred beats per second the two

systems puli into step in much the same way as two
alternators. The ability of the two systems to keep in
step depends mainly on the vaiue of the coupling
between them, and the closer this is the better the
two hold together.

There is still another way of working this
combination, and that is asynchronously. in this
case beats are continuously produced in the system
so that a continuous note is heard in the telephone,
but the circuits may be so adjusted that the note is
not foud enough to be troubiesome or it may be
tuned out of the telephone in the manner previously
described. Incoming oscillations are combined in
the system to produce beats with the beats aiready
present so that a rather curious note is heard. Very
good amplification is secured by this method
though naturally the system is troublesome to
operate.

It may be noted here that whenever a signal is
too weak to read with one audion system and
cascade operation becomes necessary, it is always
better practice to use the cascade circuits for the
radio frequencies, even if the regenerative circuits
are not employed with each individual audio system.
The frequency of the oscillations set up in the
circuits by static are, under normal conditions, the
same as those of the incoming signal; and the static
is therefore never amplified more than the signal.
Usually it is ampilified to a somewhat lesser extent,
especially if regenerative circuits are employed. In
the cascade systems used for audio frequencies, a
different condition exists. It is ordinary practice to
connect the different stages by means of
transformers, and this leads to conditions which
cause the system to produce greater ampilifications
of the higher frequencies. The rate of change of the
wing current of the detecting audion produced by
static corresponds to a very high frequency, and as
such is invariably amplified to a greater extent than
the signal.

There is a second method of receiving
continuous oscillations which makes use of the
generating feature of the audion, but does not
employ the beat phenomena. The amplitying ratio
of the audion depends more or less directly on the
value of the wing current, and by varying this
current periodically there will be a corresponding
periodic change in the amplifying power of the
audion. Hence an audion arranged to repeat a
continuous wave under such conditions will
produce in its wing circuit oscillations which vary
periodically in amplitude, and which may therefore
be received by a simple audion system.
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The first audion may be arranged to produce
the necessary variation in its amplifying power in the
manner indicated in Figure 21, which also shows the
complete circuits for carrying out this method of
reception. Here C1L1L202 is an audio frequency
system designed to produce audio frequency
oscillations; and P is a potentiometer for adjusting
the potential of the grid so that on the negative part
of the oscillation in the wing circuit, the wing current
is reduced practically to zero. The radio frequency
circuit C'LCC, is tuned to the oscillation frequency
of the incoming wave. The radio frequency
oscillations cannot be detected in the first audion
system as the strong audio frequency current
circulating in this system would produce a
continuous note in the telephone receivers of such
strength as to render inaudible all save very strong
signals. By arranging to detect the oscillations in
the second audion system coupled to the wing
circuit of the first, interference of this sort is
avoided; as the circuit L,C, has a very high
impedance for the audio frequency currents and the
effect produced thru the magnetic coupling of Ly
andL, on the second system is negligible.

Figene 21

The capacity current between these two coils
thru the telephones to ground is, however,
appreciable; and to avoid it it is advisable to ground
their two adjacent ends as shown. The action of the
system may be summed up as follows. The first
audion system varies the amplitude of the incoming
radio frequency oscillations at an audio frequency,
and the second audion system amplifies and
detects the radio frequency oscillations supplied to
it by the first system. Diagrammatically, the
phenomena occurring are as illustrated in Figure 22.
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The system gives about the same response
as can be obtained with a single audion working
with the beat method of reception. The advantages
derived from the heterodyne method of
amplification and the dependence of the audio
frequency note in the receivers on the wave length
are, of course, lacking; but for the reception of
waves having a frequency higher than that at which
beat reception is practicable, this method is of
value.

EFFECTS OF ATMOSPHERIC DISTURBANCES

A very interesting feature of these receiving
systems is their behavior under conditions of severe
atmospheric disturbances, particularly when used
for receiving continuous waves. Their success
under such conditions is due to the fact that they
combine in addition to their inherent property of
responding more readily to a sustained wave than to
a strongly damped one, the characteristics of the
two most effective static eliminators known; the
balanced valve and the heterodyne receiver. The
function of the balanced valve is a physiological
one, as it simply provides a means to shield the ear
from the loud crashes which temporarily impair its
sensitiveness for the relatively weak signals. In
effect, it puts a limit on the noise which can be
produced in the telephone by a stray, regardless of
its amplitude.

Now the effect of the static on an audion is
to build up a negative charge on the grid, reducing
the wing current, and the limit of the response which
can be produced in the telephones is reached when
the wing current is reduced to zero. Under ordinary
conditions, this limit is too great to do much good;
but when the audion is generating it is possible, by
proper adjustment of the amplitude of the local
oscillations, to reduce the wing current to a point
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just above the lower bend in the operating
characteristic so that the audion is rendered
insensitive to a further increase in the negative
charge on the grid.

The strays which cause serious interference are
of a much greater amplitude than the local
frequency, so that no appreciable interaction
between the two takes place, and the wing current is
invariably decreased. Since the decrease in the
wing current is not in proportion to the change in the
grid potential, the response in the telephone and the
effect on the ear of the operator are correspondingly
reduced.

Static of smaller amplitude—than—the iocal
oscillations may interact with them to produce either
an increase or a decrease in amplitude of the
oscillations in the grid circuit and may therefore
cause either a decrease or an increase in the wing
current. The wing current can, of course, increase
to a relatively large value, but as it is impossible for
the wing current to increase faster than the charge
in the grid condenser can leak off, the rate of
increase is necessarily slow. The response in the
telephones is therefore not so disturbing as would
be caused by a decrease of similar value where the
rate of change of current is usually large.

When the system is operated without an
auxiliary leak around the grid condenser, a peculiar
paralysis of the audion is frequently caused by
heavy static, no sound of any kind being heard in
the telephones for a considerable length of time. If
the apparatus is not touched, the paralysis may last
for many minutes, and then suddenly disappear and
the former sensitiveness be restored. The effect is
primarily caused by the charging of the grid
condenser to a sufficient potential to cut off entirely
the flow of electrons to the wing, thereby decreasing
the wing current to zero.

Now the way in which the negative charge in
the grid condenser leaks off is chiefly by means of
the positive ions in the tube, which are drawn into
contact with the grid when it becomes negatively
charged. These positive ions are the result of
ionization by impact, and when the voltage of the
wing battery is properly adjusted, they can be
produced only in the region between the grid and
the wing, since the velocity attained by the electrons
between the filament and grid is very low.

When the grid is charged to a high negative
potential, it keeps all the electrons between the grid
and filament thereby barring them from the region
between grid and wing. Hence the production of
positive ions must cease and the usual means of

removing the negative charge from the grid
vanishes. The resistance of the leakage path of the
grid condenser must then be almost infinite, as is
shown by the very long time taken for the charge to
leak from a condenser of approximately 0.0001
microfarads capacity. The effect is naturally the
more pronounced the higher the vacuum, as the
number of positive ions present is correspondingly
reduced.

A resistance of several hundred thousand
ohms placed across the grid condenser gives a leak
which is independent of the value of the wing
current and which effectually prevents trouble of
this kind:—With the very high vacua now obtainable— ——
by the use of a molecular pump, there are
practically no positive ions present so that the
auxiliary leak is always necessary. Under these
conditions, it not only prevents paralysis by the
static but it also removes from the grid condenser
the excess of negative electricity -which
accumulates in it, thereby increasing the
sensitiveness of the audion and the sharpness of the
signals in the telephones. The very high potentials
to which the grid condenser may be charged by the
static when it is not provided with an auxiliary leak
are surprising. These potentials may be measured
in a very simple and accurate way, here described.

After a stray has cut off the wing current, if
we continuously increase the capacity of the grid
condenser the potential across it, and hence the
potential of the grid, with respect to the filament, will
be decreased inversely as the capacity. A point will
finally be reached where the grid potential is
sufficiently reduced to allow the wing current to
flow. When this occurs it indicates that the potential
of the grid condenser is slightly less than that shown
by the operating characteristic as necessary to
reduce the wing current to zero.

The potential to which the grid condenser
was originally charged is equal to this voltage times
the ratio of the capacity of the condenser at which
the wing current began to flow to the original
capacity. Voltages of over a hundred are not
uncommonly reached by the grid; and as one volit
represents a very strong signal, the difficulties of the
static problem are very forcibly presented.

The fact that static of large amplitude
produces almost invariably a decrease in the wing
current while a signal (with beat reception)
produces alternately an increase and decrease in
the wing current is a circumstance of which it should
be possible to take advantage. The circuits can be
arranged to rectify the wing current in such a way
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that only the increases in this current are
available to produce a response in the telephones,
but in carrying this method out, trouble is
experienced from a shifting zero.

A better way of making use of the difference in
response is the following one. Suppose that we
arrange two complete receiving systems oscillating
in step with each other, but so related to the
antenna that the beat currents in the two systems
are 180 degrees apart. The resuit of this will be that
at the instant when the incoming signal is producing
an increase of current thru the telephones in one
receiver, it will be producing a decrease of current
thru the telephones of the other receiver; so that the
two telephone currents are 180 degrees out of
phase.

Static of large amplitude does not interact with
the local frequencies, and will produce
simultaneously in each receiver a decrease in the
telephone current. These two currents are therefore
in phase with each other. On replacing each
telephone by the primary of a transformer, and
connecting their secondaries thru a telephone in the
proper phase, it is possible to balance out the static
and at the same time secure an additive response of
the signals from each receiver.

An arrangement of circuits by means of which
this method can be carried out is shown in Figure
23.
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Here two oscillating receiving systems are kept

in step by means of the circuits L .C,C 'L " L,C,
and L.,'C.° are identical, and each is tuned
separately to the frequency to be received. When
both audions are oscillating in step, the flow of
current in these circuits as indicated by the vectors
of Figure 23 will be alternately up on one side and
down on the other. The point between the
condenser C, and G/’ will be a node; and the
antenna may be connected to this point without
disturbing the conditions appreciably if a resistance
R placed as indicated is included in the antenna.
This resistance need not be large enough to
interfere seriously with the signal strength; it need
only be large with respect to the resistance of the
circuit L,C,C,L,’, which circuit has a very low
resistance.

Incoming oscillations pass thru the divided
circuit as indicated in the diagram, and therefore are
in phase with the local oscillations of one receiver
180 degrees out of phase with the local oscillations
of the other. This produces the desired result in the
currents thru the transformers of the circuit T which
act in the manner already described.

It is found in practice that the oscillations set
up in each system by the incoming signals tend to
neutralize each other thru the circuit L .C C'L "
This effect is avoided by introducing in the wing
circuits a differential coupling arranged to neutralize
the coupling between the two grid circuits. It is
possible to do this, as it does not affect the coupling
of either receiver with the antenna, and does not
interfere with the local operation until the effective
coupling between the two systems is reduced to a
point below which they will no longer remain in step.
There are other ways of securing the same result,
but the system shown will illustrate the general
procedure in carrying out this method of balancing.

The practical results obtainable with these
receivers may perhaps be of interest. At the present
time, signals from all high power stations from
Eilvese (Germany) to Honolulu are heard day and
night at Columbia University with a single audion
receiver. Cascade systems give correspondingly
better results, two stages being sufficient to make
the night signals of Honolulu audible thruout the
operating room. Interference with the signals from
Nauen by the arc station at Newcastle, New
Brunswick (Canada), is very easily eliminated by
means of an audio frequency tuning circuit; and this
is the most severe interference we have yet
experienced, the two frequencies sometimes
differing by less than 1 per cent, and the arc signais
being much the stronger.
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These receivers have been developed in the
Research Laboratory of Electo-Mechanics,
Columbia University; and are mainly the result of a
proper understanding and interpretation of the key
to the action of the audion; the grid potential-wing
current curve. In conclusion, | want to point out that
none of the methods of producing amplification or
oscillation depend on a critical gas action; they
depend solely on the relay action of the tube
employed (electron or gas relay) and the proper
arrangement of its controlling circuits.

SUMMARY: The action of the audion as a detector and
simple amplifier is explained, with the method of
verification of the theory by means of oscillograms.
To reinforce the oscillations in the grid circuit two
methods are employed: first, to couple the grid circuit
to the wing circuit and arrange the latter to perniit
radio frequency currents to pass freely in it; and
second, to use a large inductance in the wing circuit,
thereby tuning it to the incoming frequency (in
conjunction with the capacity between the filament
and wing in the audion itself). Both methods may be
used together. Various methods of coupling grid and
wing circuits are shown. Methods of combined audio
and radio frequency amplification are described.

The audion, being a generator of alternating
current of any desired frequency, can be used as a
beat receiver. A steady audion generator of regular
groups of radio frequency oscillations is illustrated.
Various methods of audio frequency tuning permitting
high selectivity are possible. By the use of two
audions in cascade, amplifications as high as t,000
are attainable. The cascade systems can be arranged
80 as to operate both audions either synchronously or
non-synchronously.

As an alternative to beat reception of sustained
wave signals, an arrangement is explained wherein
the amplifying ratio of a repeating audion is varied
periodically at an audio frequency. Coupled to this
system is a simple audion detector. Musical signals of
any desired pitch are thus obtained.

It is found that static of large amplitude nearly
always decreases the wing current, while a signal
(with beat reception) alternately increases and
decreases it. A system of circuits is described
whereby this fact is taken advantage of in balancing
out static while retaining an additive response to
signals, thus effecting an elimination of static to a
considerable extent.

Finally, instances of long distance stations
received and interference overcome in practice are
given.

DISCUSSION

Lee de Forest (by letter): Absence from
New York and stress of business prevents my giving
to Mr. Armstrong’s paper the thorough discussion it
merits from me. Briefly, | must state that my
investigation of the simple audion detector, the
audion amplifier, and the “ultraudion® detector for
undamped waves do not bear out completely the
results and conclusions announced by that writer.

In the first place, anyone who has had
considerable experience with numerous audion
bulbs must admit that the behavior of different bulbs
varies In many particulars, and to an astonishing
degree. The wing-potential/wing-current curves for
different bulbs, or even for the same bulb at different
times, under differing conditions (filament
temperature, etc.) vary widely. What may appear to
be a fixed law for one bulb may not hold for another.

Mr. Armstrong makes no mention of this
well-known fact; nor does he even state that his
grid-potential /wing-current curve may be quite
otherwise than he has shown it with different applied
"B" battery voltage, or filament temperatures.

He makes no mention of the fact, often
demonstrated, that a continuous-current indicating
instrument, e.g., a micro-ammeter, may show a
decrease in deflection, or practically no change in
deflection either way when fairly strong radio
frequency (or audio frequency) impulses are
delivered to the grid even when the telephone
receiver in the wing circuit gives strong response.

| have frequently proven that a positive
charge applied to the grid, may decrease, rather
than increase the "wing current.” If | may say so, he
treats the entire subject in much too cursory and
cavalier a manner, even as he appears to be quite
oblivious of the work of any other investigator or
discoverer.

As | stated in an article in the Electrical
World, February 20th, the oscillating quality of
the audion was discovered by me several years ago.

| found that the complicated circuits Mr.
Armstrong illustrates were quit unnecessary for
producing the effects mentioned. In fact, the
combination of oscillating and amplifying functions
in the same bulb are obtained almost, if not quite, as
efficiently, and far more simply by much simpler
circuits.

The second method he shows for a
combination tuning to radio and audio frequencies
is ingenious and highly creditable. Unfortunately, as
he truly points out, there is today no continuous
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wave generator of sufficiently constant
frequency to permit full advantage being taken of
this elegant method.

Edwin H. Armstrong: The condition in whicha
positive potential applied to the grid produces a
decrease in the wing current is a remarkable one, in
that it has been the cause of that mysterious
atmosphere with which the audion has long been
surrounded. The effect occurs under certain
conditions which are easily explained. Suppose
there is an appreciable amount of gas in the tube
and the difference of potential between the wing and
filament is adjusted so that a considerable number
of positive ions is produced. In such a state it
frequently happens that the number of positive ions
coming in contact with the grid is in excess of the
number of negative ions. As a consequence of this
the grid assumes a positive charge with respect to
the filament. Suppose the potential to which the
grid becomes charged is three volts positive with
respect to the negative terminal of the filament.
Under these conditions a battery of say one or two
volts connected as shown in Figure 1 with its
positive terminal connected to the grid will really
change the potential of the grid in the negative
sense.
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The natural result is a decrease in the wing
current. The converse of this effect: the condition in
which a negative potential applied to the grid
produces an increase in the wing current is
invariably met with in high vacuum audions where
the potential assumed by the grid is invariably
negative. Both cases, however, can be explained
on the same grounds. Figure 2 shows the potential
assumed by the grid when a large number of
positive ions are present.

Edwin H. Armstrong (by letter): Inreplying
to Dr. de Forest’s communication, | want to point
out that the paper was intended to deal with the
application of circuits of a new type to the actuation
of the audion. The fundamental operating features
of the audion itself were outlined purely as a basis
on which to explain the action of the circuits. A
detailed explanation of the various phenomena
involved in the audion as a detector and as a relay,
radically different from that previously advanced by
Dr. de Forest, was published by me some time ago
in the Electrical World, December 12th, 1914,
and the columns of that paper, are, no doubt, still
open to discussion of these elementary matters.

Dr. de Forest speaks of the great differences
existing between the wing potential-wing current
curves. It will be readily understood by those
familiar with the laws of the conduction of electricity
thru gases that such is bound to be the case where
any considerable amount of gas is present in the
bulb. The potential at which progressive ionization
of the gas begins, is dependent, among other
things, on the pressure; and hence the upper parts
of the wing-potential /wing-current curves vary, but
the lower parts, the only place where the
electron relay can be operated, are invariably of
the same general shape. With the modern methods
now available, for producing very high vacua, itis a
simple matter to construct audions whose
characteristics are for all practical purposes
identical. With these high vacuum bulbs, the
astonishing differences of which Dr. de Forest
speaks disappear to an astonishing extent.

The great differences which sometimes exist
between the grid-potential/wing-current curves of
different audions or for the same audion under
different conditions of wing potential or filament
temperature are again due to the residual gas, and
are eliminated as before by the use of very high
vacua. It will be evident, of course, that for each
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value of wing potential and filament
temperature there will be a different
grid-potential /wing-current curve; but for high
vacuum bulbs these curves lie one above the other
in an orderly manner and, barring minor differences,
are of the same general shape.

For an explanation of the fact that a
continuous current instrument in the wing circuit
shows no change in deflection when an alternating
e.mf. of audio frequency is impressed on the grid
even when a telephone in the circuit with the meter
gives a strong response, | want to call attention to
Figures 2 and 5, of the original paper, together with
a_suggestion that a telephone perhaps is—apt to
respond somewhat more strongly to a alternating
current than does a continuous current instrument!
An explanation of the decrease of wing current
which may occur will be found in the publication in
the Electrical World, December 12th, 1914, with
an accompanying oscillogram which shows the
asymmetric effect in question.

The circumstance state by Dr. de Forest in
which a radio frequency e.mf. impressed on the
grid produces a response in a telephone but notin a
continuous current instrument is an impossible one.
If the telephone responded, and there were no
changes in the reading of the instrument, it would be
an indication of an alternate and equal increase and
decrease of the wing current at an audio frequency
rate. This is an effect which radio frequency
oscillations applied to the grid cannot produce.
When a condenser is used in connection with the
grid, radio frequency oscillations invariably produce
a net decrease in the wing current and hence a
decrease in the telephone current.

Where use is made of the asymmetric
relaying, which is possible because of the bends in
the operating characteristic, either a net increase or
net decrease may be produced in the wing current
by radio frequencies applied to the grid, depending
at which bend the audion is worked, but an increase
and decrease can never be produced at the same
time.

Dr. de Forest attempts to throw doubt on
the validity of the operating characteristic, and
hence on all explanations depending thereon, by
stating that he has frequently proven that a positive
charge applied to the grid may decrease rather than
increase the wing current, a contention originally
advanced by him in explanation of the relay and
detecting action of the audion. In the discussion, |
have pointed out the fallacy in this view and
explained the seeming paradox which is found in

low vacuum bulbs on the working part of the grid-
potential/wing-current curve. There is another
effect which may lead to incorrect conclusions
concerning the action of the electron relay, which is
due to effects found above the working part of the
curve. As the potential of the grid is increased, it is
possible that the wing current may reach a
maximum and then fall off. This is due to the fact
that a conduction current flows to the grid when it is
positive with respect to the filament, and that under
certain conditions, this current is subtracted from
the wing current.

The maximum current which can flow from
filament to wing is limited to the number of elections
emitted by the filament, and if the condition of
maximum current flow in the wing circuit is
established before the grid potential becomes
highly positive, then a further increase in the grid
potential will increase the number of electrons
absorbed by the grid and the result is a decrease in
the wing current. The impossibility of working an
electron relay on this part of the curve will be
evident from the accompanying diagrams (Figure 3)
which show how the effective resistance of the input
side of the audion increases as the potential of the
grid is varied.
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Only when the grid is negative with respect
to the filament can the full amplifying power of the
audion be realized, as the input side consumes no
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energy. Herein lies the explanation of the
great differences which exist in the amplifying
powers of different bulbs when used in the
customary fashion. It is usual to operate the audio
frequency amplifier with the grid insulated from the
filament for conduction currents so that the
potential of the grid is determined solely by the
characteristics of the audion. If it should chance to
be sufficiently negative, the input side consumes no
energy and the result is a good one; if it should be
positive, then the input side consumes energy and
the amplification is seriously impaired, the degree
depending on the value of the positive charge. All
this is clearly supported by the fact that when the
potential of the grid of a good bulb is arbitrarily
made positive, the amplffication falls off. The curves
shown in Figure 3 are additional confirmation, and
in this connection it is interesting to note the
agreement between the radio and audio frequency
curves.

The statement by Dr. de Forest that he
originally discovered the oscillating phenomenon
and applied it to producing the effects described
several years ago cannot be here discussed,
because his priority in this matter will be contested
shortly in another way.

Lee de Forest (by letter): While | cannot
accept Mr. Armstrong’s explanations of my
observations as to the action of a positively charged
grid on the wing current, they have at least more to
recommend them than has his previous flat
contradiction that such an effect as | have described
existed at all.

What Mr. Armstrong states are “elementary
matters® have not appeared so to associates and
collaborators of Drs. Rutherford and Soddy with
whom | have discussed them. These discussions,
however, were prior to the appearance of Mr.
Armstrong’s paper.

In spite of Mr. Armstrong’s explanations, we are
left quite in the dark as to how high these consistent
vacua are, and just what operating voltages he
refers to. More quantitative explicitness and
citations of the exact performances of scores of
bulb would be more convincing than are the
theories proposed as a basis for description of
sundry complicated circuits.

If he is dealing with a type of tube which is quite
distinct from the audion (on account of the degree
of vacuum, the applied potentials, etc.), this should
have been explicitly stated at the outset. This is my

chief complaint. No essential data are given, but
only general laws with attempted axioms. |
assumed that we were dealing with phenomena in
the audion as popularly known, operating on from
20 to 50 volts. With such, at least, there still remain
some unexplained problems.

If he be unable to explain my observation
that, using audio frequencies, certain bulbs show a
decrease, others no perceptible change in
deflection of a direct current micro-ammeter while a
telephone receiver gives responses many times
audibility, this fact should be frankly stated. | should
also like to have his explanation as to why certain
audions are distinctly more sensitive to low than to
high spark frequencies while others show the exact
reverse. Though | have theories on this point, | have
not yet proven them.

in connection with Mr. Armstrong’s

insistence on the value of his oscillograms which —

were taken at audio frequencies because audio and
radio frequency phenomena are identical in nature, |
should like to call attention to his statement that
“This is an effect which radio (as distinguished from
audio) frequency oscillations applied to the grid
cannot produce.”

Is it not perhaps possible that where
successive strongly damped wave trains of radio
frequencies, have alternately positive and negative
initial wave fronts, an alternating increase and
decrease of wing current may occur which would,
while giving loud signals in the telephone receiver,
produce practically no change in deflection in a
direct current micro-ammeter in series therewith?

As to Mr. Armstrong’s closing remark, | had
not before realized that he actually claimed broadly
the discovery of the oscillating property of the
audion. | think it can and will be established that
this was discovered some time before his first work
in this field. If any are still of the opinion that the
oscillating quality of the audion awaited the
discovery of the complicated circuits he describes, |
would refer them to the article on "The Double
Audion Type of Receiver," by Professor A.H. Taylor,
in the Electrical World of March 13th, 1915.

Edwin H. Armstrong (by letter): Replying
to Dr. de Forest's latest communication in regard to
the effect of a charged grid on the wing current, |
cannot but assume, from his failure to produce
evidence to the contrary, that his observations may
be explained by the residual positive charge on the
grid. This applies to that type of tube in which so
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many "unexplained” phenomena are
observed: "the audion, as popularly known,
operating on from 20 to 50 volts."

Dr. de Forest's misapprehension as to the
type of tube referred to in the paper rests entirely
with himself. It was definitely stated in the article in
the Electrical World, and on the occasion of the
presentation of this paper before the Institute of
Radio Engineers that the vacuum of the bulbs was
such that only thermionic currents existed. The
methods used to obtain these vacua were those
recently described by Dr. Irving Langmuir in a paper
presented before the American Physical Society,
and also in another paper presented before the
Institute of Radio Engineers. (See the issue of the
Proceedings, together with the discussion on Dr.
Langmuir’s paper).

In explanation of Dr. de Forest's
observation that audio frequencies applied to the
grid may produce either a decrease or no change in
the reading of a direct current micro-ammeter,
while a telephone responds strongly, | have pointed
out that the oscillograms which fully explain both
cases. It seems necessary to add that a direct
current instrument of the type mentioned measures
average values!

The question of the relative sensitiveness
of an audion as a detector to high and low spark
frequencies is entirely irrelevant to the present
discussion. It has, however, some points which are
of interest. The effect occurs only when the valve
action of the audion is used to rectify the
oscillations and a condenser is necessarily used in
series with the grid. When there is a scarcity of
positive ions, the rate of leak of the charge
accumulated in the grid condenser from one group
of oscillations may be so slow that the condenser
fails to clear itself before the arrival of another group
of oscillations. Under these conditions, a residual
negative charge is continuously maintained in the
grid condenser during the periods of signaling, and
this charge interferes with the rectifying action
between the grid and filament. Obviously, this effect
will be more pronounced at the high spark
frequencies, and the sensitiveness of the audion will
be less impaired on the low spark frequencies. The
phenomenon is an interesting one, but on the whole
it is quite simple and elementary in character.

Dr. de Forest attempts to explain the
circumstance which | have shown is impossible, the
circumstance in which radio frequencies applied to
the grid produce response in a telephone in the
wing circuit but no change in the deflection of a
continuous current instrument in series with the
telephone. The explanation advanced is
impossible. The effect described could be
produced only by wave trains that were practically
aperiodic.  Needless to say, nothing remotely
approaching this is in use in radio telegraphy at the
present time.

In conclusion, | wish to point out that this
discussion was originally begun by Dr. de Forest in
an attempt to invalidate the explanations advanced
to account for the various detecting, repeating, and
osclllating phenomena. It is my opinion that the
explanations given stand as correct.

Robert H. Marriott: It has frequently been
charged that there has been a lack of research in
radio engineering carried out in physical research
laboratories. Mr. Armstrong deserves much praise
in carrying out his highly interesting investigation,
and it is to be hoped that further valuable results will
be obtained under similar auspices.

(This discussion is herewith closed.)
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DISCLOSURE OF THE REGENERATIVE CIRCUIT

by Edwin Howard Armstrong

Author’s Note: The substance of the following account is of the disclosure of the regenerative circuit to the leading
engineers of the American Telephone and Telegraph Company in February and April of 1914.

Shortly after my graduation from Columbia
University as an electrical engineer in 1913 the
University decided to set up a course of instruction
in radio. | was given the job of assistant in the
Depart- ment of Electrical Engineering by Professor
Walter |. Slichter, who evidently thought that | had
absorbed enough of his course on Alternating
Current Theory to qualify me, and went to work in
the laboratory of Professor Michael |. Pupin, then a
world renowned figure in the field of
communications. A small antenna was set up on the
campus between two of the buildings and we went
to work on the course. In the latter part of 1913 |
found the time to bring the regenerative circuit
apparatus down from my home in Yonkers to the
Marcellus Hartley Research Laboratory and to give
a series of demonstrations for the leading
communication companies.

Professor Pupin happened be around late one
evening when darkness covered the path to Hawaii,
so the signals from the Poulsen arc station were
coming in very well. Professor Pupin, who had been
a close friend of Marconi since his first lecture in this
country, and who had warmly sponsored Marconi’'s
objectives for many years, became highly
enthusiastic about the demonstration.  Shortly
thereafter he chanced to meet a group of
acquaintances at the University Club in New York
City, among whom was J. J. Carty, then chief
engineer of the American Telephone and Telegraph
Company. He related the story of the
demonstration, and | do not doubt that it was a most
animated account.

