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Physics of Our Day

RADIO ELECTRONICS

(On the 100th Birthday of A. S. Popov)

A. M. KUGUSHEV

Usp. Fiz. Nauk 67, 663-703 (April, 1959)

M,LARCH 16, 1959 was the 100th birthday of the
outstanding Russian physicist, Aleksander Stepano-
vich Popov (1859 — 1906). Continuing Heinrich
Hertz's experimental investigation of electromag-
netic waves, on the basis of the work of Maxwell
and Faraday, Popov arrived at the invention of
wireless telegraphy.

It can be said that the invention of wireless te-
legraphy gave rise to a new branch of science and
engineering, now universally called radio electron-
ics.

Rapid progress has caused radio electronics to
become an all-inclusive field, so that a definition
of its scientific and technical scope becomes quite
difficult.

Only recently, radio engineering was classified
as a branch of electrical engineering — dealing
with high frequency currents — having but one
practical application, radio communication. Modern
radio electronics engages in the study and various
practical applications of electric oscillations in a
very extensive spectrum, from the extreme low
frequencies to those corresponding to the milli-
meter range of electromagnetic waves.

The scientific content of modern radio electron-
ics includes three principal branches: a) study of
radiation, transmission, and propagation of radio
waves, i.e., electromagnetic waves from several
millimeters to hundreds of kilometers long;
b) study of the interaction between an electromag-
netic field and free electrons or molecules; c) con-
version of electric oscillations from one type of sig-
nal into another in linear and nonlinear circuits and
the passage of electric signals through such cir-
cuits.

Many a branch of engineering has resulted from
an application of some development in physics.
Progress in engineering leads in turn to further
advances in physics, by providing the technical
means for new experiments and by raising new,
more complicated problems. Perhaps no other
branch of engineering has contributed more dur-
ing the past two or three decades to the progress

in modern physics than radio electronics. An ex-
ample is the greatest accomplishment of modern
physics, the study of atomic structure and the r e -
alization of nuclear reactions. Other examples
are radio astronomy and radio spectroscopy. It
can be said that radar and microwave engineering
have produced these new branches of physics.

The technical means created by radio electron-
ics extend without limit human ability to sense the
outside world and subjugate the forces of nature
to human interests.

Radio broadcasting, including electroacoustics
in all its forms, telegraphic and telephonic radio
communication over the entire globe, television
and facsimile, radar and radio navigation, radio
geodesy and radio meteorology, radio astronomy
— the investigation of the universe — and radio
spectroscopy — the study of the microcosmos, elec-
tronic automation and high-speed computing ma-
chines which facilitate not only physical but also
mental human labor, accelerators for atomic par-
ticles and the control of nuclear reactions, radio
geology — the investigation of the mineral r e -
sources of the earth — and high-frequency heating
in technological processes, investigation of bio-
logical processes and the use of electronics in
medicine — this is a far from complete listing of
the great variety of scientific and practical appli-
cations of modern radio electronics.

Many modern technological processes would be
inconceivable without electronic apparatus. This
applies to atomic reactions, the flight of jet a ir-
planes, etc.

The development of modern radio electronics
can be divided into three principal stages. The
first is the time from Popov's work to 1918. This
stage is characterized by the use of only long
waves in a single practical application — wireless
telegraphy. Without electronic tubes, the range
of radio communication was limited to hundreds
or at best thousands of kilometers.

The second stage (1918 — 1940) is character-
ized by the rise of radio electronics, i.e., the use
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of vacuum tubes, the development of radio tele-
phony, and the adoption of short waves. During
this stage the range of radio communication in-
creased to cover any possible distance on earth.
The radio industry developed vigorously, and many
new practical applications of radio were found, in-
cluding sound motion pictures.

The modern stage of radio electronics is char-
acterized by the adoption of the UHF band and of
pulse techniques, by the development of television,
arid by the latest applications of radio electronics,
including electronic automation — automation of
the higher type. This stage is characterized by
progress in the study of the interaction between
electrons and radio waves and advances in solid-
state research. These accomplishments are now
used to solve problems in the generation of the
shortest possible radio waves and the development
of electronic devices employing semiconducting,
superconducting, magnetic, and dielectric mate-
rials, devices capable of replacing vacuum tubes.
The advances in this field have changed the ap-
pearance of modern radio-electronic apparatus,
making it more reliable, more enduring, and
simpler to operate.

THE WORK OF A. S. POPOV AND THE INVEN-
TION OF RADIO TELEGRAPHY

Having become interested in Hertz's experi-
ments, Popov began his own research by improv-
ing on Hertz's procedure and creating more effec-
tive apparatus. In spring 1889 he read his first
lecture on "Latest Research on the Connection
between Optical and Electrical Phenomena." Popov
concluded this lecture as follows: "Man has no or-
gan with which to sense magnetic waves in the
ether; if an instrument to provide us with electro-
magnetic sensing were invented, it could be used
for the transmission of signals at a distance."

Although Branly and Lodge were close to invent-
ing radio communication, they lacked the important
elements invented by Popov for its realization,
namely an antenna, an automatic device for restor-
ing the coherer to its initial state, and an electro-
magnetic amplifier, devices that made it possible
to realize radio communication over distances of
practical value.

On May 7, 1895 Popov demonstrated his inven-
tion, a radio receiver for the electromagnetic os-
cillations produced by lightening discharge (there
were no other "hams" in those days).

The coherer was automatically shaken by an
electric-bell hammer. When the electric bell was
operated, its hammer simultaneously struck the

coherer and shook it lightly. Thus each signal
made the coherer automatically ready for the re-
ception of a new signal.

Popov's first radio transmitter consisted of a
spark discharge, connected between the antenna
and the ground lead. High voltage from the sec-
ondary winding of a Rumkorff coil was applied to
the discharge gap. A telegraph key was connected
to the primary circuit of the coil, in series with
the interruptor.

During the next few years Popov, together with
P. N. Rybkin (1864-1948) improved the receiv-
ing and transmitting apparatus. In 1899, in par-
ticular, he introduced telephone reception and in
1900 he replaced the coherer with a detector con-
sisting of carbon in contact with steel. In 1899 —
1900 the radio telegraph was first used for prac-
tical purposes.

RADIO TECHNIQUES AND PRACTICAL APPLI-
CATIONS DURING THE FIRST DEVELOP-
MENT

Advances in the techniques of radio in Russia
and abroad led to new improvements in radio trans-
mitters and receivers for damped oscillations. In

a)

FIG. 1. Popov's radio transmitter and receiver, a — ground,
b — relay, с — telegraph.
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particular, new types of discharge gaps — of the
rotating and of the Wien multiple-disk type — were
developed, providing surge excitation, at which the
spark was quenched relatively rapidly, so that the
oscillations in the intermediate circuit were ra-
pidly damped, thereby reducing the losses.

The range of reliable radio communication
reached thousands of kilometers and more. In
1901 G. M. Marconi effected radio communication
across the Atlantic.

Before the First World War, undamped oscilla-
tions were applied to radio telegraphy, yielding
many advantages and paving the way for radio te-
lephony. Undamped oscillations were first pro-
duced with arc generators, and later with dynamo
generators of the inductor type.

The arc generator worked satisfactorily only
on long waves, and the amplitude and period of the
generated oscillations were not stable enough. All
this made it impossible to use arc transmitters
in radio telephony. Radio stations with arc oscil-
lators were built in ratings up to 1000 kw in the
wavelength range 7000 — 25000 m for international
radio communication.

Goldsmith (1908) and V. P. Vologdin et al.
(1912) designed high frequency inductor-type ma-
chinery, which was used in large radio stations in
conjunction with frequency-multiplying transform-
ers.

In spite of the use of frequency multiplication,
no satisfactory dynamo generator was produced
for waves shorter than 3000 m, and consequently
the rotating generator was found also unsuitable
for radio telephony. Several large radio stations
for international communication were built in Rus-
sia and abroad with rotating generators. The wave-
length range of these stations was 5,000 —30,000 m,
and the antenna power reached 500 kilowatts.

Electromechanical interruptors, called tickers,
were used for reception of undamped oscillations.

Prior to 1918, the use of electron or ion tubes
in radio engineering was quite negligible. Although
the diode and triode were produced by Fleming in
1904 and by Lee de Forest in 1905, while Meisner
invented the triode oscillator in 1913, only low-
frequency vacuum-tube amplifiers and heterodynes
for receivers were built prior to 1918. The ampli-
fiers were connected in the detector circuit and in-
creased the sensitivity of the receivers. The het-
erodyne — a low power oscillator — served for
reception of continuous waves, replacing the ticker,
and the pitch of the dots and dashes was determined
by the difference in oscillation frequency between
the heterodyne and the received oscillations.
Popov's radio devices, for all the first practical

applications, were constructed in the Kronstadt
machine shops. However, at that time Russia had
no sufficient productive base for further progress
in this field.

Only through the efforts of engineers M. V.
Shuleikin (1184-1939), N. N. Tsiklinskil (1884-
1938), and V. P. Vologdin (1881-1955) was a
Russian radio plant put into operation in St. Peters-
burg in 1912. An excellent research laboratory was
organized in this plant, which started to produce
better radio equipment than the branches of the
foreign plants "Siemens" and "Robtit."

A leading role in the development of Russian
theoretical work on radio was played by A. A.
Petrovskil (1873-1942), S. K. Lebedinskii
(1868-1937), and L. A. Rozhanskil (1882-1936).

SECOND STAGE OF DEVELOPMENT OF RADIO
ENGINEERING

The advent of radio telephony and the practical
application of the short-wave band, which charac-
terize the second stage in the development of mod-
ern radio electronics, were made possible only by
the great technical accomplishments in the field
of theory of design and manufacture of radio tubes.
The outstanding role in this matter was played by
the Nizhegorod Radio Laboratory, created in 1918
at the resolution of the administration of the very
young socialist state. This laboratory served as
a first radio institute, in which the greatest spe-
cialists of that time were gathered — M. A. Bonch-
Bruevich (1888-1940), V. P. Vologdin, V. K.
Lebedinskii1, L. A. Rozhanskii, A. F. Shorin (1890
-1941), V. V. Tatarinov (1878-1941), and
others. Within five years they developed and pro-
duced five thousand receiving radio tubes and set
the first world's record in radio telephone trans-
mission.

The first receiving radio tube, PR-1 (vacuum
relay-1), was a triode with a tungsten cathode, a
grid of nickel wire 0.2 mm in diameter, an alumi-
num plane anode operated at 80 —120 volts. The
electrodes were degassed by heating the grid to
incandescence with electric current. The design
of this tube was based on a deep theoretical and
engineering analysis made by M. A. Bonch-
Bruevich of the operation of the electronic vac-
uum tube.

Within an amazingly short time for the prevail-
ing conditions (1919 — 1920), Bonch-Bruevich de-
veloped in the Nizhegorod Radio Laboratory trans-
mitting tubes with ratings up to 2 kw (continuous
wave), and brought these tubes to an operational
state. These tubes were the first to employ water-
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FIG. 2. Receiving-
amplifying triode PR-1.
Developed by the
Nizhegorod Radio Lab-
oratory in 1918-1919.

cooled plates. They were used in the first radio
telephone station (Moscow, 1922).

Immediately thereafter (1922 — 1926) there
were developed in the Nizhegorod Radio Labora-
tory transmitting tubes with water-cooled external
copper anodes, rated 25 and 100 kw. They served
as the basis for all modern high power vacuum
tubes and made possible the development and con-
struction of the first powerful radio telephone and
radio telegraph stations in the U.S.S.R.

After 1923 refractory metals such as molybde-
num and tantalum became available for the manu-
facture of transmitting and amplifying tubes. As

FIG. 4. 25-kw transmitting tube
developed by the Nizhegorod radio
laboratory in 1923-1924.

FIG. 3. Transmitting tube rated 1.2 kw. Developed by the
Nizhegorod Radio Laboratory in 1919-1920.

a result, the Nizhegorod Laboratory developed and
mass produced medium power tubes with a rating
from 150 to 500 watts, thus making possible the
construction of radio broadcast stations for r e -
gional centers.

Further successful development of the tech-
nology and manufacture of vacuum tubes abroad
(Langmuir, Schottky) and in Russia (M. M. Bo-
guslovskii, S. A. Vekshinskil, S. A. Zusmanovskil,
and others) proceeded along two paths. On the
one hand, better characteristics were attained with
tetrodes and pentodes, in which the coupling between
the control grid and the anode was reduced and the
dynatron effect was eliminated in the region of the
screen grid and the anode. On the other hand,
vacuum technology was improved, making it pos-
sible, in particular, to produce receiving and am-
plifying tubes in metal bulbs. This was accompa-
nied with progress in the theory, construction,
and production of other electron-ion vacuum de-
vices, such as cathode ray tubes, kenotrons, or
gasotrons.
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As soon as the high-power vacuum tube was
successfully developed, radio telegraphy emerged
from the laboratory. In 1922 the Nizhegorod Radio
Laboratory built the first radio broadcasting sta-
tion in Moscow (the Comintern station), with a
rating of 12 kw. This station was the first in
Europe and then the most powerful in the world.