Mr. Carty at the time said nothing. But on the
next get-together of the same group Mr. Carty
remarked that Pupin had quite successfully “pulled
his leg" at the time but he had since been able to
consult his radio staff about the matter, and he now
was in a position to say that the story Pupin told was
impossible.

This pronouncement was met with prompt
rejoinder by Professor Pupin to come to the
laboratory and see the “impossible”. On the evening
of February 6, 1914, Mr. J. J. Carty, Mr. Bancroft
Gherardi and Dr. F. B. Jewett, then the leading
engineers at the A. T. & T., visited the Marcellus
Hartley Research Laboratory for a demonstration.
They brought along a young fellow by the name of
Lloyd Espenschied to read the signals and check up
on the identification of the stations which were
heard. The demonstration was successfully carried
out, and as usual without disclosing the circuit
connections or how the apparatus functioned.

The spark signals were, of course, heard
with their natural tone and so excited no particular
comment. The arc signals, however, had the
assembled company much puzzled. Signaling on
the Poulsen arc at that time was carried out by
varying the frequency of the arc a few percent, and
at the low frequencies then employed for
transmission (approximately 50,000 cycles) the
"back wave’ was generally audible for the best
adjustment of the receiver. | well remember Mr.
Carty’s asking about it and his humorous comment
that “It sounds like an 'inebriated’ flute player”.

On April 25, 1914, at a further
demonstration of the equipment, a full disclosure of
the principles of operation was made to Mr.
Gherardi, Dr. Jewett, and Mr. E. H. Colpitts. These
demonstrations and disclosures brought about the
entry of the American Telephone and Telegraph
Company into the field of communication by radio.
From that date its radio staff, which then consisted
of Lloyd Espenschied and the late Austin Curtis,
began the never-ending expansion that has resulted
in the amazing organization of today.
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at Short Wave Lengths

By E. H. Armstrong

At Meeting of the Radio Club of America, Columbia University,
December 19, 1919

HE problem of receiving weak

signals of short wave length in a

practical manner has become of

great importance in recent years.

This is especially true in con-
nection with direction finding work where
the receiver must respond to a very small
fraction of the energy which can be picked
up by a loop antenna.

The problem may be summed up in the
following words:— construct a receiver
for undamped, modulated continuous and
damped oscillations which is substantially
equally sensitive over a range of wave
length from 50-600 meters; which is
capable of rapid adjustment from one
wave to another, and which does not
distort or lose any characteristic note or
tone inherent in the transmitter.

1t is, of course, obvious that some form
of amplification must be used buc. a study
of the various known methods soon con-
vinces one that a satisfactory solution can-
not be obtained by any direct method. In
the interests of completeness we will con-
sider the three well known direct means
which might possibly be employed, and
examine the limitations which apply to
each. These three methods are:—

(1) Amplification of the low frequency
current after rectification;

(2) Anmplification of the high frequency
current before rectification; and

(3) Application of the heterodyne
principle to increase the efficiency of
rectification.

Consider first the method of rectifying
the high frequency current and amplifying
the resulting low frequency current. Two
limitations at once present themselves, one

inherent in low frequency amplifiers and
the other inherent in all known rectifiers.
The limitation in the amplifier is the
residual noise which makes it impractical
to use effectively more than two stages of
amplification. The second limitation lies
in the characteristic of the detector or
rectifier. All rectifiers have a character-
istic such that the rectified or low fre-
quency current is roughly proportional to
the square of the impressed high frequency
E. M. F. Hence the efficiency of rectifi-
cation becomes increasingly poorer the
weaker the signal until a point is reached
below which the detector practically ceases
to respond.

The second method of attack on the
problem is the amplification of the re-
ceived high frequency currents before
rectification to a point where they can be
efficiently dealt with by the detector. This
method is ideal on long waves and various
methods of inductance, resistance and
capacity couplings have been successfully
used, but when the attempt is made to use
the same methods of coupling on wave
lengths from 200 to 600 it results in com-
plete failure. This is because the low
capacity reactance existing between the
various elements of the tubes causes them,
in effect, to act as a shprt circuit around
the coupling means and thereby prevent
the establishment of a difference of
potential in the external plate circuit. It
is, of course, possible to eliminate the
short-circuiting by tuning with a parallel
inductance but this introduces a compli-
cation of adjustment which is highly
objectionable and the tuning of all cir-
cuits also leads to difficulty with undesirable
internal oscillations.
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The third method which might be used
is the heterodyne method to increase the
efficiency of rectification. Great increase
in signal strength is possible by means of
this method, particularly where the signal

in France in the production of high fre-
quency amplifiers to cover cffectively a
range from 300 to 800 meters. This cesult
was accomplished only by the most pains-
taking and careful experiment and it repre-
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Figure 1.

is very weak but there are certain reasons
why it cannot be effectively used in
practice at the present time. The chief
reason in receiving continuous waves of
short wave length is the instability of the
beat tone which makes operations below
600 meters unsatisfactory. This disad-

vantage does not apply to the reception of

spark signals but here the loss of the clear
tone and its individuality offsets much of
the gain due to increased signal strength.
In the case of telephony the distortion
which always results likewise offsets the
gain in strength. It is, of course, un-
denjable that there are many special cases

sents some of the very finest radio work
carried out during the war. Round secured
his solution by constructing tubes having
an extremely small capacity without in-
crease in internal resistance above normal
values and coupling the tubes by means of
transformers wound with very fine wire
to keep down the capacity and very high
resistance to prevent oscillation at the
resonant frequency of the system. The
effect of the high ratio of inductance to
capacity and the high resistance of the
winding is all to flatten the resonance
curve of the system and widen the range
of response. Latour solved the problem

.
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Figure 2.

where the use of the heterodyne on short
wave length is of the greatest advantage
but the foregoing remarks apply to the
broad field of commercial working where
the practical aspects of the case greatly
reduce the value of the amplification
obtained by this method.

In spite of the great difficulties involved
in a direct solution great success was
obtained by Round in England and Latour

by the use of iron core transformers wound
with very fine wire, the iron serving the
double purpose of increasing the ratio of
inductance to capacity and introducing
resistance into the system. Both these
factors widen the range of response.

It is the purpose of this paper to
describe a method of reception evolved at
the Division of Research and Inspection of
the Signal Corps A. E. F. which solves the
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problem by means of an expedient. This
expedient consists in reducing the fre-
quency of the incoming signal to some pre-
-determined superaudible frequency wﬁich
can be readily amplified, passing this
current through an amplifier and then
detecting or rectifying the amplified
current. The transformation of the original
high frequency to the predetermined value
is best' accomplished by means of the
heterodyne and rectification, and the funda-
mental phenomena involved will be under-
stood by reference to the diagram of Fig. 1.
Here C represents the 'usual tuned
receiving circuit, loop or otherwise, H a
separate heterodyne and D, a rectifier. A
is a high frequency amplifier designed to
operate on some predetermined frequency.
This frequency may be any convenient
frequency” which is substantially above
audibility. The amplifier is connected on
its input side to the rectifier D and on its

only 100,000 cycles and while it is there-
fore well within the range of practical
heterodyning, its steadiness depends on the
beats between 3,000,000 and 8,100,000
cycles per second and hence in any attempt
to heterodyme it to audibility the same
difficulties due to fluctuation would be
encountered as in heterodyning the original
high frequency to audibility. However,
the inability to use the heterodyne on the
second rectification is not of great im-
portance because the amplitude of the
signal to be rectified is large and hence
the difference (as far as signal strength
in the telephone is concerned) between
heterodyne and modulated reception Is not
great.

It is important to note here that the
value of the heterodyne in the first
rectifier should always be kept at the
optimum value in order to ensure the
carrying out of the first rectification at

7T
il .’-E'
|
\

7

A
C

o

EMJ

Figure 3.

output side to a second rectifier D, and a
telephone or other receiver.

Suppose that the frequency to be re-
ceived is 3,000,000 cycles or 100 meters
and, for the sake of simplicity, that the
incoming waves are undamped. Also,
assume that the amplifier A has been
designed for maximum efficiency at 100,000
cycles per second. The circuit LC is
tuned to 3,000,000 cycles and the
heterodyne H is adjusted to either
3,100,000 or 2,900,000 cycles either of
which will produce a beat frequency of
100,000 cycles per second. The combined
currents of 3,000,000 and 3,100,000 (or
2,900,000) cycles are then rectified by
the rectifier D, to produce in the primary
of the transformer T, a direct current with
a riding 100,000 cycles component. This
100,000 cycles current is then amplified to
any desired degree by the amplifier A and
detected or rectified by D,. In order to
get an audible tone where telephone
reception is used some form of modulation
or interruption must, of course, be
employed in connection with this second
rectification as the current in the output
circuit of the amplifier is of a frequency
above audibility. While this frequency is

the point of maximum efficiency. This
adjustment, however, is not a critical one
and once made it is seldom necessary to
change it. The amplifier A may be made
selective and highly regenerative if 80
desired and a very great increase in
the selectivity of the gystem as a whole
can bhe secured. Fig. 2 illustrates the
principle involved. This arrangement is
substantially the same as Fig. 1 except
that the primary and secondary coils of
the transformer T, are tuned by means
of condensers as shown and the coupling
between them is reduced to the proper
value to insure sharp tuning. This system
of connection has all the advantages of
tuning to the differential frequency in the
manner well known in the art and an
additional one due to the fact that since
it is above audibility the musical character
of atmospheric disturbances so troublesome
in low frequency tuning, does not appear.

So far, the reception of undamped waves
only has been considered but this method
of amplification is- applicable also to the
reception of damped wave telegraphy
and to telephony with practically equal
efliciency and without distortion of any
characteristic of tone. It is somewhat
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difficult to understand this, particularly in
the case of the reception of spark signals
as in all previous experience the
heterodyning of a spark signal has resulted
in the loss of the note, whereas in the
present case the individuality between
stations is more marked even than on a
crystal rectifier.

This is the most interesting point in

the telephone current becomes irregular
and a rough or hissing tone results. .
In the present method of heterodyning
the beat frequency is high so that several
beats per wave train are produced. As a
consequence, the phase angle between the
signaling and local currents varies through
several cycles and the initial phase differ-
ence becomes a matter of minor import-
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Figure 4.
the operation of the system and the reason ance. The number of beats which actually

will be understood from the following
analysis:

In heterodyning, the efficiency of rectifi-
cation of the signaling current depends on
its phase relation with the local current.
If the two currents are either in phase or
180° out of phase the efficiency of rectifi-
cation is a maximum; if 90° out of phase
a minimum. In ordinary heterodyning the
initial phase difference depends on the
time of sparking at the transmitter and
hence this initial phase difference will be
different for each wave train. As the
frequency of the two currents are sub-
stantially the same and as.the duration of

occur in practice depends on the beat
frequency, the damping of the incoming
wave and the damping of the receiving
circuit. As the damping of the receiving
circuit is almost invariably much less than
the damping of the incoming wave it is
the determining factor. In any practical
case, however, where the beat frequency
is kept above 20,000 cycles there is a
sufficient number of beats to minimize the
initial phase differences and maintain the
characteristic tone.

The phenomena which occur in the
reception of modulated continuous wave
telegraphy and telephony are substantially
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Figure “A”

a wave train is short compared to the
time necessary to produce a complete beat
at an audible frequency, this initial phase
difference is maintained throughout the
wave train. Hence, the different wave
trains are rectified with varying efficiency,

a combination of those explained in the
cases of undamped and damped wave
reception. The adjustments are made in
the same manner as for damped waves
and the only precaution necessary in the
reception of telephony is to damp the
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amplifier circuits somewhat to prevent
distortion of the speech by excessive
resonance.

The arrangement found most suitable
for practical working is shown in Fig, 3.

Both rectifications are carried out by three

element vacuum tubes. The amplifier here
shown is resistance coupled, although any
form of coupling may be used. The tuned
circuits L,C, and L,C, are preferably adjust-
ed to some frequency between 50,000 and
100,000 cycles. The circuit LC may be
made regenerative if so desired by any
form of reactive coupling but the practica-
bility of this depends largely on the
amount of time which is available for
making adjustments.

In the diagram of Fig. 8 only two stages
of high frequency amplification are shown
but at least four and preferably six should
be used to get the maximum advantage of

amplification is best carried out in stages
of several frequencies, the amplification
on each frequency being carried as far as
possible without loss of stability. As soon
as the limit of stable operation is approach-
ed, no further amplification should be
attempted until the frequency has been
changed.

The foregoing descriptions and explana-
tions do not pretend to any save a most
superficial treatment of the phenomena
present in this method of reception. Lack
of time has prevented a careful study and
quantitative data only of the roughest
sort has been obtained. Sufficient work
has been done, however, to demonstrate
the value of the method particularly in
the case of modulated continuous wave
telegraphy and telephony. In this field
neither the amplification nor the selectivity
can be equalled by any direct method. The

Figure “B”

this method. This is because the trans-
formation of frequency is accomplished
only by a certain loss so that something
between one and two stages of amplifica-
tion is required before this is overcome
and it is possible to realize a gain. In
this figure a separate heterodyne is shown
and it will generally be necessary to use
it on account of the mistuning which is
involved in the use of the self heterodyne.
This mistuning is considerable on 600
meters but on the shorter waves it is
possible to use the self heterodyne method
with equal efficiency as far as signal
strength is concerned and a great gain in
simplicity, as adjustments have been re-
duced to the minimum of a single one.

It may be observed here that this method
is not limited to one transformation of
frequency with one subsequent amplifica-
tion. If the frequency to be received is
5,000,000 cycles this may be stepped down
to 500,000 cycles, amplified, stepped down
again to 50,000 cycles, re-amplified and
detected as illustrated by Fig. 4. The
great advantage of this method of
amplification is that the tendency to
oscillate due to the reaction between the
output of the amplifier and the input
is eliminated as the frequencies are
widely different. Tk~ ~»'- +~ ction which
can take place is in each individual
amplifier. Hence, lu¢ piocess of extreme

practice of this method involves the use of
many known inventions but in connection
with the production of a superaudible fre-
quency by heterodyning I wish to make due
acknowledgement to the work of Meissner,
Round and Levy, which is now of record.
The application of the principle to the
reception of short wave is, I believe, new
and it is for this reason that this paper is
presented.

While the fundamental idea of this
method of reception is relatively simple
the production of the present form of the
apparatus was a task of the greatest
difficulty for reasons known only too well
to those familiar with multistage amplifiers
and to Lieutenant W. A. MacDonald,
Master Signal Electricians J. Pressley and
H. W. Lewis and Sergeant H. Houck, all
of the Division of Research and Inspection
Signal Corps A. E. F., I wish to give full
credit for its accomplishment.

ADDENDUM.

For the purpose of facilitating the con-
struction of an amplifier suitable for short
wave lengths, Figures A and B are added to
the original paper, and such values as can
be specified are given. The constants of
the loop and heterodyne coils depend, of
course, on the particular range which it
is desired to cover, but this is readily ob-
tained by trial.
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Fig.

. A
8=.0005 mfds. max.

,=.00056 mifds.
R,=1 megohm
L,=about 1/20 L
C, and C,=.001 mfds.
L, and L,=560 millihenrys
,=.1 mifd.
g,=.0005 mfds. max.

R, R, and R,=560,000 ohms
R/ R, R,=1 megohm
C,and C,=.0006 mfds.
C,=.0006 mfds. max.
C.=.1 mid.

Cs C, and C,=.005 mfds.
R, and R,=12,000 ohms.

NOTE. The purpose of the filter is to
keep the radio frequency currents out of
the telephone cords and thereby prevent
reaction on-the input side of the amplifier
with resulting oscillations. This filter is
not always necessary and it will frequently
be possible to cut out one or both stages.

With an amplifier consisting of six
Type V tubes plus two tubes in the fre-
quency transformer, or eight in all, it has
been possible to receive the signals of
lamat’.eur stations in Texas on a three foot
00p.

Hartley Research Laboratory,
Columbia University.
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The problem of receiving weak signals of short
wave length in a practical manner has become of
great importance in recent years. This is especially
true in connection with direction finding work where
the receiver must respond to a very small fraction of
the energy which can be picked up by a loop
antenna.

The problem may be summed up in the
following words: -- to construct a receiver for
undamped, modulated continuous, and damped
oscillations which is substantially equally sensitive
over arange of wave lengths from 50 to 600 meters,
which is capable of rapid adjustment from one wave
to another, and which does not distort or lose any
characteristic note or tone inherent in the
transmitter.

It is, of course, obvious that some form of
amplification must be used, but a study of the
various known methods soon convinces one that a
satisfactory solution cannot be obtained by any
direct method. In the interest of completeness, we
will consider the three well-known direct means
which might possibly be employed, and examine
the limitations which apply to each. These three
methods are: --

(1) Amplification of the audio frequency
current after rectification;

(2)  Amplification of the radio frequency
current before rectification: and

(3)  Amplification of the heterodyne principle
to increase the efficiency of rectification.

Consider the first method of rectifying the radio
frequency current and amplifying the resulting audio
frequency current. Two limitations at once present
themselves, one inherent in audio frequency
amplifiers, and the other inherent in all known
rectifiers.  The limitation in the amplifier is the
residual noise which makes it impractical to use
effectively more than two stages of amplification.
The second limitation lies in the characteristic of the
detector or rectifier. All rectifiers have a

characteristic such that the rectified or audio
frequency current is roughly proportional to the
square of the impressed radio frequency emf.
Hence the efficiency of rectification becomes
increasingly poorer the weaker the signal until a
point is reached below which the detector
practically ceases to respond.

The second method of attack on the
problem is the amplification of the received radio
frequency currents before rectification to a point
where they can be efficiently dealt with by the
detector. This method is ideal on long waves, and
various methods of inductance, resistance, and
capacity couplings have been successfully used,
but when the attempt is made to use the same
methods of coupling on wave lengths below 600
meters, it results in complete failure. This is
because the low capacity reactance existing
between the various elements of the tubes causes
them, in effect, to act as a short circuit around the
coupling means and thereby prevents the
establishment of a difference of potential in the
external plate circuit. It is, of course, possible to
eliminate the short-circuiting by tuning with a
parallel inductance but this introduces a
complication of adjustment which is highly
objectionable and the tuning of all circuits also
leads to difficulty with undesirable internal
oscillations.

The third method which might be used is the
heterodyne method to increase the efficiency of the
rectification. Great increase in signal strength is
possible by means of this method, particularly
where the signal is very weak, but there are certain
reasons why it cannot be effectively used in practice
at the present time. The chief reason in receiving
continuous waves of short wave length is the
instability of the beat tone which makes operations
below 600 meters unsatisfactory. This
disadvantage does not apply to reception of spark
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signals but here the loss of the clear tone
and its individuality offsets much of the gain due to
increased signal strength.

In the case of telephony the distortion which
always results likewise offsets the gain in strength.
It is, of course, undeniable that there are many
special cases where the use of the heterodyne on
short wave lengths is of the greatest advantage but
the foregoing remarks apply to the broad field of
commercial working where the practical aspects of
the case greatly reduce the value of the
amplification obtained by this method.

In spite of the great difficulties involved in a
direct solution, great success was obtained by
Round in England and Latour in France in the
production of radio frequency amplifiers to cover
effectively a range from 300 to 800 meters. This
result was accomplished only by the most
painstaking and careful experiment and represents
some of the very finest radio work carried out during
the war.

Round secured his solution by constructing
tubes having an extremely small capacity without
increase in internal resistance above normal values
and coupling the tubes by means of transformers
wound with very fine wire to keep down the capacity
and very high resistance to prevent oscillation at the
resonant frequency of the system. The effect on the
high ratio of inductance to capacity and the high
resistance of the winding is to flatten the resonance
curve of the system and widen the range of
response. Latour solved the problem by the use of
iron core transformers wound with very fine wire,
the iron serving the double purpose of increasing
the ratio of inductance to capacity and introducing
resistance into the system. Both these factors
widen the range of response.

It is the purpose of this paper to describe a
method of reception evolved at the Division of
Research and Inspection of the Signal Corps,
American Expeditionary Force, which solves the
problem by means of an expedient. This expedient
consists in reducing the frequency of the incoming
signal to some predetermined super-audible
frequency which can be readily amplified, passing
the current thru an amplifier, and then detecting or
rectifying the amplified current.

The transformation of the original radio
frequency is best accomplished by means of the
heterodyne and rectification, and the fundamental
phenomena involved will be understood by
reference to Figure 1.
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Here LC represents the usual tuned
receiving circuit, loop or otherwise, H a separate
heterodyne, and D, a rectifier. A is a radio
frequency amplifier designed to operate on some
predetermined frequency. This frequency may be
any convenient frequency which is substantially
above audibility. The amplifier is connected on its
input side to rectifier D, and on its output side to a
second rectifier D, and a telephone or other
receiver.

Suppose now that the frequency to be
received is 3,000,000 cycles per second
corresponding to a wave length of 100 meters and,
for the sake of simplicity, that the incoming waves
are undamped. Also, assume that the amplifier A
has been designed for maximum efficiency at
100,000 cycles per second. The circuit LC is tuned
to 3,000,000 cycles, and the heterodyne H is
adjusted to either 3,100,000 or 2,900,000 cycles
either of which will produce a beat frequency of
100,000 cycles per second. The combined currents
of 3,000,000 and 3,100,000 (or 2,900,000) cycles
are then rectified by the rectifier D, to produce in
the primary of the transformer T, a direct current
with a superimposed 100,000-cycle component.
This 100,000 cycle current is then amplified to any
desired degree by the amplifier A and detected or
rectified by D ,,.

In order to get an audible tone where
telephone reception is used some form of
modulation or interruption must, of course, be
employed in connection with this second
rectification of current in connection with this
second rectification as the current in the output
circuit of the amplifier is of a frequency above
audibility. While this frequency is only 100,000
cycles and while it is therefore well within the range
of practical heterodyning, its steadiness depends on
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the beats between 3,000,000 and
3,100,000 cycles per second and hence in any
attempt to heterodyne it to audibility the same
difficulties due to fluctuation would be encountered
as in heterodyning the original frequency to
audibility. However, the inability to use the
heterodyne on the second rectification is not of
great importance because the amplitude of the
signal to be rectified is large and hence the
difference (as far as signal strength in the telephone
is concerned) between heterodyne and modulated
reception is not great.

It is important to note here that the value of the
heterodyne current in the first rectifier should
always be kept at the optimum value to ensure the
carrying out of the first rectification at the point of
maximum efficiency. This adjustment, however, is
not a critical one, and, once made, it is seldom
necessary to change it. The amplifier A may be
made selective and highly regenerative if so
desired, and some very great increases in the
selectivity of the system as a whole can be secured.
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Figure 2

Figure 2 illustrates the principle involved. This
arrangement is substantially the same as Figure 1
except that the primary and secondary coils of the
transformer T, are tuned by means of condensers
as shown and the coupling between them is
reduced to the proper value to insure sharp tuning.

This system of connection has all the
advantages of tuning to the differential frequency in
the manner well known in the art and an additional
one due to the fact that since it is above audibility
the musical character of atmospheric disturbances
so troublesome in audio frequency tuning, does not
appear.

So far, the reception of undamped waves only
has been considered, but this method of
amplification is applicable also to the reception of
damped wave telegraphy and to telephony with

practically equal efficiency and without distortion of
any characteristics of tone. It is somewhat difficult
1o understand this, particularly in the case of the
reception of spark signals as in all previous
experience the heterodyning of a spark signal has
resulted in the loss of the note, whereas in the
present case the individuality between stations is
more marked even than on a crystal rectifier.

This is the most interesting point in the
operation of the system and the reason will be
understood from the following analysis:

In heterodyning, the efficiency of rectification of
the signaling current depends on its phase relation
with the local current. if the two currents are either
in phase or 180" out of phase the efficiency of
rectification is a maximum; if 90° out of phase a
minimum. In ordinary heterodyning, the initial
phase difference depends on the time of sparking
at the transmitter and hence this initial phase
difference will be different for each wave train. As
the frequency of the two currents are substantially
the same, and as the duration of a wave train is
short compared to the time necessary to produce a
complete beat at an audible trequency, the initial
phase difference is maintained thruout the wave
train. Hence, the different wave trains are rectified
with varying efficiency, the tetephone current
becomes irregular, and a rough or hissing tone
resulits,

In the present method of heterodyning, the
beat frequency is high so that several beats per
wave frain are produced. As a consequence, the
phase angle between the signaling and local
currents varies thru several cycles and the initial
phase difference becomes a matter of minor
importance. The number of beats which actually
occur in practice depends upon the beat frequency,
the damping of the incoming wave, and the
damping of the receiving circuit. As the damping of
the receiving circuit is almost invariably much less
than the damping of the incoming wave, it is the
determining factor. In any practical case, however,
where the beat frequency is kept over 20,000 cycles
per second there is a sufficient number of beats to
minimize the initial phase differences and maintain
the characteristic tone.

The phenomena which occur in the
reception of modulated continuous wave telegraphy
and telephony are substantially a combination of
those explained in the cases of undamped and
damped wave reception. The adjustments are
made in the same manner as for damped waves and
the only precaution necessary in the reception of
telephony is to damp the amplifier circuits
somewhat to prevent distortion of the speech by
excessive resonance.
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The general arrangement found most suitable
for practical working is shown in Figure 3. Both
rectifications are carried out by three-element
vacuum tubes. The amplifier here shown is
resistance coupled, although any form of coupling
may be used. The tuned circuits LC and L202 are
preferably adjusted to some frequency between
50,000 and 100,000 cycles. The circuit LC may be
made regenerative, if so desired, by any form of
reactive coupling, but the practicability of this
depends largely on the amount of time which is
available for making adjustments.
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Figure 3

In the diagram of Figure 3, only two stages of
radio frequency amplification are shown, but at least
four and preferably six should be used to get the
maximum advantage of this method. This is
because the transformation of frequency is
accomplished only by a certain loss so that
something between one and two stages of
amplification is required before this is overcome and
it is possible to realize a gain. In this figure a
separate heterodyne is shown, and it will generally
be necessary to use it on account of the mistuning
which is involved in the use of the self heterodyne.
This mistuning is considerable on 600 meters but on
the shorter waves it is possible to use the self
heterodyne method with equal efficiency as far as
signal strength is concerned and a great gain in
simplicity, as adjustments have been reduced to the
minimum of a single one.

it may be observed here that this method is not
limited to one transformation of frequency with one
subsequent amplification. If the frequency to be
received is 5,000,000 cycles this may be stepped
down to 500,000 cycles, amplified, stepped down
again to 50,000 cycles, reamplified and detected.
The great advantage of this method of amplification
is that the tendency to oscillate due to the reaction
between the output of the amplifier and the input is

eliminated as the frequencies are widely different.
The only reaction which can take place is in each
individual amplifier. Hence, the process of extreme
amplification is best carried out in stages of several
frequencies, the amplification on each frequency
being carried as far as possible without loss of
stability. As soon as the limit of stable operation is
approached, no further amplification should be
attempted until the frequency has been changed.
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Figure 4

The foregoing descriptions and
explanations do not pretend to be any save a most
superficial treatment of the phenomena present in
this method of reception. Lack of time has
prevented a careful study and quantitative data only
of the roughest sort has been obtained. Sufficient
work has been done, however, to demonstrate the
value of the method particularly in the case of
modulated continuous wave telegraphy and
telephony. In this field neither the amplification nor
the selectivity can be equaled by any direct method.

The practical results which have been
obtained may perhaps be of interest. With a
ten-turn, three-foot (1 meter) loop antenna and an
amplifier consisting of six stages, resistance
coupled, making a total of eight tubes, the night
signals of ships working with the Florida and Gulf
stations are loudly received. The night signals of
amateur stations in the Middle West are regularly
received as are also the signals of stations in the
Gulf States.

The general arrangement of the apparatus
used is shown in Figures 5 and 6 which illustrate the
scheme of connections of the frequency
transformer and amplifier respectively. Four stages
of amplification only are shown but six were actually
used. Itis beyond question much more efficient to
use some form of inductive coupling since the
amplifier is intended to operate on only one
frequency and the use of a resistance coupled
amplifier is not recommended where one of the
former type is available.
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The new practice of this method involves the
use of many known inventions, but in connection
with the production of a superaudible frequency by
heterodyning | wish to make due acknowledgment
to the work of Meissner, Round, and Levy, which is
now of record. The application of the principle to
the réception of short waves s, | believe, new and it
is for this reason that this paper is presented.

While the fundamental idea of this method of
reception is relatively simple, the production of the
present form of the apparatus was a task of the
greatest difficulty for reasons known only too well to
those familiar with multistage amplifiers; and to
Lieutenant W. A. MacDonald, Master Signal
Electricians J. Pressby and H. W. Lewis, and
Sergeant H. Houck, all of the Division of Research
and Inspection, Signal Corps, A. E. F., | wish to give
full credit for its accomplishment.

SUMMARY

The various possible known methods of amplifying
incoming signals of very short wave length (below 600
meters) are described and their limitations considered

The new method then described consists (for
continuous wave reception) of the following steps:-

1. Heterodyning, with the production of a beat
frequency which is itseif a radio frequency (for example,
100,000 cycles per second).

2. Rectification of the beat current.

3. Amplification at the beat radio
frequency,preferably by a tuned amplifier.

4. Audio frequency modulation of the amplified
current.

5. Rectitication of the modufated current.

For reception of damped wave or radiophone
signals, step 4 is omitted. It is shown that in this case the
quality (characteristic tone) of the incoming signals is
preserved.

DISCUSSION

A. S. Blatterman (by letter received December
17, 1919): Up to the present time it has been found
very difficult to amplify radio signals having
oscillation frequencies of the order of 1,000,000
cycles and practically impossible to do so when the
frequency reaches 3,000,000 cycles or greater. The
difficulties are attributable chiefly to capacity effects
in the vacuum tubes as well as in the wiring, and
also because it is a fairly difficult problem to build a
really satisfactory coupling impedance or
transformer to connect up the output of one tube
with the input side of the tube next in series when
the frequency is very high. Movements of the hands
of the operator or of his body near the apparatus in
such cases cause extremely minute changes in
capacity which are, nevertheless, sufficient to cause
changes in tuning that seriously reduce the received
signals.

Moreover, it is seldom, if ever, that a radio
receiver can be designed for a single frequency.
Both at the extremely high frequencies just
mentioned as well as for the lower frequencies
corresponding to the long wave lengths, it is
practically always necessary to arrange for
reception over a more or less limited range of wave
lengths and this requirement has also been a very
serious factor in the design of all radio frequency
amplifiers up to the present time. At radio
frequencies it is possible, convenient and desirable
to use tuned transformers for the couplings between
successive stages; but because of the necessity for
making the amplifier responsive over a large
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number of wave lengths the tuning of the
transformers must be relatively broad. This involves
the arbitrary introduction of resistance into the
circuits and the loss in efficiency that results
seriously reduces the overall amplification.

Major Armstrong has met the above difficulties
in the way of radio frequency amplification by a
method which in principle is as simple as it is highly
ingenious, and, at least for the amplification of
excessively short wave lengths, appears to be a
satisfactory solution of the problem in hand. The
principle can, as is stated by Major Armstrong, be
applied to damped wave and continuous wave
telegraphy and to telephony. For receiving
continuous waves a second heterodyne, either self
or separate, must be brought to act on the second
detector or eise some form of chopper must be
used. For very short waves of the order of 50
meters, it is possible to make a self-heterodyne of
the first tube and thus avoid the extra adjustments
and apparatus required by a separate local
oscillator.

In this case it is advisable to use as low a beat
frequency as possible in order not to necessitate
too much mistuning, and to design the amplifier
circuits accordingly. The question, however, of
selecting the proper super-audible beat frequency
and the actions involved in the performance of these
circuits are not as simple perhaps as Major
Armstrong may have led some of us to believe.
Upon closer inspection it is found that certain
limitations must be imposed upon the design,
especially in application to the reception of spark
and telephone signals, and it appears likely that the
system cannot be used to advantage at all radio
frequencies.

The following paragraphs may be of particular
interest in connection with the opinion held by some
that the present amplifier will tend toward returning
spark radio systems to the favor accorded them
before the advantages of continuous waves were SO
fully appreciated and utilized.

GENERAL THEORETICAL CONSIDERATIONS

In the reception of continuous waves by the
method under consideration the actions involved
are relatively simple.  The interference of the
incoming signal oscillation with that produced
locally results in a beat frequency which is almost
truly sinusoidal and makes the design of the
coupling transformers a very satisfactory

proposition with the possibility of securing
maximum amplification through sharp tuning and
accurate resonance adjustments. In this case also,
it is quite immaterial, as far as the operation of the
amplifier is concerned, whether the super-audible
beat frequency used is adjusted to something of the
order of 100,000 or 200,000 cycles or whether it is
set at a low value of say 15,000 cycles.

For receiving spark signals, however, and
for telephony the situation is somewhat different.
Special precautions must be taken in order to avoid
distortion effects, and the selection of proper value
of the super- audible beat frequency is important.

R /S d

Fiaues 1

Figure 1 is supposed to represent trains of
damped voltage oscillations such as are produced
at the detector of a receiving circuit by a spark
transmitter. The successive groups of oscillations
recur at tonal frequencies, each group being the
result of a discharge at the spark gap of the
transmitter. The mathematical expression for such
a train of oscillations may be written as follows:

[v+Visin (pt+é:)+Vasin (2pt+$) + Vasin Bpt+d)+
V. sin (n pt+4.)] sinwit Q)]

wherein the bracketed expression is the equation of
the envelope curve bounding the amplitude of the
radio frequency oscillations, expressed in terms of a
Fourier's series, and the last term, sin wt, refers to
the radio frequency oscillation of periodicity w,
which is to be considered as an oscillation
modulated at audible frequency according to the
envelope curve just mentioned.

The envelope contains a fundamental
frequency corresponding top and all the harmonics
2p, 3p, 4p.....np characteristic of the spark
frequency and of the decrements of the transmitter
and receiver. Thus, ordinarily the periodicity p
would correspond to a 500- or 1000-cycle spark
and the harmonics may run to the 10th or 20th
before their amplitudes are small enough to make
them negligible. V., V, v, V_ designate
respectively the amplitudes of the fundamental and
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the various harmonics.
represent their phases.
The voltage produced by the local oscillator for
heterodyning is
V'cos (wyt + 0) (2)

¢1,p2 ....pn and so on

The total or resultant voltage acting on the first
detector at every instant is therefore given by the
sum of expressions (1) and (2). This can be written
in the following form

. I (w1 —wi—p) L+ (P, — ) (o +om—p) L+ (4, +#)
I'y| cos — 2 cos £
(wi—wi+p)t+(p,—0) (w1t ent+p)t+(d,+4)
—ain Y &n 2
N l',[coa gm_—m—2£2)lj- ($1—4) cos (:u|+:-n—2p2)l+(¢x+0)

. {wi—wr+2p)t+(y—4) (wi+ms+2p)t+ (b +#)
-""—2._ —— &in 2
[ (wi—wr—3p)t+($a—4) (Wl+m1—3P)l+(¢a+”)
+Vs| cos ————— — cos

2 2
. wi—an+3p)t+($;—A) (w|+nu+3p)l+(¢a+”)
—8in 2 sin 2
+
(n—wn=np)t+(P.—4) (w1 +wr—np)t + (Pa+#)
+ Vo cos — g cos 2
A~ p) 4+ (Ha=6)  (wi+wr+np)i+(.+#)
—sin 7 —— sin 2
+Vainwmt (3)

In each of the bracketed terms four different

. frequencies appear, namely,

o —wi—kp

T 4z

o —wi+kp
47

wtwm~kp

. 4

o+ wr+kp
4

k having the different values 1, 2, 3, 4,..n
corresponding to the 1st, 2nd, 3rd, 4th, or nth
bracket involving the 1st, 2nd, 3rd, or nth harmonic.

The explicit values of these frequencies depend
principally upon the values w, and w, of the
incoming and local frequencies and also to an
increasing extent upon the periodicities kp, of the
audio harmonic spark frequencies, for the higher
harmonics. Relatively, the four frequencies

concerned may be of the same or very different
orders of magnitude, and the two cases presented
hereby involve important practical considerations in
the design and use of the amplifier.  The two
different conditions may be treated separately under
the headings (1) Short Wave Reception and (2)
Long Wave Reception.

SHORT WAVE RECEPTION

The wave lengths to be considered here are
of the order of 50 or 100 meters, or shorter. In this
case w, and w, are both very large and of the four
frequencies mentioned above the two involving the
differences w, - w, are considerably smaller than
the two comprising the sums w, + w,. Thus, the
two trigonometric products whick appear in each of
the bracketed terms of (3) indicate a radio
frequency voltage of frequency

wrtentkp
4n

modulated by a considerably lower, though still
super- audible, frequency, in the present amplifier,

of value
w1 —witkp

4

The form of such a voltage wave for one of the
trigonometric products is shown in Figure 2.
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cos (ant-wnt-Kpt)+ (ﬁ")m(ﬁ"‘wz-wﬁ *(ﬁq
2 [4

Fiqure 2

After rectification at the first detector tube
the above frequencies are still essentially present
and are impressed upon the amplifier proper. The
frequencies

w1 —watk p
4r
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are the heterodyne beat frequencies produced by
interference of the local and signal voltages. The
transformers of the amplifier are designed for
frequencies of their order of magnitude and are not,
therefore, affected by the radio frequencies
-+ wr£kp
4r
No energy of these latter frequencies passes thru
the amplifier. Neither does energy of the incoming
signal (radio) frequency w, represented by the last
term of (3), particularly if the transformers between
stages of the amplifier are not broadly tuned. This is
the normal way in which the amplifier works and is
that described by Major Armstrong.
It is only the beat or difference frequencies

an—wi—kp (ixr_—wz-Hcp

4 and 47

that have to be considered in designing the
transformers and circuits. All of these frequencies
lie in the neighborhood of the value

@y — W2

4

which is the fundamental or basic beat frequency
produced by the signal and local oscillations. They
are greater and less than the value by the amounts

is Tan T4x 4=

The transformers are fundamentally designed
for the basic or mean frequency This can be
adjusted by regulating the local oscillation but its
proper value is by no means immaterial. Itis
limited in the lower ranges by the fact that it must be
above audibility, and thus about 20,000 cycles is as
low as is permissible. The limitations in the other
direction are those usually encountered in
amplification of extremely high frequencies and a
value of 5 X 10° cycles is about as high as can be
used effectively.

The transformers should be as sharply tuned as
possible to permit the building up of high voltages
and avoid losses in resistance. A second
requirement is that there shall be no distortion in the
tonal quality of the received signal as it passes thru
the transformers.

This means that essentially all of the harmonics
contained in the envelope curve of the arriving
modulated oscillations must appear in the
telephone current of the last detector. Thus, it is

necessary to transmit equally thru the coupling
transformers of the amplifier all of the frequencies.

wn—w2—kp

on—wrtkDp and o

4

and while designing the transformers for the basic
frequency the tuning must be broad enough
so that the response is practically uniform over all
the frequencies up to on either side of the basic
value. A spark signal may contain appreciable
harmonics up to the 10th or 20th which in a 500
cycle transmission of the usual type would mean
that the amplifier transformers at the receiver would
have to pass side frequencies up to 10,000 or
20,000 cycles above and below the basic frequency
on which the design is based.

Laboratory experience has shown that it is
difficult to build high frequency transformers tuned
flatly enough to pass frequencies more than about
40 percent above or below their best frequency.
Even this value is accompanied by a marked loss of
over-all efficiency because of the resistance effect
that must be introduced to broaden the tuning. It is
obviously impractable, therefore, to use
transformers designed for a heterodyne frequency
of 20,000 or 30,000 cycles, because a great many
of the harmonic side frequencies that have to be
transmitted to preserve the quality would be lost,
and in order to get even a few of them the flat tuning
required and the resistance inserted to secure it
would mean low efficiency. It is much better in this
case to work at a beat frequency of 100,000 cycles.
The 10th harmonic in the spark frequency under
consideration, that is: 10,000 cycles, is then only off
tune by 10 per cent which allows fairly good
efficiency to be realized in the transformers. A beat
frequency of 200,000 cycles would be even better.

There is another circumstance which favors
the use of high beat frequencies, at least for the
reception of short wave lengths, and that is the
small changes in either the signal or the local
oscillator frequencies such as might be caused by
movements of the operator’s hand or body in the
neighborhood of one of the circuits, cause a much
smaller percentage change in the beat frequency
when this is high than when it is low, and the
apparatus thereby becomes more nearly immune to
such variations. At longer wavelengths, however,
conditions are altered somewhat and there is an
upper limit to the usable beat frequency.

The beat frequency can be produced with
the local frequency (w,) either less or greater than
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the incoming frequency (w,). Itis usually best, with
short waves, to make w, less than w,, because it is
more easily controlled and freer from variations of
the type just mentioned.

LONG WAVE RECEPTION

In the reception of long wave lengths a
condition arises in which the incoming signal
frequency is of the same order of magnitude as the
heterodyne frequency for which the transformers
are designed. Such is the case, for instance, when
receiving a wave length of 3,000 meters with an
amplifier tuned to the beat frequency of 100,000
cycles. When this condition exists, the incoming
frequency, /2,  represented by the fast term
of (3), passes thru the ampilifier together with alf the
heterodyne frequencies

g.—wz—_k_l) d wr— w2 +kp

4z 4=

and interfering with all of them in their different
amplitudes and phases produces a congiomeration
of resultants which will be heard in the telephones,
after rectification at the last detector, as a badly
distorted, mushy signal fike that usually heard when
receiving spark signals on an ordinary oscillating
receiver. This will always happen if the incoming
signal frequency passes thru the amplifier. in order
to avoid the effect, therefore, it is necessary to
design the amplifier for heterodyne frequencies that
lie wholly outside the range of wave lengths to be
received. It is easy to accomplish this, as will
readily be seen, when short wave lengths are
invoived but when waves of one or several thousand
meters are to be handled the proper selection of the
value of the heterodyne frequency requires careful
consideration.

As an example, consider the case of a receiver
to function on alf wave lengths from 1,000 meters to
5,000 meters; that is, 300,000 cycles to 60,000
cycles. In order to avoid distortion of the kind just
mentioned on certain wave lengths this whole band
of frequencies is at once eliminated from use as
heterodyne frequencies in the amplifier, and the
range ought to be extended at least 10,000 cycles
beyond this at both ends because the spark signal
may contain appreciable harmonics up to this value
and certain of the side frequencies of the incoming

oscillation might therefore get directly through the
amplifier and produce distortion. In the case under
consideration, therefore, the amplifier ought to be
designed for a frequency either less than 50,000
cycles or greater than 310,000 cycles.

The disadvantages in using low heterodyne
frequencies (on the 50,000 cycle end in this case)
have been pointed out above in discussing the
reception of short waves. Broad transformer tuning
with compara- tively low efficiency is required to
avoid the other kind of distortion due to efimination
or at least the reduction of the higher harmonics.
But in addition to this there must be considered the
fact that static is always more pronounced at long
wave lengths and an ampifier designed for low
frequencies might therefore be expected to be more
affected by these disturbances than one using
higher frequencies.

For these reasons it appears very desirable
to design the amplifier transformers for a beat
frequency of the order of 35,000 or 400,000 cycles,
that is, about 750 meters, in the case under
consideration.

if spark or telephone signals were to be
received on extremely long wave lengths such, for
instance, as 15,000 meters (20,000 cycles) there is
another consideration that would come in to fimit
the upper value of heterodyne frequency that couid
be used. This may best be explained by reference
to the formuia (3) above. High heterodyne
frequencies of the order of 500,000 cycles cannot
be used in this case because the sum of the signal
and local frequencies (r+wetkp)/d=

(carrier trequencies) would come
thru almost as well as the difference or desired beat
frequencies, namely, (w1 — w22k p)/4 = (modulating
frequencies) and very bad distortion would resuit.
To take the figures given,f 4 would be 20,000 cycles
and f, 520,000 cycles. Their sum would be 540,000
and their difference 500,000, a variation of less than
10 per cent and both therefore conceivabiy within
the working range of an ampiifier transformer.

The type of distortion discussed above
which is caused by the passage of the incoming
frequency directly thru the amplifier and which
results in a mushy, harsh signal can be confined to a
rather narrow range of wave lengths by making the
tuning of the amplifier transformers sharp. But this
cannot be carried to extremes or, as has already
been explained, it will then not be possible to pass
the side frequencies. These will, in telephone
transmissions, probably not exceed 2,000 cycles
either side of the basic frequency but in spark
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signals may run to 10,000 cycles or so in
extreme cases.

SHARPNESS OF TRANSFORMER TUNING

In order to get an idea of the sharpness of
tuning desirable in the transformers under different
conditions the curves of Figure 3 are given showing
the variation of secondary transformer potential as
function of the ratio f,/fP- 1P- that is the ratio of the
frequency to which the transformer secondary is
tuned to the varying impressed frequency.

Curve “a" is for a broadly tuned transformer of
decrement 0.8; curve "b" represents sharper tuning
with a decrement of 0.2. It will be seen that in the
first case a frequency change of 10 per cent from
the best value will cause a reduction in signal of
about 5 per cent. In the second case, a difference in
frequency from the best value of only 2 per cent
causes the same change in signal.

If the § per cent reduction in potential for the
side frequencies is assumed to be as much as is
allowable in order to avoid distortion, and if it is
further assumed that as sharp tuning as represented
by the curve "b* with 0.2 decrement is to be usable
and the harmonics or side frequencies to be passed
are to run to 5,000 cycles then the basic heterodyne
frequency for which the transformers must be set
will have to be at least 250,000 cycles; and if 10,000
cycles either side of the basic frequency are to be
passed the latter cannot be less than 500,000
cycles, which is about the upper practical limit. It
turns out, therefore, that curve “b" corresponding to
a decrement of 0.2 represents about as sharp tuning
as can be used, and even then it is necessary to use
the higher range of available heterodyne
frequencies. It is to be noted that this tuning is by
no means sharp as judged by the standards usually
set for radio circuits.

With such tuning, frequencies 15 per cent
greater and 30 per cent iess than that to which the
transformer is tuned are only reduced in amplitude
by one half, and considerable energy within these
frequencies would get directly thru the amplifier and
produce the distortion just mentioned with harsh
signal. In figures, it may be expected, if the amplifier
were tuned to 3,000 meters, that mushy signals
would be obtained for all waves between 3,900 and
2,550 meters.

If low heterodyne frequencies are to be
employed then the tuning must be broader and the
resonance curve "a" applies. Here, the allowable

reduction of 5 per cent in response occurs for a
change of about 10 per cent in frequency from the
optimum value which means that the latter must be
set for at least 50,000 cycles if a side frequency of
5,000 cycles is to get thru sufficiently to prevent
distortion. With such broad tuning, however, even
frequencies of half the value for which the
transformers are designed get thru directly with very
little loss and distortion with the mushy, harsh type
of signal may be expected over a wide range of
wave lengths.
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FIGURE 3

For purposes of design of the transformers
it is possible from the above considerations to
decide on the most suitable heterodyne frequency,
the sharpness of tuning and the approximate
decrement and to determine roughly the constants
of the transformer from the relations

o=t
2fL,
1
f= _—___._TT.
27/ Ly Cy
Still another point is involved here. In a pair
of tuned coupled circuits such as must be used in
the amplifier, the secondary and primary voltages

are proportional inversely to the square root of the
tuning capacities in the two circuits. Thatis

C,

Veo=a Vi /=5

2 1 C:
To get large secondary potentials, therefore, it is
best to use small capacity and large inductance.
Then, in order to keep the tuning or decrement to
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the desired value, the resistance must be increased,
and these statements would hold without any
qualification were the output of the vacuum tube not
definitely affected by the transformer load in their
plate circuits.

When tuned, the secondary of a transformer
introduces an effective resistance into the primary
equal to

1”2 ll)2

rs

so that changing the resistance of the secondary to
secure the decrement required to pass the side
frequencies affects the load on the tube. What is
desired is to get as high a potential V, across the
transformer primary as possible. This requires the
load impedance to be high as compared with the
internal tube impedance. Increasing r, therefore
militates against this and the best resulfs can only
be secured by careful adjustment of all factors,
coupling, resistance, and inductance to the
frequency involved.

EFFECT OF TRANSMITTER DECREMENT
AND ATMOSPHERICS

It appears that this type of amplifier functions
most effectively on incoming waves of low
decrement and that the atmospheric disturbances
which are always highly damped or else actually
dead beat may be eliminated to a very considerable
degree.

Curve "b" of Figure 4 shows a train of
oscillations in a receiving circuit such as would be
produced by a spark transmitter operating at 3,000
meters wave length and decrement 0.12. The
decrement of the receiver for this curve was taken
as 0.08. Curve "a" is similar but drawn for an
excitation of high decrement, 2.08, approximating a
static disturbance of the same frequency as that
which the receiver is tuned, that is, 3,000 meters.
These curves can both be represented by equations
of the form of equation (1) in which Fourier's series
gives the equation of the envelope curve of the
oscillations.

For the curve "b", that is, the case of smaller
damping, the different amplitudes of the harmonics
and of the constant term in the representative series
are as follows:

Waveera™ = 3000 m
_J ! 5 = ooe
R

My ..
L .;(I"JT MM [‘WTi”ﬂiuﬂll i
i

For curve "a" with high decrement the
constants are:

V = 236
V, = 38.4
V, = 24,0
V, = 19.2
V, = 14.3
Ve = 12.2
Vo= 6.3
V,o= 3.36

The amplitudes of the fundamental and
various harmonics in the two cases are plotted in
Figure 5 assuming the fundamental to be 1,000
cycles as in the usual spark transmission.
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it is seen that the amplitudes in the highly
damped signal fall off much less rapidly than those
of the more lightly damped signal. This means that
in the former case a great deal of the total energy is
contained in the harmonics, and if these are not
passed thru the amplifier there will not only be
distortion but loss in volume of signal as well. The
use of a feebly damped spark transmission with an
amplifier tuned just sharply enough to pass the
principal harmonics or side frequencies produced
therefore gives a system which largely eliminates
static disturbances.
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Ficure 3

In this respect the present arrangement is more
effective than the ordinary radio frequency amplifier.
in the latter the presence of a strong signal
oscillations at the detector, after having passed the
amplifier, amplifies the static in the same way that a
locally produced frequency would, so that when the
receiver is tuned to the incoming signal very loud
sounds are caused by the static. These diminish
rapidly, however, as the receiver is detuned,
because the signal energy then falis off and the ratio
of this, the equivalent local oscillation amplitude, to
the static amplitude being thus reduced there
resuits a much greater than proportionate decrease
in the endodyne ampilification effect on the static, as
has already been shown by Major Armstrong in
another paper.1 But in the new amplifier only the
fundamental and the first few harmonics of the static
impulse are amplified by these interactions and thus
much of the energy of such disturbances is lost.

SUMMARY AND CONCLUSIONS

The above discussion has referred
particularly to signals produced by spark
transmitters, but the same general considerations
are involved in telephone transmissions, except that
in the latter the harmonic side frequencies to be
considered will not generally exceed 2,000 cycles.
The only point concerned in the case of sustained
wave receptions is that involving the passage of the
incoming frequency directly thru the amplifier and
this should be avoided with sustained waves for the
same reasons that have been given to cover spark
transmission.

Several practical considerations have been
omitted from the discussion. Of these, one of the
most important is the difficuity that is encountered
in placing the circuits of a radio frequency amplifier
with their transformers in a box in such a way that
sharp tuning may be obtained and yet not have the
whole or part of the system go over into oscillation.
This involves careful adjustment of the various
couplings and the resistances of the circuits and the
proportions and arrangements are usually different
for every wave length. it is suggested that an
improvement might be made in this type of amplifier
over the circuits that have been drawn by Major
Armstrong, in which he uses air core tuned
transformers in all of the stages of the amplifier, by
the use of a tuned air core transformer behind the
first detector tube feeding the first stage of the
amplifier and with the stages following this coupled
by means of carefully designed iron core
transformers. The latter keep down stray fields, and
it has been found possible to build such
transformers so as to get practically the maximum
attainable amplification from the tube. By this
arrangement the sharpness of tuning required in the
amplifier is furnished by proper design of the first air
core transformer, and the trouble experienced from
coupling back, when several stages all tuned to the
same frequency are employed, is reduced by the
use of the iron core transformers which follow.

Two kinds of distortion are to be avoided.
The first is caused by the passage of the incoming
frequency directly thru the ampilifier. The second is
due to the more or less complete elimination of the
harmonic side frequencies in passing thru the
amplifier due to excess- ively sharp tuning. Thee
type of ampilifier in question is best suited to use on
very short wave lengths, at least below 300 meters.
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At long wave lengths it is difficult to avoid
distortion of the two kinds mentioned, which, in the
case of spark signals, results in a mushy, harsh
note. Above 600 meters this type of distortion may
be expected to occur over a band of wave lengths
from 15 per cent to 30 per cent above and below
that for which the ampilifier is designed.

As regards an estimate of the allowable
sharpness of tuning in different cases it would
appear that this lies approximately between the
limits set by decrements corresponding to 0.2, as
about the sharpest tuning allowable, to about 0.8 for
the broadest tuning. The latter would not be
allowable except perhaps for the reception of very
short waves. These figures apply only to the case
where several tuned transformers are used in
cascade in the amplifier. If the arrangement using
one air core transformer and the balance iron core
broadly tuned instruments as just described may be
used, the tuning of the first air core transformer
might be made considerably sharper than this, of
the order usually found in ordinary receiving tuners.

In general, the basic frequency to be used in
the design of the amplifier may be higher for long
wave lengths than for short up to a certain point, the
practical limit being in the neighborhood of 400,000
or 500,000 cycles for the reception of 6,000 meter
spark signals.  For very long waves the beat
frequency cannot be made so high.

The analysis indicates that the amplifier can be
made to be freer from interference from highly
damped spark stations and static disturbances than
the usual types.

There is one other point that has not been
mentioned although | know it has already occurred
to Major Armstrong himself. That is the question of
the extent of the loss, if any, in effecting the change
of incoming signal frequency to the value for which
the amplifier is built. An experiment made 2 at
Camp Alfred Vail in which the signal received on a
simple non-regenerative tube was compared with
that obtained by Major Armstrong’s arrangement
using a separate heterodyne, a rectifying tube for
the super-audio note, and a detector tube, indicated
that about equal signals were obtained by each
method. Apparently, the heterodyne amplification
in the second case just about makes up for the loss
which accompanies the change in frequency.

Radio Laboratories,
Camp Alfred Vail, New Jersey
December 4, 1919
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EDWIN H. ARMSTRONG

And an early model of the six tube regenoflex second harmonic super-heterodyne—one of the greatest achievements ever

made in broadcast receivers. This young inventor at one time studied under Professor J. H. Morecroft at Columbia

University, New York City. Much of his present radio experimental work is being done at the Marcellus Hartley
Laboratory at Columbia
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The Story of the Super-Heterodyne

Its Origin, Development and Some Recent Im-
provements—A Radio Club of America Paper

By EDWIN H. ARMSTRONG

Marcellus Harsley Research Laboratory, Columbia University, New York

F§ HE purpose of this paper is to de-
l scribe the development of the super-
heterodyne receiver from a war-time
invention, primarily intended for
the exceedingly important radio tele-
graphic direction finding service in the Signal
Corps of the American Expeditionary Force,
into a type of household broadcasting receiver,
which, with our present vision, appears likely
to become standard.
The invention of the super-heterodyne dates
back to the early part

tion was a Cirect outgrowth of the failure of
the vacuum tubes constructed in the United
States to meet a very important problem con-
fronting the American Expeditionary Force,
This problem was the reception of extremely
weak spark signals of frequencies varying from
about 500,000 cycles to 3,000,000 cycles, with
an absolute minimum of adjustments to enable
rapid change of wavelength. The technical
difficulties of this problem are now so well
known that it is not necessary to consider them.
H. J. Round in Eng-

of 1918. The full
technical details of
this system were made

public in the fall of
1919. Since that time

Truth and Poetry—Plus Romance

No reader who makes a practice of neatly
avoiding the “technical articles” should miss

land, and Latour in
France, by some of
the most brilliant
technical radio work
carried out during the

it has been widely
used in experimental
work and is responsi-
ble for many of the
recent accomplish-
ments in long-distance
reception from broad-
casting stations.
While the superiority
of itsperformance over
all other forms of re-
ceivers was unques-
tioned, very many
difficulties rendered it
unsuitable for use by
the general public

any of these fascinating lines of Edwin Arm.
strong’s straightforward story of the develop-
ment of the super-heterodyne, which is quite
decidedly romantic in spite of the simple and
direct way in which it is told.

This article tells how the sccond harmonic
super-heterodyne was developed after the
pressure of war-time nccessity had caused
the practical invention of the receiver. Mr.
Armstrong has some pertinent remarks to
make on radiation, reradiation, and the future
of broadcast reception in general,

Here is an article that no one genuinely
interested in radio should fail to read. Itis
an article we are proud to publish.—THE
Ebiror.

war, had produced
substantially aperiodic
radio-frequency am-
plifiers covering the
band from 500,000 to
1,200,000 cycles and
though covering a
much more limited
band, amplifiers oper-
ating on 2,000,000
cycles had been con-
structed. These re-
sults had been accom-
plished by the use of
vacuum tubes and
transformers of a min-

and confined it to the hands of engineers and
skilled amateurs. Years of concentrated ef-
fort from many different sources have pro-
duced improvements in vacuum tubes, in
transformer construction, and in the circuits
of the super-heterodyne itself, with the result
that early in the month of April there has
been made available for the general public, a
super-heterodyne receiver which meets the re-
quirements of household use.