During subsequent years the Nizhegorod Radio
Laboratory developed a 1.2 kw radio telephone
transmitter, the first completely fed from an ac
three-phase line; many regional broadcasting
stations were built.

In 1925 — 1927 the Nizhegorod Radio Labora-
tory, under the leadership of Bonch-Bruevich,
developed a radio telephone transmitter using
25-kw tubes. It was used in a new radio broad-
casting station (Moscow, Shabolovka) with a
radiated power of 40 kw. It was in this design
that such complicated problems as the realization
of high-quality modulation at high power, the sup-
pression of radiation of harmonics by means of
an intermediate circuit, etc., were first solved.
The separately excited transmitter oscillator
consisted of three stages, of which the last one
contained three water cooled tubes with a nomi-
nal rating of 25 kw each. Modulation was in the
plate circuit, and the high-power modulator stage
consisted of three similar 25-kw tubes. The plates
were fed from a six-phase rectifier and choke-
input filter. This was a first attempt at construc-
ting a high voltage mercury arc rectifier to oper-
ate reliably with such a filter.

In view of the lack of multigrid radio tubes in
those days, audio-frequency amplification for the
modulator power stage was a difficult problem. It
was solved successfully, however, with the aid of
an original circuit, in which the frequency-modu-
lation principle was used. This principle, as is
well known, is now used extensively.

Further development in the techniques of radio
telephony was under the leadership of A. L. Mints
and reached a high level in our country. By the
end of the thirties there were developed and con-
structed radio telephone stations with ratings from
100 to 1200 kw with high quality frequency and am-
plitude characteristics of the transmitted sound
(nonlinear distortion less than 2% from 50 to 10,000
cycles at a 95% depth of modulation) and high sta-
bility of the carrier frequency, on the order of 10~4.
A multistage transmitter circuit was used, with
plate modulation, insuring high efficiency, up to
45-50%.

The theory and engineering methods for the de-
sign of vacuum-tube radio transmitters reached a
high level, thanks to the work of M. A. Bonch-

Bruevich, M. V. Shulelkin, A. L. Mints, A. I. Berg,
and other Soviet and foreign scientists, and it be-
came possible to design transmitters for the long
and short wave bands without considerable experi-
mental development.

The adoption of electronics by the radio engi-
neers had a tremendous effect on the improvement
of radio receivers. The change from the detector
receiver, which was improved after Popov by in-
troduction of an intermediate stage and adjustable
coupling, to the "vacuum tube" receiver, has in-
creased not only the sensitivity but also improved
considerably many other important characteristics,
such as selectivity and interference rejection. The
first mass-produced receivers were developed al-
ready at the Nizhegorod Radio Laboratory, where
O. V. Losev also developed a detector heterodyne
amplifier (e. g., crystadyne), an offshoot of which
can be seen in modern transistors.

The use of the vacuum tube has led to the devel-
opment of new circuits and particularly, to regen-
erative and superheterodyne reception. Thanks to
the work of V. I. Siforov, V. I. Kotel'nikov, and
other Soviet and foreign scientists, the radio r e -
ceiving art reached in the early 40's a very high
level of development. These investigations made
it also possible to apply engineering methods to r e -
ceiver production. The high frequency stability of
heterodyne receivers (reduced to an order of 10~5),
the use of ferrite antennas with static shielding, and
the use of band filters, including electromechanical
filters with a bandwidth less than 1% at an adjacent
channel attenuation up to 40 db, made it possible to
increase sharply the noise rejection and the selec-
tivity of radio receivers. The use of ferrites, spe-
cial radio ceramics, and other materials made it
possible to improve the design and technological
characteristics of modern radio receivers.

Progress in antenna and feeder technology dur-
ing 1920 — 1940 was based on the work of M. V.
Shulelkin, M. A. Bonch-Bruevich, I. G. Klyatskin,
V. V. Tatarinov, A. A. Pistol'kors, M. S. Nelman,
G. Z. Afzenberg, and other Soviet and foreign sci-
entists. Refinements were introduced in the meth-
ods of calculating of impedances and capacitances
of long-wave antennas; directive short-wave an-
tennas were produced in the form of systems of
in-phase half-wave dipoles, and a theory was de-
veloped for calculating their radiation impedance.
To satisfy the requirements arising in the construc-
tion of high power radio broadcasting stations for
the medium-wave band, antennas in the form of
insulated towers and masts were designed.

Although it was understood even during the
first stage of development of radio engineering
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that the propagation of radio waves over long dis-
tances was due to the presence of ionized upper
layers of the atmosphere, nevertheless the ten-
dency during those days was to use for long-dis-
tance communication long radio waves, (10 — 20
kilometers) at which diffraction plays a relatively
large role when propagating over the earth's curv-
ature. Thanks to work by A. Sommerfeld, Van der
Pol, M. V. Shulelkin, and B. A. Vvedensktf, engi-
neering formulas were derived for diffraction
propagation.

FIG. 5. Ionospheric layers.

The technical mastery and practical utilization
of the short wave band began in the 20's. M. A.
Bonch-Bruevich, V. V. Tatarinov and others in-
vestigated at that time short waves and the "whims"

FIG. 6. The propagation of ultra-short waves over long dis-
tances due to diffuse scattering.

of their propagation, and proposed operation on two
wavelengths, one for daytime and the other for
nighttime transmission. They also developed the
first directive short-wave antennas and organized
the first short-wave lines from Moscow to Tash-
kent and from Moscow to Vladivostok.

By the end of the 30's short waves become not
only the principal medium for communication r e -
lay lines, but were extensively used for radio
broadcasting. During the same years, great ex-
perimental and theoretical work was performed
on ionospheric propagation of radio waves. The
work of M. V. Shulelkin, M. A. Bonch-Bruevich,
A. N. Shchukin and other Soviet and foreign scien-
tists established the presence of several ionized
layers (for instance D, E, Fj, and F2), with
gradually increasing ionization density, at alti-
tudes from 50 to 250 kilometers. These layers

determine the propagation conditions of long
(3,000-20,000 m), medium (200-3,000 m),
and short (10 — 200 m) radio waves. They also
established the causes of different states of these
layers and of the complicated processes that arise
in them (the Gor'kov-Luxembourg effect and
others). In addition, they solved in principle the
very important practical problem of forecasting
the propagation of various waves in the short wave
band during different times of the year and during
the day, including the "daytime" and "nighttime"
radio waves. Experimental investigations of the
altitude of layers with different ionization densi-
ties was carried out by the radio-echo method,
using ionospheric stations especially designed
for this purpose.

A study of the propagation of ultra short waves
in the meter band, capable of penetrating through
the ionized layers of the atmosphere and there-
fore permitting (with allowances for the influence
of refraction) radio communication at the earth's
surface within the horizon, was started in the
20's by B. A. Vvedenskil, who derived the so called
" reflection" formula, by which the field at the point
of reception was determined as the sum of the field
of the direct ray and the field of the reflected ray.
This and other research on the propagation of the
ultra short waves were of great practical value for
airplane radio communication, for radar (which
came into being about that time), and for the ini-
tial development of television.

The second stage in the development of radio
electronics was distinguished by great progress
not only in scientific work but also as a period
when the training of scientific and engineering
radio personnel proceeded at a rapid pace. Special
radio physics courses and faculties were organ-
ized in the universities, and radio engineering
faculties were organized in the higher technical
institutions of learning. By now their number has
increased greatly, as did the overall annual output
of radio specialists with higher education.

PHYSICAL PRINCIPLES AND MATHEMATICAL
METHODS OF MODERN RADIO ELECTRONICS

At the first stage of its development, radio en-
gineering was based on electrodynamics. The ra -
diation of electromagnetic waves by a current-
carrying conductor and their propagation in free
space and around the earth was studied by means
of Maxwell's equations in the classical differential
form. At the same time, processes occurring in
ac circuits were analyzed with the aid of classical
differential equations with constant coefficients,
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and the steady states (inasmuch as the wavelengths
were large compared with the linear dimensions of
the circuits) of the electric oscillations were de-
termined by the integral laws of Ohm and Kirchhoff.

The engineering use of electronic vacuum tubes,
microwave frequencies, and pulse oscillations of
complex form necessitated the application of sev-
eral branches of physics and of different mathe-
matical methods. It became first necessary to
solve the problems in nonlinear circuits and, in
particular, the problems of the transient and steady
states of a self-excited triode oscillator. Methods
of approximate solution of nonlinear differential
equations of radio physics were developed by L. I.
Mandel'shtam (1879-1944), N. D. Papaleksi
(1880 - 1947), Yu. B. Kobzarev, and other Soviet
and foreign scientists.

The development of electron-ion vacuum tubes,
particularly electronic devices for the generation
and amplification of microwave oscillations, was
based on the electron classical (not quantum)
theory. The equations of motion of electrons in
an electromagnetic field, in agreement with the
theory of relativity, were used for the design of
high power accelerators for charged particles.

The analysis of the response of linear and non-
linear circuits to electric oscillations of complex
form, in particular short pulses and frequency
modulation, is now based on the Laplace transform,
the Fourier integral, and the Heaviside operational
calculus. Matrix algebra is used to solve problems
in the propagation of electric signals in complex
linear circuits, particularly with multi-element
filters.

As the linear dimensions of the radio circuits
became commensurate with the wavelength, it be-
came necessary to use Maxwell's equations for an
analysis of their steady state. It is now necessary
to use vector analysis, which facilitates the appli-
cation of these equations to the engineering of lin-
ear circuits at microwave frequencies. The use
of nonlinear elements in microwave circuits, with
electromagnetic parameters that depend on the
magnitude and polarization of the field, has made
necessary the use of tensor analysis. In particular,
engineering design of ferrite valves, phase rotators,
and tunable resonators are solved by this method.

The technology of solid-state electronic devices
— transistors, superconducting amplifiers, molec-
ular amplifiers, magnetic and dielectric amplifiers
— is based on modern advances in solid-state phys-
ics and quantum physics. It is here that we can find
the most brilliant examples of the previously-men-
tioned fruitful collaboration between physics and
engineering.

One of the features of modern radio physics and
radio electronics is the study and utilization of sta-
tistical processes. This includes also the study of
radio waves from celestial bodies, the intrinsic
noise of radio circuits, detection of weak radio
signals, reliability of electronic apparatus, and
many other problems. In connection with this,
wide use is made at present in radio electronics
of methods of mathematical statistics and proba-
bility theory.

Requirements for better quality of radio com-
munication, both as regards speed and as regards
noise rejection, has called for the formulation of
the theory of communication and information.
This mathematical discipline engages in a quanti-
tative estimate of information contained in any
data whatever and a study of the processes of its
storage and transmission. It is to a great extent
a branch of the probability theory and, in particu-
lar, solves such practical problems as the trans-
mission of maximum of information over a mini-
mum frequency band.

The coming of electronic automation and elec-
tronic computing machines has brought forth a
new science, cybernetics, which engages in a
study of processes in automatic devices and in
living organisms. These processes include the
storage, accumulation, conversion, and transmis-
sion of information. Consequently information
theory and mathematical logic become the mathe-
matical foundations of cybernetics.

PROPAGATION, RADIATION, AND CHANNELING
OF RADIO WAVES IN MODERN RADIO ELEC-
TRONICS

As already mentioned, the present stage of the
development of radio electronics is characterized
by an extensive utilization of UHF waves, arbitrar-
ily defined as 10 m to 1 mm long. In connection
with this, most experimental and theoretical r e -
search on the propagation of radio waves now car-
ried out is essentially in this range.

It is very important to emphasize that only UHF
can be used to transmit information in rapid proc-
esses (such as television, radar, etc.). UHF trans-
mission makes it possible to use new methods of
modulation, pulse modulation (PM) and frequency
modulation ( FM), raising radio communication
to a new level of development both with respect to
interference rejection and with respect to speed of
information transmission.

UHF waves differ from short and long waves in
that they are not reflected (except for waves longer
than 5 or 7 meters) by the upper ionized layers of
the atmosphere, and are hardly bent around the



312 A. M. KUGUSHEV

earth's curvature by diffraction. For this reason,
it is impossible under natural conditions, to trans-
mit UHF around the earth without rebroadcasting.
For the same reason, only UHF makes possible
radio communication in cosmic space.