It is a peculiar circumstance that this inven-

imum capacity. As this apparatus was used in
the highly important intelligence services, all
information was carefully guarded. When the
United States entered the war, the fact that it
Was necessary to produce extremely sensitive
receivers for short wavelengths and that tube
capacity would prove the bar to a straightfor-
ward solution of the problem was not known in
this country. As a result, no attention was
Paid to the capacity in the type of vacuum tube
which was adopted and while the tube met the
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3 Stages of Amplification

N4

75 Audii
Amplifier

FIG. |

This is a simplified schematic diagram of the ordinary super-heterodyne with

Oscillalor

requirements of the lower frequencies ad-
mirably, it was impossible to use it effectively
for the frequencies of importance in the direc-
tion finding service.

HOW THE SUPER-HETERODYNE ORIGINATED

DURING the early part of 1918, through
the courtesy and energy of General Ferrié
and his staff, the American Expeditionary
Force was supplied with apparatus of French
manufacture. 1t was quite apparent, however,
that this source of supply could not be a
permanent one and a solution of the problem
became essential. During the early part of
1917, | had made a careful study of the hetero-
dyne phenomena and their effect on the
efficiency of rectification. With these experi-
ments freshly in mind, the idea occurred to me
to solve the problem by selecting some fre-
quency which could be handled by the tubes
available, building an effective amplifier for
that frequency, and then transforming the in-
coming high frequency to this readily amplifi-
able value by some converting means which
had no low limit; preferably the heterodyne and
rectification. The principles and advantages
of this method were explained in a paper pre-
sented before this Institute and are now so well
known that no further explanation is required
here.

After much experimental work, an eight-
tube set was constructed consisting of a recti-
fier tube, a separate heterodyne oscillator, three
intermediate-frequency amplifiers, a second
rectifier or detector, and two audio-frequency
stages. The intermediate-frequency - stages
were coupled by tuned air-core transformers
set for a frequency of about 100,000 cycles,
with an adjustment for controlling the regen-
eration. The amplification of voltage measured
at the input of the second detector with the

a separate oscillator, first detector, three stages of radio-frequency amplifi-
cation and a second detector.

The audio amplifier may be added as shown

amplifier just below the oscillating point, was
about equivalent to a radio-frequency amplifi-
cation of 500.! The arrangement of its cir-
cuits in Fig. 1 gave satisfactory results except
that the inclusion of a regenerative control
on the intermediate-frequency amplifier made,
skilled handling necessary, as the adjustment
of the frequency of the oscillator changed the
plate current of the detector tube and this, in
turn, varied the resistance which that tube
introduced into the amplifier system and upset
the regenerative adjustment.

The Armistice ended development at this
point, but in the fall of 1919, for the purpose
of determining the results which could be ob-
tained by pushing the super-heterodyne method
of reception to the limit, a resistance-coupled
intermediate-frequency amplifier consisting of
gve high mu tubes was constructed. The

oltage amplification of these five stages was
‘probably between 5,000 and 10,000 fold.
While greater amplification could have been
obtained, the sensitiveness of a set composed of
a two-tube frequency converter, a five-tube
intermediate-frequency amplifier, a detector,
and one-stage of audio, was such -that on a
three-foot (one-meter) loop, the sole criterion
of reception was simply whether the signal was
stronger than the atmospheric disturbances.

PAUL GODLEY USED A SUPER-HETERODYNE. TO
COPY AMERICAN AMATEURS IN SCOTLAND

T HE sensitiveness of the super-heterodyne
was demonstrated during the winter of
1919-1920 when the spark signals from ama-
teur stations on the West coast and telephone
signals from destroyers in Southern waters

1This amplification is based on the ratio of the voltage
applied to the second detector to the voltage at the loop
terminals. The intermediate frequency amplification is
unknown.
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FIG. 2

This super-heterodyne is transformer-coupled and has been
used by Major Armstrong in many demonstrations
given under the auspices of the Radio Club of America

than should be used—more
than could be placed in the
hands of the average user.
It would obviously be of the
greatest importance if in
some way these tuning ad-
justments could all be made
in the laboratory by skilled
engineers and sealed, leaving
some relatively simple adjust-
ment for the hands of the
operator. The super-hetero-~
dyne offered the ideal solu-
tion. This solution lay in
the constructlion of an
intermediate-frequency am-

were received in the vicinity of New York on a
three-foot (one-meter) loop. Probably the
most striking demonstration of the capabilities
of the method occurred in December, 1920,
when Paul F. Godley, at Ardrossan, Scotland,
received the signals of a large number of ama-
teur stations located in the United States, many
of them being spark stations. The super-
heterodyne used by Godley consisted of a
regenerative tube for the first rectifier, a separ-
ate oscillator, four stages of resistance-coupled
intermediate-frequency amplification, a second
rectifier, and two stages of audio. While it is
difficult to state definitely the actual voltage
amplification obtained, it appears to have been
between 3,000 and 5,000 fold.!

With the coming of broadcasting and with
the great increase in the number of stations
and the consequent interference, the super-
heterodyne began to take on a new importance
—an importance which was based not on its
superior sensitiveness nor on its selectivity, but
on the great promise which the method offered
in simplicity of operation. It
was, and still is, the standard
practice to furnish the public
with receivers equipped with
a variety of tuning adjust-
ments for the purpose of
amplifying the desired band
of radio frequencies and ex-
cluding all others. As a
matter of fact, many more
adjustments are on receivers

('Based on the standard previously
described.  This is without the
second heterodyne which was used
in receiving continuous waves.)

plifier which would am-
plify a given frequency and a band 5,000
cycles above and below it and which would
cut off sharply on either side of this desired
band. The adjustments necessary to accom-
plish this could all be made by skilled men,
and the only operations left for the user would
be the two adjustments necessary to change
the incoming frequencies down to the band of
the amplifier—adjustments which are not
dependent on each other, which are of extreme
simplicity, and which can be made equally
well by the novice or the engineer. To deter-
mine just what could be accomplished along
these lines, the writer, working in conjunction
with Mr. Harry Houck constructed during
the spring of 1922, a set designed for the maxi-
mum usable sensitiveness and selectivity.

THE FIRST MODEL

HE set-up consisted of one radio-f requency
stage (non-tuned transformer) a rectifier
tube, an oscillator tube (used as a separate
heterodyne), a three-stage iron-core transform-

FIG. 3
This is the interior of the receiver pictured above
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er-coupled intermediate-frequency amplifier
designed to cover a band of 20,000 to 30,000
cycles, a second detector tube, and two stages of
audio-frequency amplification. UV-201-A tubes

L Tdmplifier

-

FIG. §

The fundamental circuit of the second harmonic
method of producing the oscillator frequency

were used. The set without the audio-fre-
quency amplifiers is illustrated in Fig. 2 and
Fig.3. To prevent the intermediate-frequency
amplifier from oscillating, each stage was
shielded separately. The use of a radio-fre-
quency stage ahead of the first detector pos-
sesses a number of advantages but the chief
one is in eliminating the reaction between the
loop circuit and the oscillator circuit. Ex-
perience with the original type had shown
that when an oscillator of ordinary power was
used, it was necessary to couple it rather

LOOP 10 TURNS
PRt

FREQUENCY
~ CHANGING
OSCILLATOR

{

50,000 Onm
GRID LEAK

FIG. 4

The ordinary type of wave-changer for the
super-heterodyne requires two tubes as shown
here—the new method is shown in Fig. 5

closely with the loop circuit in order to insure
a sufficiently strong heterodyning current.
This close coupling affected the tuning of both
circuits, an adjustment of one changing the
setting of the other. To avoid this trouble
and to produce a system wherein a station could
always be tuned-in on exactly the same set-
tings, a single stage of radio-frequency ampli-

fication (using a non-tuned transformer) was
used, and the oscillator was coupled into this
transformer. This arrangement eliminated the
reaction, reduced the radiation to a minimum,
and, in addition, removed the damping of the
first rectifier from the loop circuit and im-
proved its selectivity.

The results obtained with this set were about
as expected. On a three-foot (one-meter)
loop, the factor determining the reception of a
station was solely whether the signal strength
was above the level of the atmospherics. The
selectivity was such that stations which had
never been heard before on account of blanket-
ing by local stations, were received without a
trace of interference. While the performance
of the set was much superior to any other
receiver, it was apparent that the cost of con-
struction and maintenance was prohibitive.
The single item of a ten-ampere filament cur-
rent will give some idea of the size of the
storagebattery andauxiliary apparatus required.

With the coming of the low filament con-
sumption, or dry battery type of tube, the
possibilities of producing a super-heterodyne
for household use were tremendously improved.
The set of Fig. 3 was remodelled for the WD-11
tube and its sensitiveness was brought to about
the same value as obtained with the storage
battery tubes. This was a long step forward
but still its cost was prohibitive.

WHY THE SECOND HARMONIC PRINCIPLE WAS
DEVELOPED

lT HAD been apparent ever since the ques-
tion of the application of the super-hetero-
dyne to broadcasting had been considered, that
there were too many tubes performing a single
function which were quite capable of perform-

=l:2§ To 27 Stage

FIG. 6

This circuit makes it possible to reflex some of the inter-
mediate amplifier tubes, using them for audio amplifica-
tion as well. The result is more economical operation
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ing a double one. The most outstanding case
is that of the separate heterodyne oscillator.
In view of our knowledge of the self-heterodyne,
it appears quite obvious to perform the first
rectification by means of a self-heterodyne
oscillator and thereby save a tube. As a
matter of fact, this was one of the very first
things tried in France, but, except for very
short wavelengths, it was never very successful
when a high intermediate frequency was
necessary. The reason was this. If a single
tuned oscillating circuit was used, the detun-
ing to produce the proper beat caused a loss of
signal strength which offset the gain of a tube.
If two tuned circuits were used on the oscilla-
tor, one tuned to the signaling frequency and
the other arranged to oscillate at the hetero-
dyning frequency, then on account of the rela-
tively small percentage difference in frequency
a change in the tuning of one circuit changed
the tuning of the other. The solution of this
problem was made by Houck, who proposed an
arrangement so simple and so effective that
it completely solved the problem. Houck
proposed to connect two tuned circuits to the

R} [L o )
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This is the interior of the original receiver
built on the second harmonic principle
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FIG. 7

A similar arrangement to that shown
in Fig. 5 and explained in the text

oscillator, a simple circuit tuned to the fre-
quency of the incoming signal and a regenera-
tive circuit adjusted to oscillate at such a
frequency that the second harmonic of this fre-
quency beating with the incoming frequency
produced the desired intermediate frequency.
The general arrangement is illustrated by Fig.s.

In this circuit A is tuned to the incoming
signal, circuit B is tuned to one-half
the incoming frequency plus or minus
one-half the intermediate frequency,
and the circuits C and D are both
tuned to the intermediate frequency.
The operation of the system is in
line with ordinary self-heterodyne
action. By reason of the asymetrical
action of the tube, there are created
in the circuits a variety of harmonics.
The second harmonic combines to
produce beats with the incoming
signals of the desired intermediate
frequency, the tube rectifies them to
produce the desired intermediate
frequency and, through C and D,
the new frequency is supplied to the
amplifier. On account of the fact
that circuits A and B are tuned to
frequencies differing by approxim-
ately 100 per cent., a change in the
tuning of one has no appreciable
effect on the tuning of the other.
This arrangement solved the oscillator
problem and, in addition, practically
eliminated radiation.

The next step in the reduction of
the number of tubes, was to make
the radio-frequency amplifier per-
form the function of amplifying
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intermediate-frequency as well. This can be
done with none of the difficulties inherent in
audio-frequency amplification, as the very small
amplitudes of voltage handled by the first tube
precludes the possibility of the grid becoming
positive with respect to the filament. The
general arrangement of circuits for carrying this
out is illustrated by Fig. 6. In this arrange-
ment the signals received by the loop are am-
plified at radio-frequency by the first tube and
appliea to the grid of a second harmonic oscilla-
tor by means of an untuned radio-frequency
transformer. The combined signaling and
heterodyning currents are then rectified by
the second tube producing a current of the
intermediate-frequency which is applied to the
grid of the first tube, amplified therein "and
passed on to the second stage of the intermedi-
ate-frequency amplifier. A more practical
method of carrying out this idea is illustrated
in Fig. 7. In this arrangement, a secondary

Fig. 8
In this five tube layout a loud
speaker has been incorporated

One of the early models of the six-tube receiver.
The receivers now sold employ a similar circuit

of the first intermediate-frequency transformer
is connected to the grid of .the first tube and in
parallel with the loop circuit. Otherwise, the
arrangements of Figs. 6 and 7 are identical.
The parallel type of circuit arrangement elimi-
nates a variety of reactions which would give
rise to oscillations of various frequencies and in
addition, prevents the reception of long-wave
signals by the intermediate-frequency’ ampli-
fier. When this development had been com-
pleted, improvements in the design of the
intermediate-frequency transformers made it
possible to obtain with two stages all the am-
plification which could be used.

On account of the high amplification, signals
from local stations overload the second recti-
fier and introduce distortion. Control of the
amount of intermediate-frequency amplifica-
tion is essential. While there are numerous
methods equally effective, the simplest one
appears to be the control by means of the
filament temperature of the second intermedi-
ate-frequency amplifier.!

The features just described were all incor-
porated in the receiver which is illustrated in
Figs.8and 9. The set measured 16" x 10" x
10" and was completely self-contained—the
batteries, loop antenna, and speaker mechan-
ism being enclosed in the box. The results
were highly satisfactory and loud speaker
signals(at night) in the vicinity of New York
were obtained from stations in Chicago-and
Atlanta. 1t demonstrated that not only could
a household receiver of the super-heterodyne

1Although some form of potentiometer type of control of
the voltage applied to the grid of one of the amplifier tubes

would obviously be better, the simplicity of the filament
control has many advantages in manufacture.
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FIG. 9

Interior of the super-heterodyne portable with
which an inexperienced woman heard 2LO
during the tests run by Rabio Broapcast and
the Wireless World (London) last November

type be built, but that the first practical solu-
tion of the portable set was at hand.

FROM THE LABORATORY MODEL TO THE COM-
MERCIAL PRODUCT

lN THIS form, the capabilities of the set were
brought to the attention of the Westing-
house Electric and Manufacturing Company
and the Radio Corporation of America a little
over a yearago. lts possibilities were instantly
visualized by Mr. David Sarnoff, who immedi-
ately took steps to concentrate the resources
of the research laboratories of the Radio Cor-
poration of America, the Westinghouse, Electric
and Manufacturing Com-
pany and the General Elec-
tric Company on this new
development.  From that
point on it passed into a
new phase—that of placing
an invention in a commer-
cial form. In the limited
time available, this was a
most extraordinarily diffi-
cult proposition, and credit
for its accomplishment is
due to the untiring efforts
on the part of the engineers

The semi-portable six tube super-heterodyne now coming into
great popularity, ]
ate and produces excellent volume with marked clearness of tone

of the above organizations. Many improve-
ments and some radically new ideas of design
have been introduced, but it is the privilege of
those responsible for them to present these.
In the final development of this receiver, an ad-
ditional stage of audio-frequency amplification
was added in order to insure operation within
steel buildings, particularly those within the
city limits where signals are relatively very weak
compared to suburban locations. This makes
a six-tube set but six tubes can be readily
operated on dry batteries and the increase in
sensitiveness is well worth the extra tube.

Some idea of the sensitiveness and the ease
of operation of the set illustrated in Fig o,
may be gathered from an incident during the
Rabio  Broaocast—Wireless World trans-
atlantic broadcasting tests of November and
December, 1923. On December 1st, two
women, neither having any technical radio
knowledge, received loud speaker signals from
station 2010, London, England. This was
accomplished at Merrimac, Massachusetts,
with the set and loop illustrated in Fig. o
and perhaps constitutes a record for the first
radiophone reception from Europe “with a
portable receiver. With the same set and a
three-foot (one-meter) loop, loud speaker
signals from broadcast stations on the Pacific
Coast were received in the vicinity of New
York on an average of three or four times a
week. The sole criterion of reception was
whether the signal strength was above the
level of the atmospheric
disturbances.

The type of super-
heterodyne described here-
in is now available to
the public in the two
forms illustrated in
Figs. 10and 11. Each of

FIG. 10

It is luxurious in appearance, simple to oper-
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FI1G. 11

The loud-speaker has been made a part of the
receiver and a rotatable loop is provided in
the case below. This receiver is one of the
most luxurious ever placed on the market

these sets incorporate the arrangements herein
described. Their sensitiveness is such that,
with a two-foot loop and an unshielded location,
the atmospheric disturbances are the criterion
of reception. Here we reach a milestone in
the development of broadcast receivers for no
increase in the distance of reception can now
be obtained by increase in the sensitiveness of
the receiver. Unless the power of transmitting
stations is increased we are about at the limit of
the distance which can be covered. Future
improvement of this receiver will lie along the
line of increasing its selectivity and simplifying
its construction. Aside from the development
of the super-heterodyne but few recent radio
receivers have improved in other than their
mechanical arrangement and cabinet work.

APPENDIX

Some notes on the interaction between
receiving sets.—Radiation—Coupling be-
tween antennas—Have broadcast sta-
tions enough power to go around?

ROBABLY the greatest outstanding
Pproblem in radio is the interaction be-
tween receiving sets. This interaction
is due to several causes. The three main types
may be classed under the heading *“ Radiation,
Reradiation, and Coupling between Antennas.”
At the present moment, much attention is
focused upon the problem of radiating re-
ceivers. Much is being written about it under
the misnomer “ Reradiating receivers.” Little
has been written on the subject of reradiating
receivers and still less about the problem re-
sulting from the coupling between antennas.
Doubtless this is due to the fact that the last
two problems are at present masked by the
first one. In my opinion, they are equally
important, will cause increasing trouble and if
radio proceeds along its present lines of develop-
ment, will as seriously affect long distance re-
ception as radiating receivers are affecting it
at the present time.
To explain the above three types of inter-
ference, I will define each of them:—

RADIATION

HIS interference is produced by sets

which, of their own volition, generate
electrical oscillations of a frequency which is
determined by the constants of their own cir-
cuits. The effect on neighboring receivers is
the production of a beat note or whistle on
wavelengths close to the frequency radiated
by the oscillating receiver. This type of in-
terference is commonly and improperly called
“Reradiation.” A radiating set may also
produce interference by reradiation but this is
a secondary matter and the primary cause of
interference is radiation. The radiation is in
the form of a continuous unmodulated wave.

RERADIATION

HIS type of interference results from an
antenna picking up energy from an in-
coming wave and as the name implies, reradiat-
ing that energy into space. The reradiated
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energy is not a continuous unmodulated wave
as in the previous case but a wave which is
modulated substantially in accordance with the
modulations of the received signals an1 which
exists only as long as the received wave exists,
This type of interference is most pronounced in
the case of regenerative receivers which are set
just below the point of oscillation. It causes
trouble in near-by receivers in two ways. One
is that the energy reradiated is not in the
form in which it was originally transmitted
from the sending station but has some of the
characteristics of the receiving set superim-
posed uponit. The other is that the reradiated
energy, particularly in the case of a large an-
tenna with regeneration, boosts the signals in
adjacent antennae, producing a fictitious signal
strength in the other receivers which disap-
pears when the large antenna is tuned to an-
other station,

At present, receivers which regenerate in the
antenna are responsible for most of the trouble.
Elimination of regeneration in the antenna
would aid the situation greatly. It would not,
however, be a pérmanent solution of the pro-
blem. The elimination of regeneration in the an-
tenna would merely reduce the area over which
the effect of reradiation would be felt. If the
number of antennae increase at the present
rate, it will not be long before practically
every antenna in a city will be within the
reradiating range of a dozen others, each of
which will make its influence felt. If regener-
ation is eliminated from all the antennae,
then the question of whether the signal will be
strengthened or weakened in any individual

antenna on account of the proximity of

the others, will depend largely’ upon their
relative size, resistance and position. In
general, a small antenna in the proximity
of a large one will have its signals strengthened
when the large antenna is tuned to the same
wave, although this rule is not invariable,

COUPLING BETWEEN ANTENNAE

’ | "HIS type of interference is perhaps the
most annoying of all. It occurs where
two or more antennae are located so close to-

gether that each affects the tuning of the other.

Where several antennae are associated to-
gether and produce this effect (for example,
when they are all on the same roof) the diffi-
culties of the operator in keeping his set in

tune with a
imagined.
At the present time in congested localities,
all three of these types of interference occur
and the solution of the radiation problem, while
it is technically and economically possible of
solution, will but serve to concentrate atten-
tion upon two other problems which are not
technically capable of solution. In addition
to these specific problems, we have in cities
the much broader one of whether there is
going to be enough energy to go around. [t is
perfectly apparent at the present time that the
tuning of a large number of receivers in a con-
gested area to the same signal results in a
weakened signal for practically everybody. [f
every housetop were fitted with several an-
tennae, the question arises as to how much

particular station can well be

.energy the man in the center of the city would

find left if everyone ahead of him had absorbed
as much from the wave as possible by using as
high and efficient an antenna as he could erect.
The sole solution to this and all the other
troubles is the use of an antenna of the loop type
whose effect on near by receiving stations is
negligible.

Of course, this necessitates more sensitive
receivers with an increase in amplifying power
commensurate with the relative receptive pow-
ers of an antenna versus a loop. At first sight,
it might appear that the cost of this change
would be prohibitive but with our present rate
of development, | believe that it is going to be
possible to build loop sets as sensitive as our
present type antenna sets with but relatively
little increase in cost. At the same time, the
situation can be improved from another angle.
The power of transmitting sets will gradually
increase both because of the fact that there is
no way to eliminate the effects of atmospheric
disturbances, elevator induction, X-ray ma-
chines and all the other types of interference
which exist in a large city except to ride over
them with high power and because of the
fact that from the program standpoint, it is
economically better to concentrate talent at
one point. .

.All these factors point to the eliminatian -of
the present type of antenna which will disap-
pear in the same manner as the overhead
telegraph, telephone, electric light and trolley
wires have disappeared in the last twenty
years,
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THE SUPER-HETERODYNE

Its Origin, Development, and Some Recent Improvements

By Edwin H. Armstrong
Marcellus Hartley Research Laboratory,
Columbia University, New York

Presented before The Institute of Radio Engineers, New York, March 5, 1924

Originatly published in the Proceedings of the IRE,Vol. 12,no0. 5, Oct. 1924

The purpose of this paper is to describe the
development of the super-heterodyne receiver from
a wartime invention, primarily intended for
exceedingly important radio telegraphic
direction-finding service in the Signal Corps of the
American Expeditionary Force, into a type of
household broadcasting receiver, which, with our
present vision, appears likely to become standard.

The invention of the super-heterodyne dates
back to the early part of 1918. The full technical
details of this system were made public in the Fall of
1919.7 Since that time it has been widely used in
experimental work and is responsible for many
recent accomplishments in long distance reception
from broadcasting stations. While the superiority of
performance over all other forms of receivers was
unquestioned, very many difficulties rendered it
unsuitable for use by the general public and
confined it to the hands of engineers and skilled
amateurs.

Years of concentrated effort from many
sources have produced improvements in vacuum
tubes, in transformer construction, and in the
circuits of the super-heterodyne itself, with the result
that, at the beginning of the present month, there
has been made available for the general public a
super-heterodyne receiver which meets the
requirements of household use. It is a peculiar
circumstance that this invention was a direct
outgrowth of some experimental work undertaken
to meet a very important problem confronting the
American Expeditionary Force. This problem was
the reception of extremely weak spark signals of
frequencies varying from about 500,000 cycles to
3,000,000 cycles, with an absolute minimum of
adjustments to enable rapid change of wave length.

The technical difficulties of this problem are
now so well known that it was not necessary to
consider them.

Round in England and Latour in
France, by some of the most brilliant technical radio
work of the war, succeeded in producing radio
frequency amplifiers covering the band from
500,000 to 1,000,000 cycles and though covering a
much more limited band, amplifiers operating on
2,000,000 cycles had been constructed. These
results had been accomplished by the use of
vacuum tubes and transformers of a minimum
capacity. As this apparatus was used in the highly
important intelligence services, all information was
carefully guarded.

When the United States entered the
war, the facts that it was necessary to produce
sensitive receivers for short wave lengths and that
tube capacity would prove the bar to a
straightforward solution of the problem were not
known in this country. As a result, no attention was
paid to the capacity in the type of vacuum tube
which was adopted, and while the tube met the
requirements of lower frequencies admirably, it was
impossible to use it effectively for the frequencies of
importance in the direction-finding service.

During the early part of 1918, through
the courtesy and energy of General Ferrie and his
staff, the American Expeditionary Force was
supplied with apparatus of French manufacture. It
was quite apparent, however, that this source of
supply could not be a permanent one, and a
solution of the problem became essential.

During the early part of 1917, | had
made a careful study of the heterodyne phenomena
and their effect on the efficiency of amplification.
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With this work freshiy in mind, the
idea occurred to me to solve the problem by
selecting some frequency which could be handled
with the tubes available, building an effective
amplifier for that frequency, and then transforming
the incoming high frequency to this readily
amplifiable value by some converting means which
had no low limit; preferably the heterodyne and
rectification. The principles and advantage of this
method were explained in a paper presented before
this Institute® and are now so well known that no
further explanation is required here.

After much experimental work, an eight-tube
set was constructed consisting of a rectifier tube, a
separate heterodyne oscillator, three intermediate
frequency ampilifiers, a second rectifier or detector,
and two audio frequency stages. The intermediate
frequency stages were coupled by tuned air-core
transformers set for a frequency of about 100,000
cycles, with an adjustment for controlling the
regeneration. The amplification of voltage measured
at the input of the second detector with the amplifier
just below the oscillating point, was about
equixalent to a radio frequency ampilification of
500.

70 Avdio
Amplisier

Oscillalor

FiGure 2

The set is illustrated in Figure 1 and the
arrangement of its circuit in Figure 2. It gave
satisfactory results except that the inclusion of a
regenerative control on the intermediate frequency
amplifier made skilled handling necessary, as the
adjustment of the frequency of the oscillator
changed the plate current of the detector tube and
this, in turn, varied the resistance which that tube
introduced into the amplifier system and upset the
regenerative adjustment.

The Armistice ended development at this
point, but in the fall of 1919, for the purpose of
determining the results which could be obtained by
pushing the super-heterodyne method of reception
to the limit, a resistance-coupled intermediate
frequency ampilifier consisting of five high-mu
(amplification factor) tubes was constructed. The
voltage amplification of these five stages was
probably between 5,000- and 10,000-fold. While
greater amplification could have been obtained, the
sensitiveness of a set composed of a two-tube
frequency converter, a five-tube intermediate
frequency amplifier, a detector, and one-stage of
audio was such that on a three-foot (one-meter)
loop, the sole criterion of reception was simply
whether the signal was stronger than the
atmospheric disturbances.

The sensitiveness of the super-heterodyne
was demonstrated during the winter of 1919-1920
when the spark signals from amateur stations on the
West coast and telephone signals from destroyers
in southern waters were received in the vicinity of
New York on a three-foot (one-meter) loop.
Probably the most striking demonstration of the
capabilities of the method occurred in December,
1920, when Paul F. Godley, at Ardrosson, Scotland,
received the signals of a large number of amateur
stations located in the United States, many of them
being spark stations. The super-heterodyne used by
Godley consisted of a regenerative tube for the
rectifier, a separate oscillator, four stages of
resisostance-coupled intermediate frequency
amplification, a second rectifier, and two stages of
audio. While it is difficult to state definitely the actual
voltage amplification obtained, it appears to have
been between 3,000- and 5,000-fold.

With the coming of the broadcasting art,
and with the great increase in the number of stations
and the consequential interference, the
super-heterodyne began to take on new importance
-- an importance which was based not on its
superior sensitiveness nor on its selectivity, but on
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the great promise which the method
offered in simplicity of operation. it was, and still is,
the standard practice to furnish the public with
receivers equipped with a variety of tuning
adjustments for the purpose of amplifying the
desired band of radio frequencies and excluding all
others.

As a matter of fact, many more adjustments
than are on receivers should be used -- more than
could be placed in the hands of the average user. it
would obviously be of the greatest importance if in
some way these tuning adjustments could be made
in the laboratory by skilled engineers and sealed,
leaving some relatively simple adjustments for the
hands of the operator. The super-heterodyne
offered the ideal solution.

This solution lay in the construction of an
intermediate frequency amplifier which would
amplify a given frequency band and a band 5,000
cycles above and below it and which would cut off
sharply on either side of the desired band. The
adjustments necessary to accomplish this could be
made by skilled men, and the only operations left for
the user would be the two adjustments necessary to
change the incoming frequency down to the band of
the amplifier -- adjustments which are not
dependent on each other, which are of extreme
simplicity, and which can be made equally well by
the novice or the engineer.

To determine just what could be accomplished
along these lines, the writer, working in conjunction
with Mr. Harry Houck, constructed during the
Spring of 1922, a set designed for the maximum
usable sensitiveness and selectivity. The set-up
consisted of one radio frequency stage (non-tuned
transformer), a rectifier tube, an oscillator tube
(used as a separate heterodyne), a three-stage
iron-core transformer-coupled intermediate
frequency amplifier designed to cover a band of
20,000 to 30,000 cycles, a second detector tube,
and two stages of audio frequency amplification.
UV-201 tubes were used. The set without the audio
frequency amplifier is illustrated in Figure 3 and
Figure 4.

To prevent the intermediate frequency amplifier
from oscillating, each stage was shielded
separately. The use of a radio frequency stage
ahead of the first detector possesses a number of
advantages, but the chief one is in eliminating the
reaction time between the loop circuit and the
oscillator circuit. Experience with the original type
had shown that when an oscillator of ordinary power
was used, it was necessary to couple it rather

closely with the loop circuit in order to insure a
sufficiently strong heterodyne current. This close
coupling affected the tuning of both circuits, an
adjustment of one changing the setting of the other.

Fiauns 4

To avoid this trouble and to produce a
system wherein a station could always be tuned in
on exactly the same settings, a single stage of radio
frequency amplification (non-tuned transformer)
was used, and the oscillator was coupled into this
transformer. This arrangement eliminated the
reaction, reduced the radi- ation to a minimum and,
in addition, removed the damping of the first rectifier -
from the loop circuit and improved its selectivity.

The resuits obtained with this set were
about as expected. On a three-foot (one-meter)
loop, the factor determining the reception of a
station was solely whether the signal strength was
above the level of the atmospherics. The selectivity
was such that stations which had never been heard
before on account of blanketing by local stations,
were recelved without a trace of interference. While
the performance of the set was much superior to
any other receiver, it was apparent that the cost of
construction and maintenance was prohibitive. The
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single item of a ten ampere filament
current will give some idea of the size of the storage
battery and auxiliary apparatus required.

With the coming of the low fllament
consumption, or dry battery type of tube, the
possibilities of producing a super-heterodyne for
household use were tremendous- ly improved. The
set of Figure 3 was remodeled for the WD-11 tube,
and its sensitiveness was brought to about the same
value as obtained with the storage battery tubes.
This was a long step forward, but still the cost was
prohibitive.

It had been apparent ever since the question of
the application of the super-heterodyne to
broadcasting had been considered, that there were
too many tubes performing a single function which
were quite capable of performing a double one. The
most outstanding case is that of the separate
heterodyne oscillator. In view of our knowledge of
self-heterodyne, it appears quite obvious to perform
the first rectification by means of a self-heterodyne
oscillator and thereby save a tube.

As a matter of fact, this was one of the very first
things tried in France but, except for very short
wave lengths, it was never very successful when a
high inter- mediate frequency was necessary. The
reason was this: If a single tuned oscillating circuit
was used, the mistuning to produce the proper beat
caused a loss of signal strength which offset the
gain of the tube. If two tuned circuits were used on
the oscillator, one tuned to the signaling frequency
and the other arranged to oscillate at the
heterodyne frequency, then on account of the
relatively small percentage difference in frequency a
change in the tuning of one circuit changed the
tuning of the other.

The solution of this problem was made by
Houck, who proposed an arrangement so simple
and so effective that it completely solved the
problem. Houck proposed to connect two tuned
circuits to the oscillator, a simple circuit to the
frequency of the in- coming signal and a
regenerative circult adjusted to oscillate at such a
frequency that the second harmonic of this
frequency beating with the incoming frequency
produced the desired intermediate frequency. The
general arrangement is illustrated in Figure 5.

AmpliSier

Ficure 5

In the diagrammatic illustration, circuit A is
tuned to the incoming signal, circuit B is tuned to
one-half the incoming frequency plus or minus
one-half the inter- mediate frequency, and circuits C
and D are both tuned to the intermediate frequency.
The operation of the system is in line with ordinary
self-heterodyne action. By reason of the
asymmetrical action of the tube, there are created in
the circuits a variety of harmonics. The second
harmonic combines to produce beats with the
incoming signals of the desired inter- mediate
frequency, the tube rectifies them to produce the
desired intermediate frequency and, thou C and D,
the new frequency is supplied to the amplifier. On
account of the fact that circuits A and B are tuned to
frequencies differing by approximately 100 percent,
a change in the tuning of one has no appreciable
effect on the tuning of the other. This arrangement
solved the oscillator problem and, in addition,
practically eliminated radiation.

The next step in the reduction of the number
of tubes was to make the radio frequency amplifier
perform the function of amplifying intermediate
frequency as well. This can be done with none of the
difficulties inherent in audio frequency amplification,
as the very small amplitude of the voltages handled
by the first tube preclude the possibility of the grid
becoming positive with respect to the filament. The
general arrangement of circuits for carrying out this
is illustrated in Figure 6.

70 274 S1a
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FIGURE

In this arrangement the signals received by
the loop are amplified at radio frequency by the first
tube and applied to the grid of a second harmonic
oscillator by means of an untuned radio frequency
transformer. The combined signaling and
heterodyning currents are then rectified by the
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second tube, producing a current of the
intermediate frequency which is applied to the grid
of the first tube, amplified therein, and passed on to
the second stage of the intermediate amplifier. A
more practical method of carrying out this idea is
illustrated in Figure 7.

Figure 7

In this arrangement, a secondary of the first
intermediate frequency transformer is connected to
the grid of the first tube and in parallel with the loop
circuit. Otherwise, the arrangement of Figures 6 and
7 are identical. The parallel type of circuit
arrangement eliminates a variety of reactions which
would give rise to oscillations of various frequencies
and in addition, prevents the reception of long wave
signals by the intermediate frequency amplifier.
When this development had been completed,
improvements in the design of the intermediate
frequency transformers made it possible to obtain
with two stages all the amplification which could be
used.

On account of the high amplification, signals
from local stations overload the second rectifier and
introduce distortion. Control of the amount of
intermediate frequency amplification is essential.
While there are numerous methods equally
effective, the simplest one appears to be the control
by means of the filament temperature of the second
intermediate frequency amplifier. D

The features just described were all
incorporated in the receiver, which is illustrated in
Figures 8 and 9. The set measured 18 by 10 by 10
inches (45.6 by 25.4 by 25.4 cm.) and was

completely self-contained -- the batteries, loop
antenna, and speaker mechanism being enclosed in
the box. The results were highly satisfactory, and
loud speaker signals (at night) in the vicinity of New
York were obtained from stations in Chicago and
Atlanta. It demonstrated that not only could a
household receiver of the super-heterodyne type be
built, but that the first practical solution of the
portable set was at hand.

FiGuRre 8

In this form, the capabilities of the set were
brought to the attention of the Westinghouse
Electric and Manufacturing Company and the Radio
Corporation of America a little over a year ago. Its
possibilities were instantly visualized by Mr. David
Sarnoff, who immed- iately took steps to
concentrate the resources of the research
laboratories of the Radio Corporation of America,
the Westinghouse Electric and Manufacturing
Company, and the General Electric Company on
this new development. From that point on it passed
into a new phase -- that of placing an invention in a
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commercial form.

In the limited time available, this was a
most extra- ordinarily difficult proposition, and
credit for its accomplishment is due to the untiring
efforts on the part of the engineers of the above
organizations. Many improvements and some
radically new ideas of design have been introduced
but it is the privilege of those responsible for them to
present these. In the final development, an
additional stage of audio frequency amplification
was added in order to insure operations within steel
buildings, particularly those within the city limits
where signals are relatively very weak compared to
suburban locations. This makes a six-tube set, but
six tubes can be readily operated on dry batteries
and the increase in sensitiveness is weii worth the
extra tube.

FiGuRre 9

Some idea of the sensitiveness and the ease of
operation of the set illustrated in Figures 10 and 11
may be gathered from an incident during the
Transatlantic broadcasting tests of November and
December, 1923. On December 1st, two ladies,
neither having any technical radio knowledge,
received loud speaker signals from station 2LO,

London, England. This was accomplished at
Merrimac, Massachusets, with the set and loop
illustrated in Figures 10 and 11 and probably
constitutes a record for the first radio-phone

Figure 10

Figusr 11
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reception from Europe with a portable receiver.

With the same set and a three-foot (one meter)
loop, loud speaker signals from broadcast stations
on the Pacific Coast were received in the vicinity of
New York on an average of three or four times a
week. The factor determining reception was simply
whether the signal strength was above the level of
the atmospheric disturbances.

The type of super-heterodyne described is now
available to the public in the two forms illustrated in
Figures 12 and 13. Each of these sets incorporates
the arrangements herein described. Their
sensitiveness is such that, with a two-foot (61 cm.)
loop and an unshielded location, the atmospheric
disturbances are the criterion of reception. Here we
reach a milestone in the development of broadcast
receivers, for no increase in the distance of
reception can now be obtained by increase in the
sensitiveness of the receiver. Uniess the power of
the transmitting stations is increased we are about
at the limit of the distance which can be covered.
Future improvement of this receiver will lie along the
line of selectivity and simplifying the construction.

SUMMARY:

This paper describes the development of the
super-heterodyne receiver from a wartime invention into a
commercial form of broadcast receiver apparatus now
available to the general public. The success of the
development is due to the low filament consumption
vacuum tube and to the reduction in the number of tubes
required by self-heterodyning, refiexing, and improvements
in transformer design.

Instances are cited of transatiantic and trans-
continental reception of broadcast stations by completely
portable sets constructed in accordance with the methods
described.

i

Figure 12

FOOTNOTES

1Proceedings of The Institute of Radio Engineers,
February, 1921. Presented December 3, 1919.

2Proceedings of The Institute of Radio Engineers, April
1917. Presented October 4, 1916.

3This amplification is based on the ratio of the voltage
applied to the second detector to the voitage at the loop
terminals. The intermediate frequency ampilification is
unknown.

4Proceadings of The Institute of Radio Engineers,
February, 1921. Presented December 3, 1919.

S5Based on standard previously described. This is without
the second heterodyne which was used in receiving
continuous waves.

6AlthOugh some form of potentiometer type of control of
the voltage (a.c. applied to the grid of one of the amplifier
tubes would obviously be better) the simplicity of the
filament control has many advantages in manufacture.

Ficure 13
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WHO INVENTED THE SUPERHETERODYNE ?

by Alan S. Douglas (F)

Of Armstrong’s four principal inventions --
regeneration, superregeneration, the super-
heterodyne, and frequency modulation -- the super-
heterodyne has always seemed one of the least
controversial. “Everyone" knows that Armstrong
invented it. He devised it during World War 1,
patented it shortly afterward, sold his patent to
Westinghouse who cross-licensed RCA and the
radio industry, and that was that. Some Frenchman
named Lévy claimed he was first, but whoever heard
of him ?

All of Armstrong’s inventions were involved in
controversies. Lee de Forest got legal credit for
regeneration (and others might have, with better
counsel -- notably Robert Goddard.") John Bolitho
had discovered much of the superregeneration
principle before Armstrong, who prudently bought
Bolitho’s patent before negotiating with RCA. FM
had been gathering dust on theoreticians’ shelves
for decades before Armstrong took it up but, as
soon as he had made it worth fighting over, he was
beset from all sides. So, if the superheterodyne was
his most valuable invention -- and it is fundamental
to essentially every radio and television made since
1930 -- it would be surprising if Armstrong had not
had his priority disputed.

The dispute ended in defeat. in 1928,
Armstrong lost his superheterodyne patent in an
interference proceeding within the Patent Office,
when most of its claims were transferred to a Lévy
patent owned by AT&T. Since AT&T was in the
same patent pool as Westinghouse and RCA, this
transfer had no effect on the industry and attracted
little notice.? Léevy did not publicly press his claims
outside of France and, even there, Armstrong often
was credited with the invention.

In view of this apparent misappropriation of
credit, it is worthwhile to take a careful
chronological look at the superheterodyne to see
precisely how it was invented and how it was
introduced into practice.

1A. E. Anderson, "Robert H. Goddard: Original

Inventor-Patentee of the High Frequency Vacuum Tube
Oscillator,” (unpublished manuscript, 1981)
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THE HETERODYNE

First came the heterodyne. The principle of
"beats" or difference tones between simultaneous
audio pitches was well known since antiquity, but
Reginald Fessenden, in 1901, was the first to apply
the principle to radio transmissions.® Originally
both radio frequencies were to be transmitted,
received with two antennas, and combined in a
detector.

Later, a local oscillator was substituted for
one of the transmitter-receiver combinations and
the heterodyne as we know it was born. Fessenden,
himself, coined the term from the Greek heteros
(other) and dynamis (force). For years,
Fessenden was the lone proponent of continuous
waves and possessed the only such transmitter --
the radio-frequency alternator later perfected by
E.F.W. Alexanderson, of General Electric.

2lt would not have affected most of the industry
anyway, as RCA did not license other manufacturers under
its superheterodyne patents until 1930. But it surely would
have changed RCA's fortunes, if RCA and AT&T had not
reached an amicable settlement of their broadcasting
dispute, and if AT&T had therefore gone into the radio
business, selling superheterodynes to the pubiic.
Archer, Big Business and Radio (New York:
The American Historical Co., 1939).

3U.S. Patent 706,740 filed Sept. 28, 1901, issued
Aug. 12, 1902,
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Cyril Elwell followed with his development
of the arc generator, the basis of the Federal
Telegraph Company. For its detector, Federal
interrupted the incoming signal at a radio-frequency
rate with a rotating commutator. The heterodyne
worked better but had to await the development of
suitable low-power local RF sources: small
alternators, arc generators, or vacuum tube
oscillators.

Re. 706,740, Patented Aug.
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Heterodyne detection provided an apparent
amplification of the received signal, an important
effect since, at first, no other method of
radio-frequency amplification was known (the
Audion was used only as a detector for several
years after its 1906 invention, not as an audio- or
radio-frequency amplifier.)

From 1912 to 1915, radio engineers Hogan,
Cohen, Latour and Liebowitz attempted theoretical
explanations of heterodyne amplification, variously
obtaining results of 1.27, 2, or 4 times the ratio of
local-oscillator strength to received-signal strength.
Not only did the numbers differ, but there also was
disagreement on whether it was true amplification or
a result of increased detector efficiency. The
discussion in the /.R.E. Proceedings became
more and more heated as the mathematical
expressions lengthened. So Armstrong, ever
distrustful of mathematics, set out to discover the
truth for himself.

With a permanent teaching position at
Columbia University as Michael Pupin’s assistant,
Armstrong had full use of a well-equipped
engineering laboratory. He presented his
experimental findings to the Institute of Radio
Engineers in October 1916,
more or less corroborating Liebowitz’ mathematics.
Heterodyne amplifications of 100 or more were
measurable which, in turn, could be increased fifty
times in a regenerative-circuit connection. But most
importantly, by the time Armstrong had finished his
work, he was intimately familiar with the practical
handling of heterodyne circuitry.

THE WAR

When the United States entered World War |,
Armstrong joined the Signal Corps and was posted
to France. The Division of Research and Inspection
had just been created to evaluate existing apparatus
and to propose changes, and to inspect equipment
manufactured in Europe for the American
Expeditionary Forces. Captain Armstrong was
placed in charge of the Radio Group of the
Research Section.

On his way to France, stranded for three
days when fog closed the Channel, Armstrong had
taken the opportunity to visit London. Stopping at
the Marconi Company offices, he met Captain H.J.
Round, for the war’s duration in charge of a chain of

4Edwin H. Armstrong, "A Study of Heterodyne Amplification
By the Electron Relay,” Proc. [.R.E. § (Aprit 1917),
pp.145-168.
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wireless direction-finding stations for the Admiralty.
Here, Armstrong came close to some of the war's
best-kept secrets. For, using information supplied
by these listening stations, the Admiralty could not
only keep continuous track of many German ships
and submarines but, also, had broken the German
ciphers and could read nearly all the messages.5

What most interested Armstrong, however, was
Round’s short-wave equipment. The Germans used
low-powered “"buzzer" sets for shipboard
intercommunication while at anchor in their home
ports, confident that they could not be heard more
than a few miles on their 200-meter (1.5 MHz)
wavelength.  Round's multistage amplifiers,
however, could pick them up and fix their
positions. A small change in position could mean
that a ship had moved downriver getting ready to
put to sea (the largest naval battle of the war, the
Battle of Jutland, was brought about because of a
1-1/2 degree change in bearing of the German
flagship.) With advance warning of German sorties,
the British could not only ready their defenses but,
ideally, hoped to bring the German fleet to action
against their own superior forces.

Round had been able to make such short-wave
amplifiers operate by designing his own vacuum
tube (the V24) with very low interelectrode
capacitance. One of his standard amplifiers used
eleven V24's in cascade for a total gain of 2,000
and, where more amplification was needed, two

5Sir Arthur Hezlet, Electronics and Sea Power (New
York: Stein and Day, 1975), pp.83-155.

H.J. Round’s V24 Valve, 1916

amplifiers could be connected in tandem. Some
direction-finding stations ran as many as 130 tubes
and used prodigious numbers of spares, not to
mention battery power but, to the Admiralty, the
results were well worth the expense.‘5

Such quantities of V24 tubes would never be
available to the army in France and no American
tube was remotely suitable for this RF amplifier
service, but Armstrong sent the information back to
the Signal Corps laboratories for future
development. For the moment, the AEF settied on
the latest French design by Marius Latour: a
four-tube, six-stage model L-3.  Armstrong’s
problem was immediate -- the German army was
rumored to be using very short waves for front-line
communication, waves too short to be picked up on
the French receivers.

6H..J. Round, “Direction and Position Finding," Journal
{.E.E. 58 (March 1920), pp.224-257.
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Round’s Direction-finding Amplifier. Coils A1 and A2 were connected to large
stationary single-turn loop antennas, 90 degrees apart.
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Since one regenerative detector tube would
have performed nearly as well as Round’s
multistage creations, one may wonder why this was
not done. After all, American hams had been
operating on short waves for years (although
truthfully, very few were anywhere near the legal
boundary of 200 meters.) Paul Godley’s "Paragon”
receiver (grid and plate circuits tuned with
self-resonant variometers for regeneration) was well
known.

H.J. Round gave two explanations in 1920: the
multistage amplifiers were less microphonic than a
single tube, and an oscillating detector directly
coupled to an antenna could have wiped out other
direction-finding stations trying to pinpoint the same
signal’.

Armstrong’s Paris Laboratory (U.

One more bit of knowledge is needed to set the
stage for Armstrong’s discovery: the heterodyne
was not considered suitable for spark reception.
Spark signals were somewhat like present-day AM
in that they were modulated at an audio rate and
occupied a large bandwidth. Tuning a heterodyne
detector to a spark signal’s center frequency was
out of the question. Neither the signal nor the local
heterodyne oscillator had anything like the
necessary stability and, in addition, there was no
obvious way to tell when zero-beat was achieved. A
mis-tuned heterodyne spark signal had a raspy,
hissing sound, much more difficult to read than an
audio tone, and not easily distinguished from
interfering signals or atmospherics.

7H. J. Round, "Direction and Position Finding," Journal
I.E.E.. 58 (March 1920), p. 240.

R k. -
S. Army Signal Corps photo)
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THE INVENTION

As Armstrong later explained it, his conception
of the superheterodyne was the result of three
chance occurrences. First, he knew all about
heterodyne circuitry. Second, his London meeting
with HJ. Round had set him thinking about
reception of weak high- frequency signals. As he
related in 1943:

“The third link came months later as |
happened to be watching a night bombing
raid and wondered at the ineffectiveness of
the anti-aircraft fire. | might say that night
bombing was not very dangerous in those
days either for the man on the ground or the
man in the airplane. Thinking of some way
of improving the methods of locating the
positions of the airplanes, | conceived the
idea that perhaps the very short waves

sent out from them by the motor ignition
system might be used.

“The unique nature of the problem, involving
the amplification of waves shorter than any
ever even contemplated and quite insoluble
by any conventional means of reception,
demanded a radical solution. All three links
of the chain suddenly joined up and the
superheterodyne method of amplification
was practically forced into existence. Not
one link in the chain could have been
dispensed with. This, | think, is the only
completely synthetic invention | have ever
made."

8Armstrong, “Vagaries and Elusiveness of Invention,”
Electrical Engineering 62 (Aprit 1943), p.150.

One half of Armstrong’s first Superheterodyne Model, as itwas displayed at the Army
Communication Museum at Ft. Monmouth, New Jersey in 1980. The right-hand box, the
headphone, and the VT2 tubes with the caps resting on them, are all incorrect, but
the set has been displayed this way since at least 1954. This model, with its four-tube
amplifier box, is shown in its original condition in Radio News, Feb. 1920

reference 15.

(U.S. Army photo, courtesy of H.L. Chadbourne)
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Armstrong's Second Model, now in the Smithsonian. (Photo by Donald Paterson, Radio Age)

This happened in Paris in March 1918 as he
was walking back to his apartment after watching
the air raid. Years later, he swore he could find in
the dark the particular street where the thought had
come to him, if set down in the city blindfolded.

The signals were too weak to be detected
directly and had to be amplified. The heterodyne
would amplify them but would lose the natural spark
tones. Armstrong already possessed a
resistance-coupled amplifier and detector for long
waves. His flash of insight was to use the
heterodyne to bring the short-wave signals down to
the range of his long-wave amplifier. The
heterodyne, it turned out, did not aiter the
modulation content of the original spark signals but
preserved all the original sidebands and, therefore,
the characteristic tone that allows each spark
transmitter to be distinguished aurally from others.
The final detection now could be done by
rectification in the normal manner® because there
was a large amplified signal available.

That was the invention, but a great deal of
experimentation was needed to prove its
workability. Armstrong proposed the method to his
superior, Major Buckley, in June 1918. Over the
next few months, up to the time of Armstrong’s
French patent application in December, the
sequence of events was as follows:

9Normally a grid-leak detector would have been used,
which amplified as well as detected, but Armstrong had
used crystal rectifiers in his heterodyne researches. Any
device, worked over a nonlinear portion of its characteristic,
would partially rectify an applied signal, and serve as a
detector.

Preliminary experiments which showed the
practicability of the method were made at this time
but, on account of the large amount of more
pressing work, they were discontinued until about
August 1. At this time, Sergeant Pressley was
assigned to work on the reception of undamped
waves by this method. In the course of a few days,
apparatus was set up and exceedingly good results
were obtained. More pressing work, however, in
tank radio, for which Sergt. Pressley was required,
prevented continuation of the problem.

The development of the method for
receiving damped and modulated continuous waves
was the next step. On account of the fact that no
men capable of handling the work were available,
this development was turned over to Sergt.
MacDonald who was regularly stationed at Orly
Field but who volunteered to work on the problem in
his own time. The lack of help greatly delayed the
development. Toward the middle of August, Sergt.
Lewis was available and was also assigned on the
development. About the middle of September, the
experimental and development work was completed
and the problem of putting the apparatus into
practical form was taken up. Itwas decided to use
six tubes. Two of these were used in transforming
the incoming high frequency to the lower frequency,
three for amplifying this frequency, and one for
detecting it. This work was placed in charge of
Sergt. Lewis assisted by Sergt. Houck.

On account of many unforeseen
difficulties and the great amount of work required to
complete the detail design of the various parts, the
first model was not turned out until about the 1st of
November. In preliminary tests, the model gave
several thousand times the amplification of the L-3,
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and the advantage could be increased by the
addition of a two-stage audible-frequency ampilifier.
Tests were completed, and it was ready for trial at
the front at the time of the signing of the
Armistice. '°

PUBLICITY

Armstrong returned to the United States in time
to present a paper to the Institute of Radio
Engineers_on December 3, 1919, outlining his new
system. He concluded the talk:

"The new practice of this method invoives the use
of many known inventions but, in connection with
the production of a superaudible frequency by
heterodyning, | wish to make due acknowledgment
to the work of Meissner, Round, and Lévy, which is
now of record. The application of the principle of
reception of short waves is, | believe, new and it is
for this reason that this paper is presented."

Westinghouse Model RA Tuner and DA Three-tube
Detector-Amplifier, designed in 1920 and sold in large
numbers for several years.

During all of 1920, Armstrong was preoccupied
with his regeneration patent and, particularly, his
legal problems with Lee de Forest. Having little
income to pay his mounting bills, he needed an ally.
He is said to have approached the large
independent radio manufacturer Amrad, backed by
J.P. Morgan, Jr., with an offer of a half interest in his
regeneration patent for $ 500.'2

|oFfeporf of the Chief Signal Officer, 1919 (Washington,
Government Printing Office, 1919. Reprint by Arno Press,
New York, 1974 ), pp.288-289.

But then his attorneys hit upon the idea of
licensing all the makers of regenerative ham
receivers and, by September, had signed up 18 of
them, assessing a royalty of 5% of sales price. At
that time, the Amateur market was negligibly small
and some licensees were no more than high-school
boys working in their attics. The fact that they might
grow up to become such firms as Crosley and
Zenith was unforeseen.

Armstrong found his ally in Westinghouse.
Having become involved in radio during the war and
wishing to set up a world-wide communication
business like the British-controlled American
Marconi Company, Westinghouse invested heavily
in Fessenden’s old company and its valuable
patents, only to be checkmated by its rival, General
Electric. GE, with the Navy’s blessing, had formed
RCA from the American Marconi Company. RCA, in
June 1920, concluded cross-licensing agreements
with GE and AT&T and signed exclusive traffic
agreements with nearly every important country in
the world before Westinghouse could blink its eyes.

Westinghouse executives, however, were
not myopic. Frozen out of the commercial field,
they began radio broadcasting to create a market
for their manufactured radio sets, and moved
quickly to strengthen their bargaining position with
RCA and its allies by purchasing Armstrong’s
regeneration and superheterodyne patents in
October 1920.'® 1t is tempting to assume that
Westinghouse appreciated the advanced technical
features of the superhetero- dyne and was therefore
willing to spend so much money on the patent, but it
is more likely that regeneration was the real prize,
and that Armstrong insisted on a package deal.

”Armstrong, “A New System of Short Wave Amplification,”
Proc. I.R.E. 9 (Feb. 1921), pp. 3-27. QST 3 (Feb. 1920),
pp.5-9, 15.

This paper uses the term "superaudibie heterodyne,”
trom which "superheterodyne” is derived. The British
tended to use "supersonic.” Incidentally, the first use of the
word "superheterodyne” that | have seen, is in QST for
March 1921 (p.41) but evidently from the context it was in
common use by then.

12Amrad‘s boy-wonder president H.J. Power declined
Armstrong’s offer. Douglas, Radio Manufacturers of the
1920s, Vol.l (Vestal, NY: Vestal Press, 1988), p39.

13Option purchased on October 5, exercised November 4,
1920 for $335,000 pius $200,000 if Armstrong should win

In the February 1920 issue of Wireless Age (affiliated with
American Marconi/RCA and generally considered
authoritative), Paul Godley described

his interference with de Forest over the regeneration patent.
The purchase included 4 issued patents and 16 applications
by Armstrong, Pupin, or the two jointly.
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The company's broadcast radio models,
already designed and in production, could not be
marketed without either a patent license or
ownership. Westinghouse made no use of the
superheterodyne patent and, for a time, neither did
anyone else.

Armstrong’s system in some detail.'* Godley
had been with American Marconi during the war as
its receiver expert. He was a partner in the
Adams-Morgan Company, the country’s foremost
maker of ham receivers, and had been the first to
make Armstrong’s regenerative circuit work on
short (200 meter) waves. Simultaneously, the
February and March issues of Radio News
(published by Hugo Gernsback and aimed more at
young hams and tinkerers) carried lengthy articles
by Harry Houck who had been Armstrong’s
assistant in France.

But other than establishing Armstrong as the
originator of yet another advance in radio
technology, these published articles seemed to
have little effect. In those days when the average
amateur counted himself lucky to afford even one
vacuum tube, the idea (and expense) of running six
or eight of them must have seemed quite
far-fetched.

144y ireloss Age 7 (Feb. 1920) pp. 11-14.

15padio News 1 (Feb. 1920) pp.403-405,439; (March
1920) pp. 469-471, 508-510.

16y ireless World 8 (Nov. 13, 1920) pp. 581-583.
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On October 29, 1920, the Wireless Society
of London discussed the superheterodyne.
Wireless World in London published a report on
November 13,'% and finally in February 1921
the LR.E. published Armstrong’s 1919 paper.'’
Still no hint that the circuit had any practical civilian
uses.

The 1921 A.R.R.L. transatlantic tests woke
people up. The idea that a bunch of rowdy kids with
limited equipment, wavelengths, and power could
accomplish what the commercial interests
supposedly could not -- “get across” -- gave these
amateurs swelled heads for decades afterward.’
(Actually, much experimentation with short waves
had already been done and Marconi, himself,
probably knew as much about them as the hams
did.)

QST magazine was filled with the exploits of
Paul Godley who had been sent to Scotland
especially for the tests, and who had used.....a
superheterodyne 1'8 wireless World for February
4, 1922 likewise ran a long story on the equipment
and the results.' Superheterodynes began to
acquire some mystique. However, they were still
very expensive. Vacuum tubes, for instance, cost
$5.00 to $7.50, and with tube filaments drawing 1
ampere each, upkeep of batteries alone would
break most piggybanks.