Experience with radar during the Second World
War has disclosed that UHF waves propagate far
beyond the horizon, at a distance determined by
refraction. Experimental and theoretical research
has shown that this phenomenon is due to the sharp
reduction in the dielectric constant of the atmo-
sphere, e, with altitude h, and consequently, to
the increase in the "effective" radius of the earth,
determined by the expression

' ' " dh

in which R is the actual radius of the earth.
Under certain temperature and humidity con-

ditions in the surface layer of the atmosphere, the
decrease in the dielectric constant may not be
monotonic, and this may cause guided propagation
of UHF waves over distances several times the
direct distance to the horizon, which is deter-
mined by the "normal" value of the effective ra-
dius of the earth

Diffuse UHF propagation far beyond the horizon
has been noted recently and is due to scattering by
global irregularities of the atmosphere, a phenom-
enon which can be called "radio glow," similar to
the visible glow due to scattering of light rays by
clouds. The troposphere scatters meter waves
(shorter than 3 meters), decimeter waves, and
centimeter waves (100 — 10,000 Mcs ) while the
ionosphere scatters meter waves (20 — 60 Mcs).
Irregularities in the troposphere are produced by
non-uniform motion of air currents of different
temperature and humidity. Cumulus-like irregu-
larities in the ionosphere, with relatively high
ionization density, are produced essentially by
the passage of meteors, by polar aurorae, and
by other processes. (When a meteor enters the
earth's atmosphere with a velocity of 10 to 70
km/sec, its intense heat rise produces an ionized
column of air — a meteor track — which reflects
radio waves in this band.)

Experiments have shown that diffuse UHF prop-
agation and reflection of meter waves (in the range
from 6 to 75 Mcs) by meteor tracks can be used
for beyond-the-horizon radio communication if a
powerful transmitter, a very sensitive receiver,
and a highly-directional antenna are used.

A characteristic feature of centimeter, milli-
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FIG. 7. Absorption of centimeter waves in the oxygen of
the atmosphere (dotted) and in water vapor (solid curve).

meter, and partially also decimeter waves is scat-
tering by clouds and absorption in the lower layers
of the atmosphere. Scattering by rain clouds and
rain fronts is used in meteorology. Since the at-
mosphere absorbs radio waves corresponding to
resonant frequencies of molecules of water vapor,
oxygen, and nitrogen, millimeter waves cannot be
used for radar.

A new development in ionospheric research,
and consequently in the study of propagation of
long and short radio waves, is the use of high al-
titude rockets and artificial earth satellites with
automatic electronic apparatus on board. This
apparatus yields more details on the distribution
of the ionization density in the upper layer of the
atmosphere. It has been noted, in particular, that
a highly ionized layer exists even at an altitude
of 20 km and that 40 km up there exists a layer
with a high concentration of mesons and fast elec -
trons. Advances in rocket technology and in the
production of artificial radioactive isotopes make
it possible to suggest that ionized regions be ar-
tificially created in the atmosphere and that their
influence on the propagation of radio waves be
studied.

It should be noted that since modern long-dis-
tance radio navigation uses long waves, and since
nuclear explosions and flights of large rockets
produce very long radio waves, theoretical and
experimental work are still being continued on
the propagation of radio waves in this range. No-
tice should be taken here of the investigations of
V. A. Fock, who obtained the most complete and
most rigorous solutions to the problem of diffrac-
tion propagation over a spherical earth with allow-
ance for normal refraction. Theoretical work is
also being done on the analysis of guided propa-
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gation of very long waves, corresponding to fre-
quencies of 1 to 20 kilocycles in the space bounded
by the spherical earth and the ionosphere, where
the impedance is assumed to be different from that
of free space.

Scientific and practical problems concerning
long-distance propagation of very long waves in
the surface layers of the earth and in water are
of considerable interest. Other interesting prob-
lems are the propagation of short and ultra-short
waves in a layer of snow.

An important problem in radio wave propaga-
tion, apart from its effective range, is the velocity
of the electromagnetic wave near the earth and in
free space. An exact determination of the propa-
gation velocity is essential for radar, radio geo-
desy, and other practical application; it also has
an important application in modern physics.

L. I. Mandel'shtam and N. D. Papaleksi have
established that electromagnetic waves have the
same velocity over a homogeneous surface as in
free space, with accuracy to the fourth decimal
point. Theoretical and experimental investiga-
tions of the influence of irregularities on the
earth's surface and roughness of the soil have
shown that the direction of wave propagation and
the phase velocity are affected only near the
boundaries of the irregularity or roughness, and
resume their original values away from the ir-
regularity. Using an interferometer at a wave-
length of approximately 4 mm, they found the
velocity of electromagnetic radiation in vacuo to
be 299,792.5 ± 0.1 km/sec.

It is relatively easy to solve scientific and
technical problems in the guidance of long and
short waves, with the exception of some special
cases (the transmission of very high power over
a relatively long feeder).

The guidance of UHF currents involves greater
difficulties, owing to parasitic radiation, to the
surface effect of the current, and to partial reflec-
tion of the energy by the load (in the case of a
line, whose length is greater than or commensu-
rate with the wavelength). These difficulties are
overcome to a certain extent by the use of coaxial
and waveguide feeders.

These difficulties are particularly troublesome
at millimeter wavelengths, i.e., above 30,000 Mcs.
For illustration we can indicate that the efficiency
of a copper waveguide 20 meters long at a wave-
length of 5 mm is only 0.01%. At the present time
research is being carried out19 on the development
of single-conductor lines, strip lines, dielectric
waveguides, etc. A particularly promising con-
struction is a spiral waveguide in the form of a

tightly wound cylindrical helix made of insulated
copper wire. Such a waveguide can carry Hol

waves, for which no longitudinal current flows in
the waveguide and the copper losses diminish with
decreasing frequency. The attenuation in such a
waveguide may therefore be one-tenth that in a
rectangular waveguide.

Considerable progress has been made in UHF
antennas, both directional and nondirectional. The
efficiency of a UHF antenna is considerably higher
than that of a long-wave antenna; at the present
time it is possible to build directional UHF antennas
with a beam width less than one degree, and conse-
quently the accuracy of measurement of angular co-
ordinates becomes comparable at UHF with the
accuracy of optical measurements.84 In modern
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FIG. 8a. Fetrite circulator based on the Faraday effect.

special antennas use is made of rapid scanning of
the radio beam at 10 cps and faster. Great pro-
gress has also been made in broadband and flush
antennas (diffraction, dielectric, surface, lens,
etc.).

Inflatable parabolic antenna mirrors with a rigid
frame several meters in diameter are used for
radar. For the same reason, increased mobility,
systems have been developed in which the antenna
is an air column strongly ionized by x-rays or by
radioactive elements.84 Small ferrite antennas
are extensively used in receivers.127

A ferrite long-wave receiving antenna is usu-
ally a rod 1 or 2 cm in diameter, 20 — 30 cm long,
on which a single-layer or a double-layer coil is
wound to form a small receiving loop with a ferrite-
core in which the magnetic permeability and dielec-

Magnetizing field Ho

Direction of
propagation

FIG. 8b. Ferrite directional element.
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trie constant are considerably higher than in air.
Such a loop is therefore the equivalent of a much
larger ordinary loop. Antennas for the centimeter
band may consist of ferrite rods that radiate en-
ergy in an axial direction. By magnetizing the
rods with alternating current, it is possible to
scan a radio beam in space at a frequency up to
several hundred cycles per second.