17DeSoto, Two Hundred Meters and Down .(West
Hartford, CT: The American Radio Relay League, 1936).

18357 5 (Feb. 1922) pp.7-40.

19yireless World 9 (Feb.4, 1922) pp.689-694.

R e
WIRELESS AGE

A Remarkable Long Distance Receiver for Amateurs
e ——

Paul Godley with an experimental superheterodyne. This volume of Wireless Age (one of a complete set)
was discardedby the Columbia University Library and might very well have been used by Armstrong.
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Leutz model L, 1922 (Howard Hein collection,
photo by H. L. Chadbourne)

Below, Leutz model C, Radio News, July 1923
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POPULARITY

In early 1922, the radio boom hit America.
Radio broadcasting, which earlier had interested
mainly kids, now began to appeal to a far wider and
more affluent audience. Armstrong, himself, termed
his new circuit "the Rolls Royce method of
reception” and, like the automobile, the
superheterodyne attracted many patrons precisely
because of its expense and complexity.

RCA, which could have sold
superheterodynes, refused because Elmer Bucher,
its sales manager, insisted that his models must
have no more than two tuning controls to be simple
enough for the public to operate.’® RCA did
commission GE to build a commercial model
designed by A. F. Van Dyck in 1921, and installed
with appropriate fanfare on the passenger liners
Leviathan and America in early 1922. But of
course this was far from a domestic radio.

First to cater to the public taste in RCA’s
absence, was Charles Leutz, formerly Godley's
assistant at American Marconi. Leutz introduced his
model in September 1922, updating it every few
months with the latest improvements. He dared not
sell complete radios for fear of a patent-infringement
suit, but he did a thriving business in blueprints,
components and kits, publicizing his wares in
full-page ads and in a popular series of books titled
Modern Radio Reception.

Modern it may have been, but his first model
was certainly not for novices; it had six tuning dials
and seventeen other controls. Elmer Bucher
singled it out as a prime example of what the public
did not need. Leutz’ 1923 model was vastly
simpler, and more successful.?’

20Big Business and Radio, p.92.

RCA nonetheless marketed its share of compiex apparatus.
The Radiola VI from this period indeed had only one tuning
dial and one bandswitch, but also sported an amplification
control and six filament rheostats, It sold for $162.50
without antenna, tubes, batteries, or speaker.

21For a detailed story of Leutz’ career and radio models,
see Douglas, Radio Manufacturers of the 1920s, Vol. 2
(Vestal, NY: Vestal Press, 1989), pp. 122-131.
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Model of Radio Receiver for Duplex Operation Model No. 2RF/D/21 F/3-8/3RDA/A
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Western Electric model 4A (photos courtest Hall of History, Schenectady, NY)
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Meanwhile, in the early 1920's, AT&T was
stirring. its engineers had been using
superheterodynes in one form or another for several
years, Iar%ely for point-to-point experimental
reception.2 AT&T had bought Lucien Lévy’s
American patent application in the hope it might be
judged fundamental (as noted, and as will be
explained later in more detail, it was so judged in
1928.) After joining the “radio group” in July 1920
with RCA and GE (Wireless Specialty was admitted
in March 1921, and Westinghouse in June), AT&T
was cross-licensed under all their radio patents
including the superheterodyne. AT&T moved
aggressively into radio broadcasting, supplying
most American radio stations with transmitters and
studio equipment, and operated WEAF in New York
City -- unquestionably the country’s finest station
both technically and in programming. AT&T’s
executives were seriously considering claiming all
radio broadcasting or at least all sponsored
broadcasting, as their exclusive prerogative®".

Manufacturing radio receivers for public sale
would have been a natural next step; after all,
AT&T's foreign affiliates were doing it. And Western
Electric was already building receivers to be
supplied to broadcast stations as part of their studio
equipment. All stations had to monitor the 500 kHz
marine distress frequency, and shut down in the
event of an SOS; they also used the receivers to
check their own transmission quality.

22Espenschied, Proc. I.R.E. 47 (July 1959),
pp.1257-1258.

A History of Engineering & Science in the Bell System.
The Early Years (1875-1925) (Bell Telephone
Laboratories, 1975), pp. 349-465.

23gig Business and Radio, pp. 55, 75-78, 89.

Western Electric (Canada) model 4.

Below, Western Electric 4D
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A.F. Van Dyck moved from GE to RCA in 1922. One of
his pet projects was a portable superheterodyne; the

two modeis shown were evolved by 1925 into the
Radiola 26.
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Basing their design on a portable
field-strength-measuring receiver, Western
Electric’s engineers created a seven-tube
superheterodyne Model 4A by October 1922. One
was sent in January 1923 to Dr. Alfred Goldsmith,
RCA'’s Director of Research, and rumors circulated
that another was about to be installed in the White
House.

The cross-licensing agreements among the
‘radio group” members had been drawn up before
radio broadcasting was thought important and,
while some categories such as radio transmitters
were carefully defined, the companies’ respective
rights to build and sell radio receivers to the public
were not so clear.

AT&T wanted to get its nose into the tent.
Its superheterodyne was said to have given RCA’s
sales manager Elmer Bucher "the jitters* which,
considering RCA’s archaic model lineup at the time,
was probably true. RCA’s affiliates GE and
Westinghouse, which did all the actual design and
manufacturing, had planned more of the same for
next year's model line.

RCA’s GAMBLE

But, in February 1923, just a month after
Goldsmith had seen Western Electric’s 4A, Howard
Armstrong walked into David Sarnoff’s office at RCA
with his own simplified model. By using WD11
tubes and combining functions, he had whittled his
model down to a (just barely) portable.2* 1t would
need further work to adapt it for commercial
production -- much more, in fact, than anyone
thought -- but it looked feasible and Sarnoff
convinced his associates to take the gamble. He
canceled millions of dollars’ worth of just-placed
orders with GE and Westinghouse, hoping to scoop
the industry with a model that no one else could
match.25

Time was very short to be designing an
entirely new radio model for the 1923 - 1924
season. Most manufacturers tried to have their

24Figs. 9 and 10 in Armstrong's 1924 I|.R.E. paper
(reference 32). The Westinghouse WDIl was electrically
equivalent to Western Electric's 215-A "peanut” tube,
drawing .25 ampere at 1.1 volts from dry cells, GE's
belated answer, used in all its portable sets including the
superheterodynes, was the UV199 which consumed .06
ampere at 3.3 volts. The standard radio tube of the day, the
UV201A, drew .25 ampere at 5 volits from a storage battery.

25Archer, History of Radio to 1926 (New York: The
American Historical Society, 1938), p.297.
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engineering doneby June, to take orders during the
summer, and to run their factories from September
through December. Neither GE nor Westinghouse
was especially fast on its feet, yet RCA expected
them to scrap their existing designs and put an
untried circuit into commercial form in three or four
months !

Westinghouse declined®® and, for a time, GE
wished it had done the same. At one point during
the development, the GE engineers were ready to
give up, a sentiment echoed to Sarnoff by the
usually-optomistic Goldsmith. A blank look and the
question "What'll | do now?" by Sarnoff to his
secretary Marion Macinnis_brought the response,
"Why not call Armstrong 27

He did and, along with Hull and Langmuir of
the GE Research Laboratory, Armstrong_helped
solve the problem of hiss in the mixer tube?® while
his associate Harry Houck solved the
oscillator-pulling with his "second harmonic”
invention.2® For this bail-out work, the two received
an additional 18,900 RCA shares, making
Armstrong the company’s largest stockholder. And
Howard did even better: he married Marion
Maclinnis.

As the 1923 Christmas selling season came
and went with nothing available but last year's
leftover turkeys, Sarnoff must have been besieged
by RCA’s panic-striken dealers. But in February
1924 the new lineup finally appeared. It was a
tremendous success with the eventual production of
148,300 superheterodynes, and made more money
for RCA than anything up to the AC-powered sets of
1927 - 1928.

26Author’s correspondence with W. L. Carison,
superheterodyne design engineer at GE, 1924-1930.

27| ossing, Man of High Fidelity: Edwin Howard
Armstrong (Philadelphia: Lippincott, 1956. New York:
Bantam Books, 1969), p.148/119.

28Hull's screen-grid tube grew out of this work. See
Physical Review 27 {April 1926) pp.432-438, 439-454.
Also Proc. I.R.E. 16 (April 1928) pp.424-446; 16 (June
1928), pp. 840-843.

29To allow use of silicon-steel transformer cores, and to get
the proper bandpass, the IF was set at 42 kHz. To
economize on tubes and battery power, one triode served
as oscillator and mixer, and the RF tube was also the first IF
amplitier.  But it proved impossible to avoid interaction
between the RF and oscillator tuned circuits, only 42 kHz
apart. Houck's solution was to run the oscillator at half the
usual frequency, so that its second harmonic was 42 kHz
from the RF signal. One disadvantage of this arrangement
was that a station could be tuned in at several points on the
dials, but at that time there were fewer stations on the air
than now. These models in fact work quite well.

To remove competition, Leutz was now hit
with lawsuits and injunctions,30 and AT&T was
convinced not to upset the ongoing arbitration with
RCA by publicizing its new 4B modet.3!

Achieving New Wonders!

Radiola
Super-VIII

The greatest of the new Radiolas!
In its fine cabinet is the newest
Super-Heterodyne receiver, re-
markable in its performance.

Without antenna—without
ground wire or any connections
—it gets tremendous distances,
tunes out all interference from
near stations, and establishes new
receiving records,  Yet it is su-
premely simple—with two dials to
indicate the location of the sta-
tions—and just two knobs to turn
o tune in.

Listen in! Get the fine music of
famous orchestras exactly ax it is
played. Radiola Super-VIIL has
a new loudspeaker, specially de-
signed, built right into the cab-
inet. Get the ball games and the
political conventions—real as be-
ing on the spot. Know the joy
of choosing as you will, from the
best of the nation's programs.

“There's a Radiola for every pure”

lio i ics
Radio Corporation of America e Al

Solvs Offioet R R L the frad Dby
233 Deoadway, New York 10 %o, La Salle Fr., Chivegn, I st dasarshes them ikl

433 Coliforuia S, San Prumcies, Cal.

Radiola i

30RCA had already incurred Congressional wrath with its
monopolistic practices, prompting a full-scale Federal
Trade Commission investigation in 1923. 1f it had sued
Leutz in 1923 before its own superheterodynes were on
saie, RCA would surely have been denounced as a dog in
the manger.

31This time AT&T actually delivered a 4B to the White
House, to RCA's consternation since it beat the top-of-
the-line Radiola Super-Viil in competitive tests (but it had
three more tubes, and a better loudspeaker). RCA and
ATA&T finally settled their differences in 1926 with the sale of
WEAF to RCA. WEAF became the flagship station of the
new National Broadcasting Company (later WNBC). See
Archer, Big Business and Radio.
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Assembling and Testing Radiola Superheterodynes at GE. (photos courtesy Hali of History, Schnectady, NY.)
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Armstrong wrote a lengthy paper for the L.R.E.
detailing the many development steps he had gone
through and this paper appeared in the widely-
circulated magazine Radio Broadcast.3? RCA’s
considerable ballyhoo even reached Japan; a radio
magazine there printed photos of Howard and
Marion on the Florida beach, listening to their
wedding present, a portable superheterodyne.
Armstrong’s name was by now closely linked to his
creation and he was recognized universally as its

inventor. In all the universe, that is, except for
France.
FRANCE
In France, an entirely different line of

development was going on, dating from 1916. In
that year, Lucian Lévy, an officer with the
Telegraphie Militaire, was working on the 1-1/2 kW
radiophone transmitter at the Eiffel Tower, under the
direction of Col. Gustave Ferrie.33

Lucien Lévy presenting Lee de Forest with one of
his superheterodyne models (Hemardinquer, La
Superhéterodyne et la Superteaction, 1926, p.166.
Copy courtesy of the John Crearer Library, Chicago)

Lévy had the idea of obtaining secrecy by
modulating the RF carrier with a supersonic wave
which would itself be modulated by an audio signal.
This scheme, neither practical nor original,
suggested however to Levy that if the supersonic
wave were instead produced in the receiver, by
heterodyning the received signal against a local
oscillator, this wave could be selected by a tuned
circuit before being finally converted to audio.

in other words, the signal could be doubly
tuned: once at the incoming frequency and, again,
at the ‘“intermediate” (to use the modern term)
frequency. Lévy applied for a French patent on this
arrangement on Au%ust 4, 1917 (issued August 19,
1919, no. 493,660).>* On October 1, 1918, Lévy's
second French application disclosed an even more
elaborate multistage amplifier and filter at the
intermediate frequency (issued May 27, 1920, no.
506,297.)

information on Lévy's original circuit had
been publicized among his militarsy colleagues as
one page of a report by C. Gutton3%in 1917, and his
final scheme in a hectographed paper distributed to
the AEF Radio Research branch in Paris on October
20, 1918.

Levy, in 1919, tried to sell his American
patent application to entrepreneur Emil Simon for $
5,000. telling the skeptical Simon that Armstrong
had stolen his idea.3® Later that same year, he
offered the rights to Le Materiel Telephonique, the
French arm of Western Electric and, in this way,
Lévy's work came to the attention of AT&T’s
engineers. They, of course, had been working

32Edwin H. Armstrong, "The Superheterodyne -- its Origin,
Deveiopment, and Some Recent Improvements,” Proc.
I.R.E. 12 (Oct. 1924), pp.539-552. Also, (with a different
fig.l) Radio Broadcast 5 (July 1924), pp.198-207.

33¢col. (later General) Gustave Ferrié (1868-1932) was an
influential proponent of military radio, and his Eiffei Tower
laboratory was at the center of new developments. L’Onde
Electrique = (Feb.1932), pp.45-52).

34Correspond1ng foreign patents:

U.S. 1,734,038 applied Aug.12, 1918, issued Nov.5,1929
Britain 143,583 accepted June 3,1920
Germany 536,049 issued Oct.i, 1931
In accordance with international convention, these all had
priority dates of Aug. 4, 1917.

35Gutton collaborated with Gen.Ferrié on short-wave
studies in the 1920s, and later was director of the
Laboratoire National de Radidslectricite.

36Aitken, The Continuous Wave (Princeton, NJ: Princeton
University Press, 1985), p.467.
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along the same lines for years but had evolved the
superheterodyne principle so graduallyé that they
essentially didn’t know what they had.?? Levy’s
patent seemed to cover the most practical form, so
AT&T bought his American application for
$ 20,000..36

LEVY WINS

Levy eventually formed his own company, Les
Etablissements Radio L.L., which he headed for
some years. His superheterodyne patents were
publicized in the magazine Radioelectricite in
April and May 1921, but it was April of 1923 before
he could advertise a superheterodyne broadcast
receiver. As he explained in 1924, "The
superheterodyne could not reach its ultimate
capabilities in France on account of the
government’s slowness in expropriating the
(German) Meissner patents covering the heterodyne
and high-frequency amplifier coupling.
Nonetheless, a model was built in 1919 which, at
Paris with a 1-meter loop antenna, easily picked up
boats in the Mediterranean.”

Radio L.L. produced three home models in
1923 and as the superheterodyne circuit became
more and more popular, other companies joined in
too. By the end of 1926, Levy had 65 French
licensees.

In the United States (but not necessarily in
France, at that time), two valid patents could not
cover identical subject matter. Levy had filed first
but, because his patent had a different purpose from
Armstrong’s and the claims were quite different, the
patent examiner had apparently not noticed the
conflict and had allowed Armstrong’s patent to
issue on June 8, 1920 (no. 1,342,885).

3715 years, according to Champeix. Levy also ran his own
broadcast station.

Champeix, "Qui a Invente le Superheterodyne?" 58
Liaison des Transm'bs'sions 116 (March - April 1979),
117 (Aprii - May 1979)

38"Le superheterodyne Levy ne put atteindre tout le
developpement dont il etait susceptible en France, ‘a cause
de la lenteur avec laquelie les services de ['Etat
procedaient’a I‘expropriation des brevets Meissner. dont
I'emploi etait necessaire pour la realisation des
heterodynes du super-heterodyne et pour la reglage facile
de l'accrochage des amplificateurs 'a haute frequence.

Pourtant, malgre ces difficultes, un mod'ele fut cree en
1919, lequel permettait facilement a Paris sur cadre de I m.
lareception des cétiers et bateaux de la Mediterranee.

Lévy, "L'Histoire du Super-Heterodyne,” Radio-Revue 3
(Oct. 1924), pp. 186-188.

But Lévy -- or AT&T -- noticed. Levy
broadened his claims to purposely create an
interference, by copying Armstrong’s claims
exactly. The Patent Office would then have to
choose between the two inventors.

Now despite the indignant rantings of
Armstrong’s biographer Lawrence Lessing,39 there
was nothing sneaky or underhanded about Lévy’s
procedure.  Copying a rival’s claims was in fact
required by Patent Office rules, to remove any
ambiguity over whether or not an interference
existed. The only question was whether the
invention that Lévy originally disclosed, in 1917,
would cover the new claims. The disclosure was
not altered. After several years of legal wrangling,
the Court of Appeals of the District of Columbia
ruled that Lévy’s original disclosure would indeed
support the new claims; in other words, all the
features of Armstrong’s superheterodyne were
spelled out in Levy’s description.*?

Therefore, since Lévy'’s filing date was seven
months earlier than Armstrong’s first date of
conception, Lévy was entitled to a patent and
accordingly one was issued on November 5, 1929
(1,734,038) with a priority date of August 4, 1917,
It incorporated seven of Armstrong’s nine claims;
the two remaining went to Alexanderson of GE, and
Kendall of AT&T in similar fashion.3

While French patent procedure was fairly
lax, the Germans were even more thorough than the
Americans and a similar interference proceeding
there resulted in a patent to Levy on October 1, 1931
(no. 536,049) again with a priority date of August 4,
191741

There were, in fact, a number of quasi-
heterodyne systems invented earlier than either
Armstrong’s or Lévy's. Walter Schottky, who was
active in this field himself, listed three in 1926:42

39Lessing, Man of High Fidelity, p.118/93. While
Lessing is usually trustworthy, occasionally hero- worship
gets the better of him. His statement here that the French
government never allowed Lévy's claims is absolutely false.
And his description of Leévy's patent and AT&T's conduct is,
to say the least, misleading. Lessing also forgets to
mention that Armstrong's supeél}eterodyne patent was
void after 1928. Champeix®”", after paraphrasing
Lessing's account in his very thorough 1979 paper on the
superheterodyne's invention, follows with a single
sentence, "Voila comment on'ecrit |'histoire." (loosely, "See
what passes for history".).

49 29F (2d)953. Armstrongv. Levy, decided Dec.3, 1928.

41Lévy "ﬁé‘ Sujet du Superheterodyne," L'Onde

Electrique™> (May 1955), p.548.
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The Rolls Royee of reception
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'AutoriTE sans-filiste américaine la
L plus considérable a surnomme le
SUPERHETERODYNE : the
Rolls Royce of reception. Cette com-
paraison marque combien ce récepteur
differe de tous les systemes récepteurs
connus et a quel degré il les surpasse.

Le poste ci-dessus est une application complete du
principe Superhétérodyne a FAUDIONETTE.

C'est l¢c seul appareil permettant de recevoir, a Paris,
les postes anglais sue cadre de un metre. cn haut-parleur, en
éliminant totalement toutes les émissions Jocales et toute pere
turbstion parasite quelconque. Sur antenne, sa portée est
illimitee.

PuB. PRATIQUE

T e ésg_ i . Inventeurs-Constructeurs exclusifs
66, rue de I'Universite, 66 - PARIS %}_ 4oV SUPERHETERODYNETTE "

GRAND CATALOGUE ILLUSTRE O, 1,50 = et du ** SUPERHETERODYNE”

, April 1924

L'ONDE ELECTRIQUE
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“The idea of employing the advantages of
heterodyne reception for radio telephony also, by
selecting an inaudibly high beat frequency, was
probably published originally in 1913 by Mr. Hogan
in the course of a discussion®. The idea of
producing a beat frequency by means of a local
source of oscillation, which was not intended to
make the signals audible, but expressly to provide
for another tuning and thereby increased selectivity,
has been patented by Graf Arco and A. Meissner®,
and by H.J. Round'®. Round’s application also lays
stress on providing inaudible beat frequencies, but
actually offers-no_ good:selectivity ~against
interference owing to the inherent necessary
detuning of the aerial.” 42

8. Hogan, Proceedings of the |.R.E. 1,97 (1913).

9. English Pat. 252, 1914, filed January 5, 1914 and
D.R.P. 300896, January 15, 1917,

10. English Pat. 27,480, 1913, filed November 11,
1913.

A.M. Morse in The Electrician of July 31, 1925
also cited the equivalent British patents of the
various contestants with much the same
comments.*

LEVY LOSES

Even in France, the very birthplace of
chauvinism,** the Frenchman Levy found it tough
sledding to obtain public credit for his invention.
RCA’s 1924 publicity reached his country when
Radio-Revue published a translation of
Armstrong’s 1924 I.R.E. paper in which, unlike the
1921 article, Levy’s name did not even appear.

This oversight prompted a lengthy rebuttal by
Levy in the same issue.® ButLevy’s struggles were
not solely with Armstrong. In the popular weekly

42Schottky, "On the Origin of the Super-Heterodyne
Method, Proc. /.R.E. 14 (Oct. 1926), pp.695-698.

Hogan’s comment, by the way, was an answer to "How
do you receive radiotelephone signals with a heterodyne
detector?” His reply was to keep the beat frequency
inaudibly high. The "correct” answer, of course, is to
zero-beat them with the local oscillator, which makes one
wonder about the state of the art in those days! Hogan, .it
should be noted, was an extremely competent experimenter
and engineer.

4'?'Morse, "The Superheterodyne,” Electrician 95 (Juty 31,
1925), p.121.

44Chauvinism: vainglorious or exaggerated patriotism,
from Nicolas Chauvin, whose demonstrative patriotism and
attachment to Napoleon came to be ridiculed by his
comrades. (Webster).

L’Antenne, a discussion began in late 1925 on the

relative merits of the frequency-changing circuits
used by the Lévy and Ducretet companies. Levy
used a separate oscillator tube, and called his mixer
tube a "detector,” while Ducretet’s engineers used a
"bigrille* or double-grid tube for both functions and
called theirs a *modulator” .

By late 1925 Levy was beginning to sign up
his competitors for royalty licenses to use his
invention, and it is more than likely that Ducretet
had commercial reasons for not admitting its circuit
to be a superheterodyne. It is also more than likely
that many-others in_the French radio industry_felt
similarly hostile toward Lévy, since L'Antenne
quickly became a forum for vituperative personal
attacks on him, chiefly by the magazine's own
editor, Henri Etienne. When’Etienne learned that
another engineer attached to Ferrié’'s group during
the war, Paul Laut had proposed most of what Lévy
had patented, in a memo written six months earlier,
he reprinted the original memo and demanded that
Lévy explain himself. Levy could only offer some
weak excuses and "arguments specieux” and there
the controversy rested, with his opponents having
the last word. Lévy had his patent and, as Etienne
put it, "filled his pockets® but, as late as 1955, had
to write a bristling full-page reply to L’Onde
Electrique, France's foremost electronics
magazine, to correct.a published story crediting
Armstrong with the superheterodyne. !

45Champeix, "Qui a Invents le Superheterodyne?” (reference
37). Champeix met Paul Laut by accident in 1968 and
heard the story from him, later reconstructing the affair
from the published letters in L’Antenne. In the end,
however, Champeix awards the laurel to Lévy and
Armstrong.

Laut contracted tuberculosis, and was sent away to the
countryside to recuperate, for a year. He used his time to
grapple with theoretical problems assigned by Ferris,
reporting his conclusions by letter. His superheterodyne
proposal involved frequency-changing by the heterodyne,
ampilification at the intermediate frequency, and detection,
but it did not include any iF tuning. Lévy claimed in 1926, "Il
me semble bien qu’ & ce moment, la ‘remarquable’ petite
note de M. Laut n’avait pas attiré outre mesure I’attention”.
("It seems to me that, at that time, Mr. Laut’s ‘remarkable’
short note did not attract much attention”), an opinion
corroborated by his superior in a subsequent letter to
L’Antenne. Laut stated in 1968 that, on his return to Paris
in 1917, he was chagrined to learn that Lévy had patented
some of his ideas, but was told by Ferrié not to let personal
considerations interfere with the war effort. Of course, it is
a matter of record that Latit did not contest Levy's patent
and, whatever he stated later (hindsight is always 20-20), he
must have felt at the time that the matter was not worth
pursuing. And in truth, Laut seems not to have gone much
beyond what Round or Arco and Meissner had devised.
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Levy always felt that Armstrong had stolen his
invention, but there is no direct evidence for this.*®
Levy's ideas had indeed been publicized in military
reports distributed to the American radio personnel;
however the first such report had arrived before
Armstrong was in Paris, and the second came after
he ‘had already done a good deal of experimental
work and was preparing his patent application.

It is true that Armstrong, in his capacity as head
of the radio research laboratory, was in close
contact with French manufacturers, since
ingpection of incoming French equipment was
being done at the same Paris location. And it was
his job to keep abreast of French technical
developments and to coordinate his group’s
research work with them.

Given Levy’'s emphasis on secrecy systems
and selectivity, Armstrong probably felt that he had
contributed little of novelty to the prior art, and only
discovered the superheterodyne’s potential after
Armstrong pointed the way. Levy, conversely,
knew that Armstrong did not deserve an
all-encompassing patent, and he was stung by
Armstrong’s unwillingness to credit prior
researchers in his 1924 paper ("It is unfortunate
that Mr. Armstrong who, in his 1920 |.R.E. paper,
had recognized our priority, has forgotten, in the
midst of his glory, the source from which he
drew.”)??

46ps Champeix points out, Laut had good reason to feel the
same way about Levy 1

47, n . q
On pourra enfin regretter que M. Armstrong, qui avait,
dans sa premiére communication a‘ la Societe' des Radio
Engineers de New-York, vers 1920, reconnu notre
anteriorite, alt oublie' au sein de sa gloire, la source a’
laquelle il etait venu puiser.” (Radio-Revue, reference 38).
When the same material was reprinted, with additions, in a
1926 book on the superheterodyne, cooler heads prevailed
and the phrase "au sein de sa gloire” was omitted.
Hemardinquer, La Superheterodyne et la
Superreaction (Paris: Etienne Chiron, 1926).

| am grateful to Dr. Anders Widell (Lund, Sweden)
for introducing me to Champeix’ paper on Lévy, to
John M. Anderson of General Electric for searching
that company's photographic archives, and to Joseph
de Veer of the Marine Biological Library (Woods Hole,
Mass.) for tracking down elusive references. Other
contributors are credited under particular
illustrations.

SUMMARY

Walter Schottky summed it up accurately in
1926:

“ Finally, the aforementioned patent of
Lucien Levy is of fundamental importance to the
whole field; he must be considered, at least from the
point of view of patent law, as the true originator of
the super-heterodyne method, since the
super-imposition of an adjacent frequency, an
intermediate circuit tuned to inaudible frequencies,
and a further rectification in order to convert into
the desired signal, are described explicitly in his
application (as one of several constructions).

"In regard to earlier existent publication,
there may be a doubt as to whether the information
would have brought about the desired technical
progress we owe to the super-heterodyne method,
as conceived by Mr. Armstrong and also described
in the German application. After all, the actual aim
of the high-frequency transformation or
super-heterodyning principle consists in providing a
suitable and relatively convenient radio-frequency
amplifier for short waves, whereas the selectivity
effects that Lévy solely had in view are less
important, according to the above considerations,
and might be obtained as well by the use of a
slightly-attenuated or reaction-coupled radio-
frequency syntonizing circuit. The drawings of this
application also leave it doubtful whether the
elimination of the square-law rectifying action,
which is so essential for the commercial use of the
apparatus, would have been obtained by means of
experimental sets constructed on the principle
indicated in the application.

“The "word" seems, at any rate, to have been
far less important than the “deed," and there
appears to be no doubt that it is Mr. Armstrong and
his collaborators to whom we owe the deed, which
has made the super-heterodyne method such _an
invaluable instrumentality in radio engineering.”
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ON THE ORIGIN OF THE SUPER-HETERODYNE METHOD

by Walter Schottky

Siemens Zentrallaboratorium du Wernerwerk, Germany

Originally published in Proceedings of the /RE,Vol. 14, no. 5,695 - 698, Oct. 1926.

Mr. E. H. Armstrong recently explained in the
Journal' that the idea of the receiving method
named by him "Super-Heterodyne Reception" first
occurred to him as a solution of the requirements of
a war problem, and that in the course of further
investigations, and due to various suggestions for
improvements, this idea resulted in the excellent
broadcasting receiving set that we admire so much
today.