An effect observed to a great extent in the UHF
band is the rotation of the plane of polarization in
magnetized ferromagnetic bodies through which an
electromagnetic wave is propagated. This phenom-
enon is now used to design practically inertia-less
ferrite switches in the form of controllable polar-
ization filters, rectifiers for electromagnetic en-
ergy, circulators to divert the reflected energy
to a direction other than that of the incident energy
rapidly adjustable resonators, and other UHF cir-
cuit elements.

It must be emphasized that the use of direc-
tional ferrite elements for the transmission of
electric energy is essentially a practical appli-
cation of electric circuits that do not obey the
reciprocity law. This new stage in the development
of the theory and practice of electric circuits
promises many important practical applications.

GENERATION AND AMPLIFICATION OF ELEC-
TRIC OSCILLATIONS IN MODERN RADIO
ELECTRONICS

When UHF currents are generated with the aid
of triodes, technical difficulties are caused by the
time delay of the electrons and also by electrode

inductance and capacitance. Specially designed
UHF triodes must therefore be used. One such
example is the stacked metal-ceramic radio tube,
which can be mounted like an ordinary radio part.
A miniature triode4 4 of this type, 8 mm in diam-
eter and 10 mm high, can operate an amplifier at
1000 Mcs with a relatively large gain even at tem-
peratures up to 700° С.

A characteristic modern trend is also the de-
velopment of "filamentless" ceramic radio tubes.1 2 8

The oxide cathode of these tubes produces the nec-
essary emission when the entire tube is heated to
500 — 700°C by the thermal losses in the radio ap-
paratus itself or in some other equipment. The
other electrodes of such a tube are made of pure
tantalum to prevent emission; the use of tantalum
contributes also to the absorption of gases libe-
rated in the vacuum at high temperatures. Such
tubes can also operate without a source of grid bias,
because of the positive contact difference of po-
tential between the cathode and the grid. All this
results in a power saving of approximately 80%
compared with ordinary tubes with electrically
heated cathodes.

To generate large amounts of power in the de-
cimeter, centimeter, and millimeter bands, new
types of vacuum devices are being developed and
perfected: resnatrons, klystrons, and fixed or ad-
justable magnetrons. 3 5 ~ 4 9 a

A very clear example of the progress in this
field is the multi-cavity klystron and the megatron
type of high-power broadband generator with inde-
pendent excitation. Unlike the two-cavity klystron,
the new klystron has intermediate high-Q cavities;
this, along with focusing of the electron beam, in-
creases the efficiency and the gain. Multi-cavity
klystron generators with outputs of several tens
of kilowatts in the decimeter band, with efficiencies
of approximately 50%, and gains on the order of

FIG. 9. Large three-cavity UHF klystron.

FIG. 10. 1 — self-excited magnetron; 2 - magnetron-type
amplifier; 3 —electron cloud.
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1000 and above have already been developed. Such
high qualities cannot be obtained with tetrodes even
in the long wave region. A pulsed klystron37 of this
type has already been developed for a rating of
more than 20,000 kilowatts at an average power
of 50 kw.

A shortcoming of the multi-cavity klystron is
its narrow bandwidth. Free of this shortcoming
is the generator-amplifier of the magnetron type,
which is capable of amplifying oscillations over a
relatively broad range of frequencies, within 10%
and more, without a change in the power supply
and the magnetic field, albeit at a lower efficiency
than the klystron. At the present time decimeter
broadband amplifiers of the magnetron type45 with
pulsed power on the order of 1000 kw, an efficiency
of approximately 50%, and a gain of ~ 10 in a band-
width of ± 5% have already been developed.

New vacuum devices have been developed and
perfected to generate and amplify oscillations in
the 300 — 10 mm length range and below. These
are the traveling wave tube and the electron wave
tube. In these tubes a beam of electrons interacts
with an electromagnetic field over a considerable
length, and consequently the gain of such a tube is
considerably greater than that of a triode or pen-
tode which furthermore, can operate only at lower
frequencies. There are now available UHF trav-
eling-wave and electron-wave tube amplifiers with
gains on the order of 100 (used to increase the
sensitivity of receivers) and on the order of
100,000 (for transmitting and receiving devices
in radio relay lines). These tubes have still an-
other valuable property in that they do not let a
strong signal pass through. A remarkable prop-
erty of such tubes is their large bandwidth and that
their frequency can be changed almost instantane-
ously over an entire octave by changing the plate
voltage (so-called electronic tuning). A UHF
generator with electronic tuning and a broad range
is the backward wave tube, in which, unlike in the
traveling wave tube, the electron beam interacts
with the reflected wave, i.e., with the wave that
moves opposite the electron beam. An example
of a backward wave tube is the corcynotron, in
which the resonator system comprises a corru-
gated surface, along which an electron beam is
moving. By changing the anode voltage it is pos-
sible to change the frequency, say from 1600 to
2400 megacycles, at a power rating of several
hundreds of watts and an efficiency on the order
of 30%.

The electron wave tube employs hollow elec-
tron beams; the shaping of such beams, as well
as the development of letter-shaped beams and

of beams that can be rotated by 180° is proof of
the great accomplishments of modern electronics.
Included among these accomplishments is the suc-
cess in producing economical cathodes with high
emission density, several amperes per square
centimeter of heated surface.

The advances made in electronic devices now
permit the construction of radio transmitters for
any desired power, and receivers capable of r e -
ceiving signals with a power flux on the order of
10"20 w/cm2. It must be noted that the power rat-
ing of a UHF transmitter is limited by the die-
lectric strength of the air near the gap of the an-
tenna dipole. On the other hand, the sensitivity
of a UHF receiver is limited by the internal and
external noise.

In spite of the progress and improvements in
electronic vacuum devices, the requirements now
imposed on radio electronic apparatus make it
necessary to replace the vacuum devices with
solid-state devices. Within the next few years
the low-power vacuum electronic devices will
apparently be completely replaced by semicon-
ductor and other electronic solid-state devices.

The low power consumption, the high efficiency,
and the small dimensions of electronic semicon-
ductor devices can be illustrated by many exam-
ples. These include: receivers that receive sig-
nals from remote radio stations but are supplied
with power radiated by a local station; a super-
miniaturized radio transmitter, which can be
swallowed for medical diagnostic purposes; a
pocket-size television camera made of semicon-
ductor devices, consuming merely 50 watts, and
many others.

In high-power installations, semiconductor
diodes are replacing mercury-arc and other vac-
uum rectifiers. They offer bright prospects of
use in industry and in transport, through the de-
velopment of brushless electric dc machinery
and rectifiers, both for high voltages on the order
of several hundred kilovolts, as well as for low
voltages but rated at hundreds of thousands of
amperes.

Particular emphasis must be placed on the
promise offered by semiconductor amplifiers
with built-in power supply in the form of mod-.
era cheap radioactive materials. The technology
of semiconductor devices has now reached such
a level, that it has become possible to design semi-
conductor devices that combine the functions of a
triode, capacitor, and a power supply. Thus, a
small solid body can serve as an amplifier with-
out a source of supply.

It should be noted that the Hall effect is some
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Input load

FIG. 11. Circuit diagram of molecular amplifier with ferrite
circulator.

hundreds of millions times stronger in a semi-
conductor. This phenomenon can be used to pro-
duce dc diodes analogous to ferrite microwave
diodes, and also to produce various converters
(transducers). There are no transistors as yet
suitable for practical generation and amplification
above 100 Mcs. However, research in this field
has already produced experimental models of
low-power semiconductor generators and ampli-
fiers75'78 for frequencies up to 3000 and even
10,000 Mcs.

Note should also be taken of the successful de-
velopment of a new type of solid-state generator-
amplifier, namely the quantum-mechanical (also
called molecular) generator-amplifier,* in which
the amplification is produced by the interaction
between the electromagnetic field and the internal
energy of atoms or molecules, unlike the vacuum
and semiconductor devices, in which the interac-
tion is with the free electrons. By artificially in-
creasing the number of particles ("population")
in the uppermost energy level through the intro-
duction of an electromagnetic field of increased
frequency, conditions are created for amplifica-
tion of the lower-frequency signal.

A molecular solid-state generator-amplifier
consists of a crystal of paramagnetic substance,
placed inside a UHF resonator with constant mag-
netic field. To increase the difference in "popu-
lation" of the levels, and consequently to increase
the gain, the paramagnetic crystal is cooled to
temperatures close to 0° K, and this results in a
very low level of internal noise.

Laboratory models of molecular amplifiers
are already available for the centimeter and de-

*The name used abroad is MASER, which stands for 'micro-
wave amplification by stimulated emission of radiation."

cimeter bands; these employ two or three energy
levels. In three-level models, to amplify frequen-
cies on the order of 3,000 Mcs, an excitation fre-
quency on the order of 9,000 Mcs is used at sev-
eral milliwatts. If the input signal is 10"11 to 10"10

watts, the gain obtained in this case is 10 to 30 db.
Used as a preamplifier, the molecular amplifier
can increase the sensitivity of a radar receiver
by a factor of a thousand; it is easy to vary the
frequency over a sufficiently wide range by chang-
ing the intensity of the constant magnetic field.62"65

It is believed that a molecular amplifier oper-
ating at 21 cm and used in a radio telescope can
resolve the problem of the presence of "hydrogen
clouds" between the galaxies.

Connecting a molecular generator between an
antenna and the input of a radio receiver necessi-
tates the use of a circulator, specifically a ferrite
one, since the input and output of the amplifier
signal are combined in it.

In connection with the development of the tech-
nology of very low temperatures, superconducting
devices capable of performing many of the func-
tions of transistors in radio electronic circuits
are presently being developed and have already
found practical use. One particular superconduc-
ting device, the cryotron, consists of a piece of
tantalum wire kept at -240°C, the superconduc-
tivity of which can be destroyed by a magnetic
field, arising when a weak current is made to
flow through a thin niobium winding wrapped
around a section of the tantalum wire.

The prospects of developing high power semi-
conductor and solid-state electron devices for the
generation and amplification over the entire range
of radio frequencies, including the UHF band, are
still not certain. Many unsolved problems such
as obtaining the necessary materials, developing
efficient designs, and overcoming technological
difficulties retard the development of such de-
vices. No way has yet been found to produce solid-
state electronic devices capable of replacing vac-
uum cathode ray tubes. However, progress in
solid-state physics gives grounds for assuming
that even these problems will be solved shortly.

Great progress has been made recently in the
development of nonlinear magnetic and dielectric
materials, which permit the production of low,
medium, and ultra high frequency high-power tube-
less amplifiers. A remarkable accomplishment in
this field is the development of a magneto-dielec-
tric material, ferrite, one application of which has
already been mentioned. This material has ferro-
magnetic properties but is not a conductor. It
therefore is not subject to eddy-current losses,
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which limit the application of ordinary ferromag-
netic cores in high-frequency and UHF circuits.

Another remarkable accomplishment in this
field is the development of ferroelectric-dielectric
materials. A capacitor with a dielectric made of
ferroelectric material is capable of retaining its
residual charge even if its electrodes are short
circuited. When the polarity of the applied voltage
is reversed, the residual charge produces a rect-
angular hysteresis loop.

It must be emphasized that the problem of in-
creasing the operating reliability of radio elec-
tronic apparatus has assumed great importance
at the present time. This is due to the extensive
use of electronic apparatus for very important
functions. This has given rise to a new discipline,
which involves the study of reliability of radio -
electronic apparatus and makes use of probability
theory.

A most important current problem in the field
of construction of radio-electronic apparatus is
miniaturization. To increase the reliability of
radio-electronic apparatus and to miniaturize it
involves not merely replacement of vacuum de-
vices by non-vacuum ones, but also improvement
of all radio components. Much has been accom-
plished recently in this direction. Printed circuits
and new radio materials make possible the produc-
tion of reliable miniaturized electronic apparatus
with components — resistors, capacitors, trans-
formers, selsyns, etc. — that can operate even
at 600 — 800° С. Another important problem is
the development of materials that are transparent
to radiowaves (for use in antenna radomes and
for the nose parts of rockets) capable of with-
standing temperatures above 1000° C.

PRACTICAL APPLICATIONS OF MODERN
RADIO ELECTRONICS

1. An outstanding feature of modern radio
communication is the progress in high-speed
radio telegraphy. Up to 100,000 words a minute
can be transmitted with a special cathode ray
tube. The operation of such a tube is similar to
the typesetting process: it converts coded signals,
say from magnetic tape, into sharply outlined let-
ters and numbers on a screen.