As interchange of views and, consequently,
uniformity of scientific and technical development
have now apparently been re-established to a large
extent between the enemy countries, you will no
doubt allow me to give a short outline of how and
when the corresponding idea took shape in
Germany.

It was a special and relatively unimportant war
problem, namely wireless remote control, which
claimed the collaboration of the Siemens
Laboratory -- whose experiments were in part
managed by me -- in the course of 19172

As in the case of the problem mentioned by Mr.
Armstrong, discrimination against waves of other
frequencies and atmospheric disturbances was the
dominant aim, and thus led to theoretical
investigations relating to the selectivity problem of
radio reception in general. The most obvious
suggestion of improvement consisted in modulating
the transmitted high frequency by means of a lower
one, and in providing a corresponding double-tuned
receiving set -- a suggestion which, as we now
know, was the chief claim of Lucien Levy’s patent
application, filed in the summer of 19173,

An exhaustive investigation which | made in
December 1917, of the advantages that might be
gained by this method as applied to transmitting
and receiving sets showed, however, that these
would not altogether fulfill our immediate

expectations. Under the most varying conditions
possible, | compared the effects which an impulse
(i.e. a sudden alteration of the electric field
intensity) or a non-modulated radio frequency
signal would produce in the terminal set, with the
effect of the signal to which the receiving set was
intended to respond; and | established the fact that
insensibility to impulse disturbances is, to a large
extent, only dependent on the ratio of the
period4 required for the terminal signal, to
the period inherent to the (most rapid) radio
frequency cycle employed.

Only in the case of interference due to
non-modulated radio frequency signals lasting
longer than about one-third of the mean frequency
cycle, did a correspondingly reduced sensitivity
result, compared with a simple receiving circuit
tuned to this interfering frequency. Furthermore,
the ratio of interference to signal sensitivity was
chosen to be dependent on whether the rectification
of the mean frequency followed a linear law or, (as
in the case of weak signals in ordinary detectors and
rectitiers) a square law; it was shown that the square
law rectifying action prejudicially affected the ratio
of interference sensitivity to signal sensitivity.

For this reason, and on account of the
well-known loss in amplification which cannot be
avoided with weak signals under square-law
rectification, | considered the possibility of
amplifying, by means of a non-selective radio
frequency amplifier, the two adjacent 1‘requencies‘(1
and r , contained in the modulated carrier wave, to
such an extent before their passage through the first
rectifier, that the rectifying action would become
approximately linear. But here | encountered a
problem, the general importance and difficulties of
which were already familiar to me, and which | had
at first hoped to solve by the construction of special
amplifying valves having large electronic currents
and small internal resistance®.
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My acquaintance with the idea of inaudibly-
modulated carrier frequency presented me (at the
end of February and beginning of March) with a
new solution, viz: that the incoming high frequency
(at the frequencies Y, and Y, or, in the case of
non-modulated high frequency transmission, at
frequency Y ) could be converted linearly like
ordinary heterodyne reception -- into a lower
frequency wave which could be easily amplified, by
causing the first receiver valve to oscillate at a
frequency which would give inaudible beats when
receiving the incoming frequency. In order to
obtain the linear conversion of the wave, the
amplitude of this auxiliary oscillation should be
dimensioned in such a manner that it entirely
controlled the super-heterodyne valve over
about one-half of its characteristic.

It was by no means difficult to recognize the
importance of this method, which actually
represents the super-heterodyne principle, for all
purposes of radio reception. In fact, the following
entry was made by me in the journal of the
K =Laboratorium for the period February 25 to
March 16, 1918:

‘A Frequency Transformation for Radio
Reception

"As the amplification of very short waves in
many cases involves a large consumption of
energy in the amplifier vaives employed, it is of
advantage to be able to convert short waves at the
reception, without any loss of energy, into longer,
similarly inaudible waves and then to amplify
these only. This is accomplished by heterodyning
another frequency differing by about 10% so that
the beat-wave again becomes high frequency, but
longer. Of special importance for radio telephony
in which heterodyning is not possible.”

The German patent for this method was filed on
the 18th June, 19185; since | could not myself draw
it up nor pursue the matter further, it did not,
unfortunately, assume the form | should have
wished. Nevertheless, it emphasis the essential
features of the super-heterodyne method and,
thanks to the Nolan Act, patents have been granted
in America and England, so that according to the
present state of patent law in these countries as well
as Germany, the manufacture of at least such
heterodyne sets as permit the amplification of the
transformed (inaudible) high frequency, is involved
in the possession or right of utilization of this patent.

| should like to conclude this little historical
note by referring to some still earlier publications
and patent applications in our field”, which are of
historical importance in relation to the super-
heterodyne idea, but were, probably, as unknown to
Mr. Armstrong as to me. The idea of employing the
advantages of heterodyne reception for radio
telephony also, by selecting an inaudibly high beat
frequency, was probably published originally in
1913 by Mr. Hogan in the course of a discussion”.

The idea of producing a beat frequency by
means of a local source of oscillation, which was
not intended to make the signals audible, but
expressly to provide for another tuning and thereby
increased selectivity, has been patented by Graf
Arco and A. Meissner®, and by H. J. Round'?;
Round’s application also lays stress on providing
inaudible beat frequencies, but actually offers no
good selectivity against interference owing to the
inherent necessary detuning of the aerial.

Finally, the aforementioned patent of Lucien
Levy'' is of fundamental importance to the whole
field; he must be considered, at least from the point
of view of patent law, as the true originator of the
super-heterodyne method, since the super-
imposition of an adjacent frequency. an
intermediate circuit tuned to inaudible frequencies,
and a further rectification in order to convert into the
desired signal, are described explicitly in his
application (as one of several constructions).

In regard to earlier existent publication,
there may be a doubt as to whether the information
would have brought about the desired technical
progress we owe to the super-heterodyne method,
as conceived by Mr. Armstrong and also described
in the German application. After all, the actual aim
of the high-frequency transformation or
super-heterodyning principle consists in providing a
suitable and relatively convenient radio frequency
amplifier for short waves, whereas the selectivity
effects that Levy solely had in view are less
important, according to the above considerations,
and might be obtained as well by the use of a
slightly attenuated or reaction-coupled radio
frequency syntonizing circuit. The drawings of this
application also leave it doubtful whether the
elimination of the square-law rectifying action,
which is so essential for the commercial use of the
apparatus, would have been obtained by means of
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experimental sets constructed on the
principle indicated in the application.

The "word" seems, at any rate, to have
been far less important in this field than the “deed,”

1The Super-Heterodyne, its Origin, Development and Some
Recent Improvements, Proceedings of the IRE, Vol. 12,
no. 5, pp. 539 - 552. October, 1924.

2The Zentrallaboratorium of the Wernerwerk, known at that
time as “Schwachstromkabel (K-) Laboratorium.*

3English Pat. 143583 dated August 4, 1917. See also B. F.
Meissner, Radio Dynamics 145-149, New York, 1916.

4Where mechanical relays are operated, the period of the
terminal signal may be the natural oscillation of the
armature; in the case of telephonic signals -- the cycle of the
highest frequency that can be transmitted.

5D. R. P. 366829, filed November 11, 1917.

and there appears to be no doubt that it is Mr.
Armstrong and his collaborators to whom we owe
the deed, which has made the super-heterodyne
method such an invaluable instrumentality in radio
engineering.

REFERENCES

®0.R. P. 368937; English Pat. 135177, appl. 1502093, The

first patent E. H. Armstrong is dated 30th December 1918.

7‘See also the report of J. H. More, Electrician, 1925,
p. 121.

8Hogan, Proceedings of the IRE, Vol. 1, no. 3,
PpP.97 - 102. July 1913

9English Pat. 252,1914, filed January 5, 1914 and D. R. P.
300896, January 15, 1917.

10English Pat. 27480, filed November 11, 1913.

11English Pat. 143583, date of appl. April 8, 1917.
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AU SUJET DU SUPERHETERODYNE

A la suile de lu nolice nécrologique sur la vie ¢l l'euvre du Major Edwin
H. ARMSTRONG, que lun de nos membres, M. P. BRAILLARD, avuil bien
poulu préparer, el qui a paru dans le numéro de décembre 1954 de I'Onde Eleclrique,
nous avons recu, de M. L. LE VY, la lelire suivanle, que nous nous empressons de publier :

RECTIFICATIONS SUR LA VIE & L’GEUVRE
DU MAJOR Edwin H. ARMSTRONG

PAR

Lucien Levy
Inventeur du Superhétérodync

Dans une note relative au regreité E. H. ARMSTRONG,
note parue dans le n® 333 de décembre 1954 de 1'Onde
Electrique. V'auteur, M. P. B. lui atiribue, sans preuves,
main d’une fagon réitérée, I'invention du Superhétérodyne.

Si. en général, je m'assorie a I'hommage rendu
a I'cuvre de premier ordre d’ARMSTRONG. jo erois que cette
muvre est suffisamment considérable pour qu'il ne soit
pas nécessaire d'y ajouter, sans motif valable, I'invention
du Superhétérodyne.

Qu'ARMSTRONG ait apporté au dévelopement et i la pro-
pagsnde du Superhétérodyne I'appui de sa personnalité, de
son dynamisme, de son enthousi cela est cer t
vrai ; quiil en ait congu ou réalisé I'invention le premier,
c'est absolument inexact.

Conformément au hoa sens, a la Loi frangaise et aux
Conventions Mternationales, seul, le premier inventeur peut
revendiquer une invention. Or, il n'y a pas le moindre doute
Qu'ARMSTRONG n's sucth droit @ cette revendieation.

Lorsqu'il déposait en France. le 30 décembre 1918, son
premier brevet 501511 sur le Superhétérodyne, j'avais déja
déposé sur cette invention deux brevets (493.660 du 4 aoiit
1917 et 506297. du 1’ octobre 1918), et f'avais déji réalisé
le premier réceptenr Superhétérodyne.

De plus, mon Mmvention et sa réalisation avaiemt été
diffasées et publiéea (notamment par ms note polycopiée
du 20 octobre 1918) dans les Services de 1a Radiowélégraphie
Militaire auxquels jappartenais comme Officier, et aupreés
desquels le Major ArwsTRoNG éait détaché. Je posséde
encore quelques exemplaires de cette note, qui était honorée
d'une déclarstion du Général Framii. En ce temps li, la
Radio Frangaise. que le Général incarnait, avait la fiené
de ses inventions.

11 résulte de la puhlication de ma note du 20 octobre
1918. que le hrevet d'ArusTronG da 30 décembre 1918, sur
le Superhétérodvine, était non seulement antériorisé, mais,
légalement, absolument nul.

Postéricurement a mon brevet de 1917 et antérieurement
2 ARMSTAONG. un autre inventeur hien connu, ScHOTTKY.
avait daillenrs ézalement déposé en juin 1918, en Alle.
magne. un brevet sar le Superhétérodvne. aui eut antériorisé
celui d°AnwsTRONG. ri le mien n’y eut soffi.

En ece qui concerne I'interférence entre les brevets smé-
ricrina ARMSTRONG et Levy, jlestime, contrairement a Ia
note de M. P. B. au'il est important. pour Thistoire
Ae Porieine dn Superhétérodvne. de connaitre le résultat de
In nrocédure devant le Patent-Office.

(est pourquoi je crois nécessaire de fournir sur celte
iwerférance. les renwimements ani manquaient, semhle-
1il. a M. P. B. pour éclairer son opinion, puisque Vexis-
yence de mon hrevet de 1917, qu'il a bien voulu indiquer
dans sa note, 2"y soffisait pas.

On'un vool de hrevets ait été cohnstitué ou non, entre
Lifirentes Sociétés américaines, cela e concernait que les
intéréts matériels de celles-ei, mais ne réglait nullement la
awestion de la détermination du oremier iaventeur. le seul
ani snit le véritable inventear. celui anquel est di le crédit
moral de Pinvention (en I'espéce le Superhétérodyae).

Or, linterférence entre les brevels d'ARMSTRONG. ot de
Lrvy. aprés un litige de plusieurs années devant le Patent-
Office, a été résolue, par décision du 3 décembre 1928 de
ta Cour d’Appel du district de Colombia, en faveur du
brevet L. Levy. dont la priorité d'invention a été reconnue

Le bhrevet 1. S. a été déliveé le 5 novembre 1929 a
J.. LEVY et a son cessionnaire, I'"American Telegraph and
Telephon C°, sous le n® 1.734.038, avec priorité du 4 aoit
1917.

D'ailleurs ARMSTRONG, dans sa premiére communication
sur le Superhétérodyne, publiée dans les Proceedings de
I'Institute of Radio Engineers, de février 1921, et ScHOTTXY,
dans un article des mémes P.LR.E. d'octobre 1926, avaient
tous deux reconnu mon satériorité.

Scuorrxy ajoutait ¢ La patente de Lucien Levy est
d'importance fondsmentsle, pour tont le domaine, il doit
itre considéré, an moins su point de vue de la Loi des bre-
vets, comme le véritable inventeur du Saperbétérodyne >.

Enfin, le patentamt allemand, aprés un long examea de
la demande de brevet L. Lavy, et malgré des oppositions
acharnées, 8 reconmu la valeur de l'invention qui y était
revendiquée.

le brevet allemand a été arcordé le 1" octobre 1931. sous
le n® 536.049 avee priorité du 4 sodt 1917 & la Soriété
Telefunken cessionnaire de la d de L. Levy.

I.a premiére des douze reveadications accordées et trés
large. Elle vise < le procédé de réception et d'amplification
pour télégraphie et téléphonie sans fil, caractérisé par le
fait que, aprés transformation de s fréquence de réception
en une fréquence locale ultra acoustique, I'énergie de cette
nouvelle fréquence est ampliée >.

Cest la Tinvention méme du Superhétérodyne sous sa
forme la plus générale, invention reconnue nouvelle et
valahle sur s base du brevet francais L. Levy, du 4 a0iit
1917.

Daas ces conditions, l'affirmation qu'AnMsTRONG aurait
inventé le Superhétérodyne, est non seulement contraire
3 la réalité. maia encore dénuée de toute hase 1égale. Pour
propager una pareille légende il faut ignorer les faits et les
dates, ou négliger tonte logique et toute vraisemhlance.

11 faut o'y résigner : le Superhétérodyne est une invention
francaire, qui e peut, ni ne doit étre méronnue dans son
propre pays.

Cette question étant maintenant régléc. et compte tenu
den observations présentées ci-desaus. leaquelles modifient
d'eillears radicalement la note de M. P. B. sur ce point
important. on doit savoir gré a celui-ci d'avoir rappelé les
cervices rendus par I'vn des pionniers qui oat étahli les
hates du prodigieux développement actoel de 1a radio.
électricité et montré la condition toujours difficile, sonvent
injuste et quelquefois tragique, des in s indépendant

Qu'il me soit permis, en évoquant avec émotion le sou-
venir @°FE. H. ARMSTRONG, que j'ai connu vers la fin de la
goerre de 1914, de regretter vivement la perte, pour I'huma-
nité et la radio, d'un esprit aussi original et d’une aussi
grande valeur que le sien.

Tmprimeris Marcel Don, Vesoul. — Dépdt légal : 2° trimestre 1955. — 1. v° 25. — 4.900, 578 E.n° 20. — La géraote: Mme' "Chiron.
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(Translation from the French)

ON THE SUBJECT OF THE SUPERHETERODYNE

Pursuantto the obituary about the life and work of Major Edwin H. ASRMSTRONG, that
one of our members, M. P. Braillard, kindly prepared and which appeared in the
December 1954 issue of I’'Onde Electrique, we have received, fromM. L. Levy, the
following letter, that we are pleased to publish:

CORRECTIONS CONCERNING THE LIFE & WORKS
OF MAJOR EDWIN H. ARMSTRONG

by

Lucien Levy

Inventor of the Superheterodyne

In a note concerning the late
E. H. Armstrong, in the issue no. 333 of December
1954 of I'Onde Electrique, the author, M.P.B.
attributes to him repeatedly, but without proof, the
invention of the Superheterodyne.

If, in general, | join in the homage rendered
to the works of the highest order of Armstrong, |
believe that his work is of sufficient significance that
it is not necessary to add to it, without justification,
the invention of the Superheterodyne.

That Armstrong contributed much to the
development and publicizing of the Super-
heterodyne by virtue of his personality, dynamism,
and enthusiasm is certainly true; that he conceived
or realized the invention first, is absolutely incorrect.

Conforming to common sense, French Law,
and International Conventions, only the first inventor
may claim an invention. Thus there is no doubt that
Armstrong has no right to such a claim.

When he applied in France, on 30
December 1918, for his first patent 501,511 on the
Superheterodyne, | had already filed two patent
applications upon that invention (493,660 of 4
August 1917 and 506,297 of 1 October 1918), and |
had already built the first Superheterodyne receiver.

Moreover, my Invention and prototype had
been publicized (notably by my duplicated note of
20 October 1918) In the Services of Military
Radiotelegraphy of which | was an Officer, and to
which Major Armstrong was attached. | still have
several copies of this note, which was honored by a
proclamation of General Ferrie. At the time, Radio
Francaise, that the General personified, supported
pride in one's inventions.

The result of the publication of my note of 20
October 1918 was that the Armstrong patent of 30
December 1918 on the Superheterodyne was not
only predated but, legally, absolutely voided.

After my patent of 1917 and before that of
Armstrong, another well-known inventor, Schottky,
filed a patent upon the Superheterodyne in June
1918, in Germany. This would have predated
Armstrong’s if mine did not suffice.

Concerning the interference between the
American patents of Armstrong and Levy, | believe,
contrary to the note of M. P. B., that it is important
for the history of the origin of the Superheterodyne
to understand the results of the procedures before
the Patent Office.

That is why | find it necessary to furnish, in the
matter of this interference, information which
M. P.B. lacked in declaring his opinion, since the
acknowledging of my patent of 1917 in his note, did
not suffice.

That a pool of patents was or was not
constituted between different American
corporations is of concern only to their material
interests, but in no way nullifies the question of the
determination of the first inventor, the only one who
can be considered the true inventor, to whom is
morally due the credit of the invention (of the
Superheterodyne circuit).

Thus, the interference between the patents of
Armstrong and of Levy, after the litigation of many
years before the Patent Office, was resolved by the
decision of 3 December 1928 of the Court of
Appeals of the District of Columbia, in favor of the
L. Levy patent, by which the priority of the invention
was recognized.
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The U.S. patent was granted 5 November
1929 to L. Levy and to his licensee, the American
Telegraph and Telephone Company, under the
number 1,734,038, with priority to 4 August 1917.

Furthermore Armstrong, giving the first
public announcement of the Superheterodyne in the
Proceedings of the Institute of Radio
Engineers of February 1921, and Schottky, with an
article of the same P./.R.E. of October 1926, both
recognize my priority.

Schottky added “The patent of Lucien Levy
is of fundamental importance for the whole field, he
should be considered, at least from the point of view
of the patent Law, as the true inventor of the
Superheterodyne.”

Finally, the German patent office, after a
long examination of the claims of the patent of
L. Levy, and in spite of strong opposition,
recognized the validity of the invention which was
therein claimed.

The German patent was issued 1 October
1931 under the number 536,049 with priority to 4
August 1917, to the Telefunken company, assignee
of the application of L. Levy.

The first of twelve claims awarded is very
large. It covers “the procedure of amplified
reception of wireless telegraphy or telephony,
characterized by the fact that, after conversion of
the received frequency with a local ultra-sonic
frequency, the energy of the new frequency is
amplified.”

This is the same Superheterodyne invention in
its most generalized form, an invention recognized
as new and valid based upon the French patent of L.
Levy, of 4 August 1917.

Under these conditions, the claim that
Armstrong had invented the Superheterodyne is not
only contrary to reality, but also without any legal
basis. To propagate a similar legend is to Ignore the
facts and the dates, or neglect all logic and all
probability.

One needs to resign himself: the
Superheterodyne is a French invention that cannot,
nor should not go unrecognized in its own country.

While this question will henceforth be ruled and
measured by the observations presented above and
which otherwise radically modifies the note of M.
P.B. on this important point, one should know and
be grateful for his reminding us of the services
rendered by one of the pioneers who established
the bases of the current prodigious developments of
radio-electricity and for showing the always difficult
conditions, not infrequently tragic, of independent
inventors.

If | may be permitted, in remembering with
emotion the memory of E. H. Armstrong whom |
knew towards the end of the war of 1914, of deeply
regretting the loss to humanity and to radio of a
spirit as original and of as great value as that of his.
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PROBABLY A WHOLE LOT MORE THAN YOU EVER WANTED TO KNOW
ABOUT THE SUPERHETERODYNE RECEIVER

by EdLyon

Originally published in the Major Armstrong Memorial Amateur Radio Club News/letter (Jan. - May 1987)

Of all the radio circuit inventions, none, save the vacuum tube itself, has had the far reaching utility
of the superheterodyne circuit. Found in virtually every radio receiver, television set, and radar built
since 1930, it has enabled communicators to open up the frequency spectrum to the region at and
above that of visible light. The former limit of a few ‘Megacycles’ would still be with us without this
simple but profound technique of converting tha high frequencies down to a manageable band within

the receiver.

The way Major Edwin Howard Armstrong
tells it, the idea of the superheterodyne receiver
circuit hit him one night in France during the Great
War. It was a time when he and his assistants were
striving to detect the approach of enemy aircraft by
listening on radio receivers for the telltale purr of the
aircraft’'s engine spark plug discharge. Today we
would say Armstrong was engaged in ELINT,
Electronic Intelligence. His problem in detecting the
feeble engine noise signals amongst the clatter of
high-power spark transmitter signaling surrounding
him seemed formidable. He, like others before him,
felt that the better detection hunting grounds were
at frequencies of one megahertz and above.
Unfortunately, radio receivers were abysmally
insensitive at these frequencies. The deForest
audions of the time were still of the "soft" variety,
what we today would discard as gassy tubes, and
weren't useful above about one megahertz. The
"hard” tubes of GE, Westinghouse, and Western
Electric were better, but their low transconductance
values, coupled with their high interelectrode
capacitances, made them also run out of steam at
these frequencies.

It was well known at the time that these
same tubes could perform quite well at frequencies
down in the 100-kilohertz region, and so the crux of
the Major’s invention was the conversion of the high
incoming signal frequency down to a readily
amplified low frequency, say around 40 to 100
kilohertz. Then, amplification could be applied and
the signal, now at the new lower frequency, could
be routed through the usual detection and audio
amplification stages of radio reception. The Major
made it clear that his invention was the conversion
process (heterodyning) from the high frequency
down to the low but super-audible frequency.

Armstrong called his conversion step
“heterodyne detection,” as he thought that this
"detector” stage actually stripped the audio signal
from the original high-frequency carrier and, in its
place, slipped the new heterodyned (intermediate)
frequency under the audio. To preserve the audio
signal fidelity as it changed its carrier frequency, it
was important to Armstrong that the new carrier (the
intermediate frequency) be much higher than the
highest audio frequency expected.

Except for this intermediate frequency
criterion, Armstrong’s conversion step was identical
to the earlier heterodyne reception process
attributed to Reginald Fessenden who had
discovered, exploited, and patented the heterodyne
effect in continuous-wave reception. The effect, of
course, is the same as had been evident to piano
tuners as early as the 16th century, namely, the
production of the "beat note* as a result of two tones
simultaneously striking the ear, the beat note
frequency being the difference between the two
original notes’ frequencies. Fessenden had heard
the audible tones produced any time two or more
very closely tuned continuous-wave radio
transmitters’ signals were simultaneously received.
He reasoned that the pleasing tones produced
meant that he didn't have to tone-modulate his
continuous-wave transmitters to make them easily
‘readable”; he simply had to couple the outputs of
tiny auxiliary transmitters into each receiver. By
tuning these "local oscillators® to very nearly the
same frequencies as those of the signals sought,
the Morse keying on the desired transmissions
came out as clear tones. Not only were the Morse
signals easier to copy this way but they could be
read through a myriad of other signals, a tribute to
the remarkable filtering capability of human hearing.
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Armstrong had been exposed to
Fessenden’s heterodyne reception method (using,
first, little Poulsen arc generators, then the vacuum
tube oscillators) throughout his World War exploits,
and undoubtedly this nearly standardized reception
scheme played a part in his invention. But there
were other heterodyne ideas floating around in
France in WWI. A French radioman, Lucien Levy,
had worked out a scheme for facilitating the
reception of signals transmitted at frequencies as
high as 2 or 3 MHz, considered too high for the
tubes of the day. He transmitted two signals, one
Morse keyed and the other unkeyed (continuously
ON). These two signals were very close together in
frequency, say, one kilohertz apart and, upon
reception, the signals passed througha single tuned
circuit (tuned to the 2 to 3 MHz signals), thence
directly to a detector where the beat note emerged,
as in Fessenden’s method. The only difference was
that Levy's “local oscillator" wasn't very local. There
is very good reason to believe that Armstrong also
had access to Levy’s invention, and witnessed its
operation in the field, this according to the postwar
report to the Secretary of War by the Army's Chief
Signal Officer, Major General George O. Squier.

In addition to these two true heterodyne
systems used in WWI, to which Major Armstrong
had access before he invented the superhet circuit,
there was a near-superhet circuit amongst the many
schemes he tested in the field in France. In this
circuit, by the Hammond Laboratories’ B.F.
Miessner and J.H. Hammond, Jr., tone-modulated
Morse signals are transmitted, say, from an
interrupted-spark transmitter. At the receiver, a first
tuned circuit is set on the frequency of the
transmitted carrier, say, one MHz. Then crystal (or
audion) detection occurs, followed by further tuned
amplification, where the tuned circuits are set to the
tone (spark interruption) frequency which,
Hammond points out, may be super-audible. Then
crystal, audion, or heterodyne detection is imposed
again, the Morse clicks (or tones, if final heterodyne
detection was used) are audio amplified, or sent to
the output. So Hammond’s scheme called for
cascaded tuned circuits at differing frequencies,
with detection interposed between. Many years
later, Hammond (with E.S. Purington) would write
an article for the Proceedings of the IRE
(Sept. 1957) in which he would allow that his circuit
was practically a superhet, and that he should get
full credit for the superhet’s invention.

This Hammond/Meissner circuit was used
during the war for enhancing the ability to receive
signals in the presence of intense jamming by
enemy spark transmissions, and we know that
Armstrong had a part in the testing of this and other
Hammond Laboratories methods for anti-jam
reception and anti- intercept transmission.

It is impossible to tell how much, if any,
influence these three earlier techniques,
Fessenden’s heterodyne, Levy's dual-transmitted-
frequency heterodyne, and Hammond’s cascaded-
frequency receiver had upon Major Armstrong’s
thinking while he pondered the problem of detecting
the feeble aircraft engine emissions in France.
Certainly all the ingredients of a superheterodyne
circuit were there in those three systems. But the
essence of invention is the matching of a problem
and a novel solution, no matter in which order they
are realized. And to Armstrong must go the credit
for discovering the utility of the superhet, the ability
to reduce any incoming signal frequency to an
easily amplified and filtered common frequency
through the use of a heterodyne circuit and local
oscillator. The courts agreed that Armstrong was
the inventor, too, for a while. And he needed to
have only a temporary hold on the idea, at that, for
by 1920 Armstrong had sold his rights to this and
two other important patents to Westinghouse. And
we all know the story from there. In 1921 the radio
division of Westinghouse, patents and all, went into
the RCA group, and then Sarnoff owned the
superhet circuit.

For a while there was no pressure on Sarnoff to
try to market the circuit. It seemed wasteful of
tubes, requiring a local oscillator and a "heterodyne
detector* in addition to the usual complement of
tubes. He was doing all right so far, exploiting the
Armstrong regenerative circuit, which extracted so
much amplification from a single tube that he could
drive a horn speaker using but two tubes in total,
such as in the Radiola lll. His was a drive to get
radios out to the public at minimum operating costs
such as for batteries and tubes. But two events
changed his mind, and sent him scurrying for Al
Goldsmith, his chief development engineer, and
then for Armstrong to help Goldsmith. First was the
sudden and unprecedented success of Hazeltine’s
Neutrodyne radio receiver, the first three-dialer that
even Mother could operate. This receiver was
manufactured with a certain degree of controlled
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scarcity to keep the public yearning, and it
put real market pressure on RCA who was having
trouble getting the bugs out of the GE and
Westinghouse production lines. Second was the
development, with no fanfare, of a superheterodyne
receiver by the telephone company (Western
Electric).

Western Electric (WE) had the distinction of
being one of the most decorated firms to have
served the armed forces during the Great War, and
deservedly so. Their engineers were at the front, in
the rear echelon repair depots, in the supply lines,
and in the WE factories, day and night, churning out
superb equipment for the war effort. And at very
little pay. The folks back home subsidized most of it
through their telephone bills. At the front, WE had
easy access to all the competitive circuits and ideas
being tried by the Allies in much the same way
Armstrong did. WE even had access to Armstrong’s
tests and his results, even though the phone
company alleged that Armstrong had had access to
WE'’s ideas in Brooklyn, before the war.

It has been noted by the late Lloyd
Espenschied, long the telephone company’s
historian, that WE and Bell Labs’ engineers worked
with L'evy and another Frenchman, Marius Latour,
on various heterodyne schemes, and it is Levy
whom WE credits with the ideas that led to WE’s first
commercially successful broadcast superhet, the
WE Model 4-A, in 1922. This radio was typical of
WE equipment of that era (it was nearly
unaffordable), using the military type N tubes, those
so-called "peanut tubes.” WE produced the radios
only for commercial interests such as shipping lines,
their own phone company, and broadcast stations.
WE had been building successful, one-at-a-time
superhet radios from 1919 to 1922 for wireless
extensions of the Bell System, and telephone
company engineers like Espenschied, Carson,
Heising, and Englund had secured patents on many
heterodyning circuits for signal multiplexing,
sideband suppression, and static suppression in the
wireless field. Many of these developments are duly
reported in the 1920 - 1924 period in the
Proceedings of the IRE, but what the phone
company engineers missed was that the superhet
circuit was a gem of an idea for the common
consumer’s radio.

But the event that shook Sarnoff’s
complacency occurred in October 1922, when the

phone company took test reports on the Model 4-A
receiver and the, a little later, a model receiver itself
to Goldsmith for a little “show and tell." An amazed
Goldsmith quickly brought in Sarnoff who also
gaped at the beautiful set and at its performance.
Sarnoff needed no further prodding. He
immediately started plans to develop his own
superhet based on the Armstrong patent. Not so
amazingly, Armstrong’s tuned-i.f. version of the
superhet circuit and WE’s look very much alike.
(Armstrong’s very first superhet used a
resistance-coupled, untuned if. amplifier.) When
Goldsmith ran into trouble with severe tuning circuit
interaction (plus too darn many tubes to suit
Sarnoff), he went to Sarnoff with a counter-plan to
go a bit slower on the superhet, and to restart the
production lines on the other Radiolas, all of which
had slowed to the point that several generations
were trickling to the marketplace together. Sarnoff
disagreed, and sent for Armstrong and Houck.
Lawrence Lessing, Armstrong’s biographer, relates
the story of how the Major saved the day by working
round-the-clock with his faithful Houck to get the set
to work well. What they would up with, the AR812,
became the subject of a famous IRE paper by
Armstrong, presented in March 1924, and published
inthe Proceedings in December 1924. This set hit
the market in 1924, and was followed immediately
by the same electronics in a console cabinet with
built-in rotary loop antenna, the Radiola Super-Viii.
To hold the superhet circuit for RCA alone, GE, the
manufacturer, was tasked to hide the electronic
circuitry in a metal-clad block of wax-like substance,
the dreaded catacomb. To save tubes, Armstrong
borrowed an idea from the David Grimes devotees,
and reflexed two of the tubes, getting four stages
from two tubes.

Armstrong claimed to be able to identify which
stages were which in the reflexed section of the
radio, but reference to the schematic will reveal that
there are several ways the combination of two tubes
could act as the local oscillator, and several ways of
achieving the heterodyne process in the reflexed
stages. The operating behavior of the AR812 shows
this effect also.  Stations with substantial field
strengths can be found at four to eight distinct
places on the dial, a problem that was considerably
alleviated a couple of years later when Sarnoff built
a deluxe model of the catacomb superhet, the
Radiola 28, which un-reflexed the same stages,
using an extravagant eight tubes, but now that
socket-powered battery eliminators were becoming
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common, such a tube complement became
less of a burden on the Customer’s battery budget.
The RCA catacomb superhets all used "second
harmonic" local oscillators, Harry Houck's
contribution to the development. These oscillators
operated at half the required frequency, but the
inevitable distortion which comes with the
heterodyning stage generated the second harmonic
of the local oscillator’s signal, which was what was
needed in the first place. The advantage, for the
RCA circuit, was a reduction in the degree of tuning
control interaction, the two controls being one for
tuning the local oscillator and the other for selecting
the incoming signal frequency.

During the period between Armstrong’s first
successful superheterodyne radio tests in 1918 -
1919 and the 1924 marketing of RCA’s first
superhet, the AR812, several notable superhet
receivers saw service. These were, in general, sets
made from kits designed by Armstrong licensees.
(Westinghouse’s agreement to purchase
Armstrong’s patents allowed the Major only to
continue licensing amateur and experimenter
suppliers to market kits.) One of the most
successful such kit-designers was Charles Leutz.
His circuit was virtually the same as Armstrong’s
early tuned if. one, quite naturally, as Leutz
followed his Armstrong license to the letter. But
Leutz called for the very best of components, being
a firm believer that the worthwhile costs much more.
He shunned any cheap reflex circuits, so that
electrically his sets do not resemble the AR812 at
all. He proudly called for all the tubes the set
needed, in both his Model C and C-7. The C-7 even
used Armstrong’s regenerative detector stage,
getting by with seven tubes, all one-ampere 201s.
Leutz believed that anyone not willing to invest in a
100-ampere-hour A battery just wasn’t serious
about amateur radio.

The U.S. Navy was becoming a bit nervous
about the general direction of Armstrong’s
developments. First, his regenerative detector, then
his super-regenerative receiver, then his
superheterodyne set, all tended to radiate signals,
just like little transmitters. The Naval Research
Laboratory had just been established, in 1923, to
carry out the radio development work of both the
Bureau of Steam Engineering and the Bureau of
Standard’s Aircraft Radio Laboratory, and they were
striving to develop radio receivers that would not
give away the fleet’s location via the little signals

inadvertently emitted from the receivers and
intercepted by an alert enemy. Leutz recognized
their problem and promptly came up with his
Model C-10, a ten-tube beauty, which was buta C-7
with three stages of tuned radio frequency (TRF)
amplification ahead of the C-7’s heterodyne stage.
The idea of all these TRF stages was simply to
isolate the radiating local oscillator from the
receiver’s antenna circuit, thus cutting down the
tendency of the local oscillator to emit via the
receiver's antenna. This set became known as the
"Admiralty” model, as a result of its adoption by the
Navy.

So far we have seen two “Armstrong” designs,
one following all the Armstrong details and built only
for the real enthusiast by Charles Leutz (exemplified
by his Model C), and one started by Al Goldsmith
but adapted for the "mass market® by Armstrong
and Houck themselves, exemplified by the RCA
AR812 and Radiola VIIl. From a supposedly
different lineage the Western Electric Models 4-A
and 4-B emerged somewhat ahead of Leutz’'s or
RCA’'s sets, and these radios became standard
background features in nearly every broadcast
station in the country. There was a certain amount
of rivalry at play between these two superhet
families.

Armstrong read papers before the prestigious
Radio Club of America and before the IRE meetings,
describing his circuit, and in some of the early
presentations he referred to the heterodyne stage
as a "first detector,” or rectifier. Curiously, his "first
detector” nomenclature has persisted to this day.
These concepts derived from his notion of how the
heterodyne stage worked, stripping the program
modulation off the original character and onto the
new, i.f., carrier. But the erudite telephone company
engineers, and many other radio engineers as well,
pointed out that a special form of rectification or
detection was far better than Armstrong’s plain
garden-variety rectification, and that was
“square-law detection.” They showed
mathematically that it was the squaring of the sum
of the two input signals (the desired signal to be
received and the local oscillator signal) that
produced output waves rich in the desired if.
component.

Armstrong never argued with mathematics,
even though he never relied on math unless he had
to, and that only when he couldn’t prove his point
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empirically. But he respected math, and
conceded, then vigorously supported the
square-law detection requirement. But there was
another engineer who didn't like either concept --
linear rectification or square-law detection -- in the
heterodyne stage. He was Robert E. Lacault, and
he reasoned that the common heterodyne circuits
of the day, whether Armstrong’s or WE's, were both
inefficient. He figured that both schemes simply
added the incoming signal to the local oscillator
signal, then subjected the sum to either linear or
square-law rectification. He admitted that the
square-law circuit was superior to the linear circuit,
but he felt that if an incoming signal, A, and the local
oscillator signal, B, were added, yielding (A + B),
then the square-law circuit performed the operation
(A + B)x (A + B),yielding [A®] + [2AB] + [B?].

Lacault saw that these three terms (each in
brackets above) represented three signal
components: the second harmonic of the incoming
signal, the product of the incoming sighal and the
local oscillator signal (times two), and the second
harmonic of the local oscillator signal, respectively.
Quite obviously, the first and last components had
nothing to do with heterodyning, only with
production of undesirable second harmonics, any of
which could radiate to cause interference, or at least
require further filtering to keep them out of the
downstream receiver circuits. Only the second term
produced any heterodyning, and of course many
electrical engineers had gone through the
mathematics describing the heterodyne process
and all had concluded that it is the product of the
last two mixing signals that produces the sum and
difference output frequencies. The only redeeming
merit to the touted square-law detector was that it
produced, mathematically (and actually, too),
somewhat more conversion gain, or heterodyne
efficiency, than did the linear one.

Lacault then simply replaced the Armstrong
heterodyne detector, or rectifier, with a multiplying
circuit.  Such circuits are not new to radio: they
were called modulators, and were used in all
broadcast transmitters to place the program signal
on the radio- frequency carrier. With no Armstrong
license, he carefully marketed kits of high quality
which used his modulator circuit as the “first
detector.” These he called "Ultradynes," rather than
superheterodynes, and he sold them through
several East Coast jobbers, the largest of which was
Phenix Radio. Typical of his version of the superhet

is the Ultradyne L-2, an eight tube set whose first
stage is the modulator. The incoming signal is
tuned and presented to the grid of a triode, whose
plate supply is the signal on the grid of the local
oscillator tube, rather than a source of B+. Thus the
output of this stage is proportional to the product of
the input signal and the local oscillator signal. The
L-2 easily outperforms, in sensitivity and ease of
tuning, the Leutz C-7 or any catacomb Radiola. It
does even better if the modulator (heterodyne)
stage plate is connected to the local oscillator plate
instead of the grid, affording the modulator a tad
more amplification.

So long as the only superhet radios on the
market, aside from the Radiolas, were "enthusiast"
sets, made from kits or in custom configurations,
one at a time, Sarnoff was happy. Everyone who
published a radio magazine ran article upon article
on various forms of the superhet circuit, and all
these served to increase the circuit's popularity.
The radio amateurs were in the process of
discovering the short-wave bands that the Navy had
been testing since 1918 for their long-haul
capabilities, and those hams who experimented in
those frequencies found the superhet a miracle
circuit. All long-range radio records fell to these
hams in their sometimes casual tests across oceans
and continents. Marconi’s theory that the longer the
path the longer the required wavelength was being
scoffed at regularly, and these factors drove the
Navy even faster to lay claim to the frequencies
above the broadcast band. But the hams were
there, and there, at least in restricted areas, they
stayed.

Some of the circuits developed in these early
days of commercial superhet circuits (1924 - 1926)
were very mild modifications of Armstrong’s original
or Leutz’'s improved sets, but some were
significantly improved. Lacault’s Ultradyne we have
already looked at, and the journals of the day
featured new circuits in every issue. One of note
was the Tropadyne, by Clyde Fitch, which used but
siX tubes. The local oscillator served as the first
“detector” as well, and to keep the local oscillator
signal from getting out of the set via the antenna
circuit, a somewhat balanced local oscillator tuned
circuit was employed, with the antenna circuit
feeding the midpoint of the local oscillator tuned
circuit. Pressley, of the Army Signal Corps, further
improved this circuit by adding a balanced tuning
capacitor along with a balanced coil, keeping
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operator hand capacity from detuning the
set. He termed his circuit a Wheatstone Bridge
circuit, to emphasize its balanced, non-radiating
nature.

But these efforts were helpful to RCA, and
not.a threat, so long as the number of sets invoived
were small. Sarnoff, meanwhile, was pressing his
GE production line for more superhets, while at the
same time he put pressure on Westinghouse, his
producer not heavily taxed to worry about
superhets, to get their research on socket-powered
sets concluded. Westinghouse was RCA'’s leader in
both in-house socket-powered battery eliminators
and in the development of true a.c.-powered
vacuum tubes, and the successful combining of the
GE superheterodyne with a Westinghouse-type
socket-powered set was Sarnoff's dream. The RCA
Radiola 60 was the result, a very popular, but
expensive, all-triode superhet which is still very
popular among collectors today. Technically, itwas
not very much better than the Radiolas 17 or 18,
which were all-triode TRF sets made for the a.c.
power line. But at least the Radiola 60 design had
solved the old two-dial interaction and radiation
problems of the catacomb superhets. It was a
milestone in the superhet saga, a one-dial radio
anyone could operate.

By this time, the end of the '20s, many dire
economic problems faced radio industrialists in
America, aside from the impending worldwide
depression. It was becoming universally
recognized that the superheterodyne radio was the
key to good home receivers at modest costs, what
with the then-current development of the tetrode
and pentode tubes and the proliferation of
socket-powered circuits.  But with RCA holding
back all considerations of licensing the superhet
design, other radio manufacturers were hurting.
RCA’s true superhet monopoly was beginning to
create pressures of great magnitude. Many small
manufacturers simply bootlegged the sets, and
were eventually chased, caught, or at least kept off
balance by RCA's "police.” But the more shrews
manufacturers began to work through the courts,
attacking RCA’s hold on the patents. The
Armstrong patents began to weaken, as claim after
claim was stricken as following “"prior art." The fact
that the telephone company had operated
successful superhets as early as 1919 in their phone
systems and in broadcast stations, based on Levy
work in France in WWI, hurt the RCA case

tremendously and was often used by radio
manufacturers in battling RCA in court. To prevent
further attack on the basic patents, and to reduce
the perception that the RCA monopoly was harmful,
Sarnoff retracted his earlier statement that the
superhet would belong to RCA alone. He began to
issue licenses for the circuit, and the ‘little guys”
lined up to sign up.

The development of the tetrodes, pentodes,
and then pentagrid tubes really solved the
economics problem for the superhet. We all know
the All-American Five story, the "standard" five-tube
superhet radio, operated directly from a.c. or d.c.
line, and selling anywhere from $7.95 to $100. It
marked the acme of the superhet’s broadcast band
popularity. Despite the Depression of 1930 - 1939,
this set continued to hold companies together, as
nearly every home eventually wound up with one,
two, or even three such sets plus a console, which
was also a superhet.

But in the short-wave bands, the superhet
found serious tuning-drift problems. In the home,
where casual listening to international broadcasts
was the only use of short-wave, drift simply meant
that the listener had to tweak the tuning dial a tad as
the set was warming up, to keep the desired station
on channel. Several automatic frequency control
schemes were used from time to time in the '30s,
especially in "quick tuned" sets like Grunow’s
Teledial. These were good in the broadcast band
where there was freedom from severe fading, but in
the short-wave bands the fading problems, caused
by the basic radio wave propagation problems,
made these electronic tuning methods troublesome.
For the serious radio listener {military, amateur, or
professional short-wave monitor), the answer to
frequency drift was to design expensive,
mechanically stable tuning circuits.  The basic
problem is that at short-wave frequencies, say 10
megahertz, a drift in the superhet’s local oscillator of
only one-hundredth of one percent is equivalent to
shifting the desired signal by 1000 cycles per
second (cps, or Hertz). For a Morse signal set to,
say, 400 Hz keying tones, the tones would have
shifted to 1400 Hz, or over 200 percent. This is a
result of the heterodyning process which shifts the
incoming 10-MHz signal all the way down to the 400
Hz tone by subtracting the incoming signal
frequency from that of the drifting oscillator.

But stable mechanical designs, calling for
massive, precision-made tuning capacitors, were
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not the ultimate answer. For working a few
radio channels, designers had long been using
quartz crystal control of local oscillators, but when
many frequencies had to be tuned in, the number of
crystals became onerous and, except for the
military, such radios had limited popularity. So
firms like Cardwell, James Millen, National,
Hammarlund, and General Radio became the
standard suppliers to the enthusiast trade for tuning
capacitors of precision, and crystal-controlled
reception was resorted to for organized, netted
communication links used by hams and the military.

But Collins Radio had a better idea, and it
was the beginning of a new revolution in the
superhet circuit.

The inevitability of America’s entry into
World War Il impelled the military services to a
transition, in 1940, from a peacetime attitude to one
of some urgency. The communications equipment
used by the two major services plus the Army Air
Corps included much of the same gear as was in
use in 1932. It is true that newer radio equipment
was in the inventory, but in small quantities, so that
the communication links of the day had to work to
the capacities of the poorest equipment suite in the
network, sort of the "weakest link" principle. The
superheterodyne receiver was there, in many forms,
and representing many generations in the evolution
of that circuit. A look at the tube complements
alone serves to illustrate this point. Navy airborne
sets used tubes like 6C6, 6D6, 78, 77, and 75 in
some instances, and modern octal metal tubes in
others. Some Army field sets still used 30s, 31s,
and UX199s, while others were just coming off the
drawing boards with 1T4s,1L4s, 3Q5s, and other
miniature tubes.  Transmitters were far more
interchangeable because nothing revolutionary had
happened in the transmitter field for about ten years.
But a single common factor in all military
communications was that ever higher frequencies
were being used for tactical communications, while
the good old short-wave bands were still in use for
long-haul circuits.

This use of higher frequencies emphasized
the frequency drift problem in superhets. Even the
use of very massive, precision-built variable
capacitors didn't keep the local oscillators from
drifting seriously. Resort to crystal control mean a
loss in flexibility, and a potential breakdown in
netting several military units because of the inability

to scan (in search of the right frequency) the crystal-
controlled sets. The Collins Radio Company sought
to cure this problem by cascading two radio
receivers, both of them superheterodynes. The first
used a crystal-controlled local oscillator in which a
number of crystals, cut at uniformly spaced
frequencies served to heterodyne the incoming
signals to a broadly tuned intermediate frequency.
This if. signal was then passed to the second
receiver where it was fine-searched for the desired
signal. Hams had been doing this same thing for
several years, calling the second receiver a "Q-5er."
But Collins’ first heterodyne soon became set to
integer megahertz at the radio input, such that the
second receiver became an interpolating instrument
to read frequencies between the integer megahertz.
Then Collins converted the first local oscillator to a
single crystal-controlled type, whose output was
deliberately distorted. This made it rich in
harmonics of the crystal frequency. Thus if the
crystal were cut for exactly one MHz, the oscillator
output contained signal components at 1, 2, 3, 4, 5,
etc., MHz. To select which harmonic to use for any
given listening frequency interval, the selection
knob not only tuned the receiver input circuit to the
desired listening frequency regime, but it was
ganged to a tuned circuit which selected the proper
oscillator harmonic. Now ma single crystal, cut for a
standardized frequency (1,000 MHz, for example),
was all that the receiver needed.

For still higher frequencies, this process was
repeated, with the first heterodyne local oscillator
set at 10 MHz intervals, the second heterodyne set
at 1 MHz intervals, and then the signal entered the
conventional superhet interpolation receiver
section. At the conclusion of the war, the few such
experimental sets Collins had completed put the
company in the vanguard of new superhet design,
and the famous R-390 was the finished product.
Collins built thousands of these sets for the
services, until other manufacturers finally were able
to beat Collins’ manufacturing costs, and the final
production runs were in Motorola’s and several
other shops. The R-390 is a mechanical marvel, not
because Collins had to build precision and stability
into the variable capacitor, but because of the
number of tuned circuits needed to preselect the
input frequency range, to select the proper local
oscillator harmonics (for several local oscillators),
and finally to tune the fine-tuning receiver section.
What complicated the matter was the problem many
engineers had found in all-wave sets, namely the
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production of tuning "birdies.” These are
little (and sometimes BIG) squeals and tweets
produced unintentionally, but inevitably, as a result
of various harmonics of the input signals, or of the
local oscillator signals, or both, heterodyning with
each other in each frequency-changing stage. In
the Collins design, which used triple conversion
(three heterodynes cascaded), the opportunity for
birdie production was rich.

For this reason, the R-390 heterodynes the
input signal upward, not downward, as Armstrong
needed to do it, to a very high frequency. This
process, called VHF up-conversion, has become
standard in all quality all-wave sets made since the
Korean War.

But a South African named Wadley finally
eliminated the mechanical complexity of Collins
design. His circuit also up-converted the input
signal, and with a rather routine local oscillator of
modest drift capabilities. It ranged in frequency
from 40.5 MHz to 69.5 MHz, for input signals from
near zero frequency to 30 MHz, in one-MHz
intervals. But this same local oscillator also
heterodyned with the harmonic-rich output of the
Collins-type standardized crystal oscillator,
producing an auxiliary, steady heterodyne output
only when the auxiliary signal was at 37.5 MHz,
owing to its having to pass through a sharply tuned
37.5 MHz circuit.

Thus the first local oscillator, which might
tend to drift, has to be set to any frequency ending
with a half-megahertz in order to produce an output
from the 37.5 MHz auxiliary heterodyne output. And
it has to be set approximately to the
integer-plus-a-half MHz, because the 37.5 MHz
sharply tuned circuit isn't infinitely sharp, after all.
Now this 37.5 MHz tone is used as a local oscillator
signal to heterodyne with the first i.f., namely that
product of the input signal and the first local
oscillator. The output of this last conversion stage
is a 2 MHz to 3 Mhz band of signals, which is passed
finally to a Collins-type conventional fine-tuning
receiver section. The Wadley loop, as this circuit is
called, has the beautiful feature that the drifty first

local oscillator has its drift canceled by being
injected twice, once to add frequency to the input,
and once to subtract

The receiver that first utilized the Wadley loop
principle was the British Racal RA-17, classed
among the very finest receivers of its day. Although
Wadley developed the basic circuit in 1940, the
RA-17 didn’t become commercially available until
the 1950s, the British military being the only
beneficiary of the Wadley loop in the intervening
period. The RA-17 is still one of the rare prizes at
hamfests, often commanding prices of $400 or
more.

Of course, today’s all-wave superhets use very
modern frequency synthesizers to create highly
stable local oscillator signals, such that drift is
nearly unheard of. The price paid for this drift-free
quality is a reduced quality everywhere else. In
dynamic range (the ability to handle,
simultaneously, large and small signals), they are
miserable, compared to the old tube-type sets of the
30s and 40s, and birdies still abound. And, of
course, there is no sound quality like that found in
the good old days, in the Scotts, the Zeniths, and
the Philcos.

From the controversial beginnings of the
superheterodyne, which everyone will admit was
first made popular and practical for the consumer
by Edwin Armstrong, we have seen primitive
catacomb circuits full of birdies transformed
through the years to very high quality conventional
sets like the Scott All-Waves, finally to Collins and
Wadley loop sets marking the end of tube-types,
and to the fully synthesized, micro-
processor-controlled gems from Japan, and we’re
back to birdies and tinny sound. But we have hope.
There are a few superb sets out there today, for the
enthusiast, just as there were in Leutz’s day. And
there are always the Over-the-Horizon Radar
systems, which use all-wave superhet receivers of
phenomenal quality. And at a hundred thousand
bucks a piece, they should be good.
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It is the purpose of this paper to describe a
method of amplification which is based
fundamentally on regeneration, but which involves
the application of a principle and the attainment of a
result which it is believed is new. This new result is
obtained by the ex- tension of regeneration into a
field which lies beyond that hitherto considered its
theoretical limit, and the process of amplification is
therefore termed super- regeneration.

Before proceeding with a description of this
method it is inorder to consider a few fundamental
facts about regenerative circuits. It is well known
that the effect of regeneration (that is, the supplying
of energy to a circuit to reinforce the oscillations
existing therein) is equivalent to introducing a
negative resistance reaction in the circuit, which
neutralizes positive resistance reaction, and thereby
reduces the effective resistance of the circuit. There
are three conceivable relations between the
negative and positive resistances: namely -- the
negative resistance introduced may be less than the
positive resistance, it may be equal to the positive
resistance, or it may be greater than the positive
resistance of the circuit.

We will consider what occurs in a
regenerative circuit containing inductance and
capacity when an alternating electromotive force of
the resonant frequency is suddenly impressed for
each of the three cases. In the first case when
negative resistance is less than the positive), the
free and forced oscillations have a maximum
amplitude equal to the impressed electro- motive
force over the effective resistance, and the free
oscillation has a damping determined by this
effective resistance. The steady state is attained
after the initial free oscillation dies out and
continues until the impressed emf. is removed,
when the current dies out in accordance with a
second free oscillation.

The maximum amplitude of current in this
case is always infinite; it reaches this maximum
amplitude in a finite time, and when the impressed

emf. is removed the current dies away to zero.

This is the action of the circuits which are now
in every-day practical use. In the second case the
negative resistance is equal to the positive
resistance, and the resultant effective resistance of
the circuit is therefore zero. When an emf. is
suddenly impressed in this case, the current in the
circuit starts to increase at a rate which is directly
proportional to the impressed electromotive force
and to the square root of the ratio of the capacity to
the inductance of the circuit (for a given impressed
frequency).

If the force is impressed for an infinite time,
then the current in the circuit reaches infinity. If the
emf. is impressed for a finite time, then the current
reaches some finite value. When the impressed emf.
is removed, the current in the circuit at that instant
continues indefinitely with unchanged amplitude as
a free oscillation. Theoretically, this is the limiting
case for regeneration; practically, it is always
necessary to operate at some point slightly below
this state at which the circuits have a definite
resistance.

It is important to note here that altho the circuit
of this case has zero resistance, oscillations will not
start unless an emf. is impressed upon the circuit;
furthermore, that oscillations once started continue
with undiminished amplitude indefinitely. This state
cannot be attained in practice, because the negative
resistance furnished by the tube is dependent on
the amplitude of the current and for stable operation
decreases with increasing amplitude.1

In the third case the negative resistance
introduced into the circuit is greater than the
positive resistance, and the effective resistance of
the circuit is therefore negative. When an emf. is
impressed upon a circuit in this condition, a free and
a forced oscillation are set up which have some
interesting properties. The amplitude of the forced
oscillation is determined by the value of the
impressed emf. divided by the resultant resistance
of the circuit. The free oscillation starts with an
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amplitude equal to the forced oscillation,
and builds up to infinity regardless of whether or not
the external emf. is removed. This free oscillation
starts with an amplitude which is proportional to the
impressed force, and this proportionality is
maintained thruout any finite time interval (with
congstant impressed electromotive force).

It is important to note that altho the negative
resistance of the circuit exceeds the positive, and
the effective resistance of the circuit is negative,
oscillations will not occur until some emf. is
impressed. Once an emf. is impressed,
however, no matter how small it may be, the
current in the circuit builds up to infinity
regardless of whether or not the external
emf. isremoved.

The fundamental difference between the
case in which the resistance of the circuit is positive
and the case in which the resistance of the circuit is
negative may be summed up as follows: in the first,
the forced oscillation contains the greatest amount
of energy and the free oscillation is of very minor
importance2 (after a short interval of time), in the
second, it is the free oscillation which contains the
greatest amount of energy and the forced oscillation
which is of negligible importance.

It is, of course, impossible with present-day
instrumentalities to set up a system in which the
negative resistance exceeds the positive without the
production of oscillations in the system, since any
irregularities in filament emission or impulse
produced by atmospheric disturbances is sufficient
to initiate an oscillation which builds up to the
carrying capacity of the tube. It is,
however,possible, by means of various expedients,
to set up systems which avoid the production of
such a paralyzing oscillation and which
approximates the theoretical case in the use of a
free oscillation to produce amplification.

The first use of the free oscillation in a
regenerative system for the amplification of signals
appears to have been made by Turner® in his valve
relay system. Briefly, Turner prevented the
regenerative circuit from producing oscillations
when no signals were being received by placing a
negative potential on the grid of sufficient value to
hold it just below that point on the characteristic
curve at which self-oscillation would start. The
impressing of a small electromotive force of
sufficient value would carry the potential of the grid
over the "threshold" value and a free oscillation
would start which would build up to the limiting
value of the tube.

The system was returned to its initial sensitive
state by means of a relay operated by the increase
in the plate current of the tube. This relay
short-circuited the feed-back coil, thereby cutting
off the supply of energy and permitting the potential
of the grid to drop back below the “threshold" value.
As Turner explains, the device is a relay with a low
limit (as distinguished from an amplifier), but it
appears to be the first device in which free
oscillation set up by an impressed electromotive
force produced the magnified result.

Bolitho* contributed an important improvement
by replacing the mechanical relay of Turner which
operat- ed only upon the receipt of a signal by a
valve relay which was continuously operated by
independent means. Briefly, this was accomplished
by connecting a second valve to the oscillating
circuit of the Turner arrangement with a reverse
feed-back connection and supplying the plate
circuit with alternating current.

When the "threshold” value of the first tube was
overcome and a free oscillation started in the
system, the reversed feed-back of the second tube
comes into action and at that time when the voltage
supplied to the plate is positive,damps out the free
oscillation and permits the grid of the first tube to
return below the “threshold” value. This represents
the second step in the utilization of the free
oscillation for the production of amplification.

It is the purpose of this paper to describe a
principle of operation based on the free oscillation
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