UHF long-distance radio communication has a
very promising future. Its technical means are
radio relay lines and stations that use diffuse
propagation of UHF. The advantages of long-dis-
tance UHF radio communication are: reliability
of operation during any time of the day or of the
year (up to 99.9% of the time during which the

signal-to-noise ratio exceeds unity), high rate
of interference rejection, and a large bandwidth
to accommodate many telephone and television
channels. A combination of radio relay lines and
diffuse-propagation lines will probably be the prin-
cipal means of communication in the near future,
and the short- and long wave bands will be rele-
gated to an auxiliary role.

The transmitters used in communication sys-
tems based on diffuse propagation in the iono-
sphere are rated 20 to 50 kw, and antennas have
a directivity pattern of 5 to 20°, insuring a range
up to 2000 km.

Using transmitter ratings of 1 kw and antennas
with a small directivity at meter wavelengths,
radio communication is possible by reflection
from meteor tracks, which have lifetimes ranging
from milliseconds to several seconds.86 The length
of the track (usually approximately 10 km) per-
mits a communication range up to 2,000 km. Tele-
grams are first recorded on magnetic tape and
are automatically transmitted at very high speed
(several thousand words per minute) during the
lifetime of the meteor track. Since hundreds of
meteors enter the atmosphere hourly, such a rate
of communication is quite productive. If the track
lifetime is very short, the transmission of the
corresponding portion of the telegram is automat-
ically repeated.

FM klystron transmitters rated 1 to 10 kw are
used in diffuse propagation in the troposphere. The
antennas are parabolic reflectors up to 20 meters
in diameter; the communication range reaches ap-
proximately 600 km.9"9 4

Diffuse propagation of decimeter waves makes
it also possible to increase the operating range of
air-to-ground communication. For example, at a
flight altitudes of 5,000 meters it is possible to
communicate over distances of approximately 700
kilometers.

The advances in modern television are numer-
ous . High-sensitivity transmitting tubes of the
orthicon and superorthicon type permit studio
broadcasts without special high-intensity illumi-
nation, or transmission from outside the studio
under ordinary illumination. Other, more sensi-
tive transmitting tubes of the "vidicon" and "ebi-
con" type, in which the variable conductivity of a
semiconductor target is used, permit television
transmission even in faint moonlight.

A recent development is a combination cathode-
ray and traveling-wave tube to serve as a receiver
for the centimeter band. Such a tube is connected
directly to the antenna and has a very high sensi-
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tivity and a relatively low level of internal noise.
The design and technology of color receiving

tubes are being constantly improved. One partic-
ular receiving tube has a screen made of alter-
nating vertical strips of luminophors for the prin-
cipal colors; such a tube is easier to manufacture
than a tube having a screen with regularly arranged
luminophor grains.

Work is in progress on a flat television screen
in the form of a dielectric plate, covered with lu-
minophors capable of glowing in an electric field.
Such a luminophor layer is placed between two
mutually-perpendicular sets of thin parallel con-
ductors . A glowing point appears on the screen at
the intersection of any two wires to which a video
pulse (from the television receiver) is applied
at any given instant.

In view of the success of diffuse UHF propaga-
tion for long-distance radio communication, and
in view of the growth of radio relay networks, tele-
vision transmissions on an international scale are
expected in the near future.

At the present time television is very extensively
used in industry, nuclear engineering, underwater
operations, military apparatus, etc. Television
apparatus is already used to demonstrate model
manufacturing processes, to display surgical op-
erations, etc.

Television is particularly indispensible in dan-
gerous technological processes and in underwater
operations. Underwater television cameras are
now capable of operating at a depth of 1,000 meters.

To permit remote manipulation in dangerous
technological processes, it is possible to employ
stereoscopic television apparatus, which would
permit judging the distances between the "hands"
of the manipulator and the object.

2. Modern radar equipment operates in deci-
meter, centimeter, and millimeter bands. Posi-
tion is located by modern radars with a relative
error of less than 10"*, something that cannot be
attained with other technical means.91~84

Many types of modern radar can measure an-
gular coordinates with an error of less than 2 or
4 minutes. Special-purpose radio direction find-
ing devices, particularly for radio astronomical
observations, can measure angular coordinates
with an error of several seconds, the same ac-
curacy as obtained with optical instruments.

Modern radar devices also have very large
resolving power, reaching hundredths of a micro-
second or several meters in millimeter-band
radar using pulses on the order of several hun-
dredths of a microsecond.

The operating range of the best modern radars

may reach several thousand kilometers, thanks to
the use of large antennas, high power transmitters,
and sensitive receivers. The sensitivity of radar
receivers is increased with integration methods
and with molecular amplifiers having a low in-
trinsic noise temperature.

A radar system using the Doppler effect can
spot a moving target against the background of
reflections from clouds, local objects, and art i -
ficial noise.

Radar apparatus is now extensively used to
control airplane traffic near an airport, for "blind"
landing, and to control the movement of the air-
planes in an airport. There are numerous other
applications of radar control in transport, includ-
ing control of automobile traffic.

A unique feature of modern radar is the use of
electronic computing devices, which replace the
visual indicators and the work of the human oper-
ator. In some military and civilian applications
of radar, the information developed by the radar
is so complicated and accumulates so rapidly,
that its interpretation and utilization — the deri-
vation of suitable solutions from the data — cannot
be performed by humans within a practical time
limit.

Radar operating in conjunction with an elec-
tronic computer can automatically track an attack-
ing object such as a fighter or a guided missile,
control a long distance rocket, or control cos-
mic rockets.

It must be emphasized that radio-telemechanical
control, as such, was born soon after the invention
of wireless telegraphy. However, only the devel-
opment of radar, which permits "seeing" (observ-
ing ) the controlled object at distances exceeding
the range of the human eye, has made radio con-
trol of moving objects feasible.

The time is not far when radar and radio con-
trol will make possible the flight of cosmic rockets
with electronic automatic apparatus on board, of-
fering a ground observer full possibility of study-
ing phenomena in cosmic space. One can state,
in connection with this, that human presence in
cosmic space, at least for the purpose of inves-
tigating the universe, will become unnecessary.

Radio navigation apparatus has now reached a
high degree of perfection. A widely-used range-
finding system based on the principles of radar
and modern radio navigation has a much greater
accuracy and range than the angle-measuring
system.

In the "pulsed circular system," the location
of a ship or an airplane is determined by meas-
uring the distance from two surface radio targets.
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When operating at UHF, the operating range reaches
500 kilometers, and the error in position determi-
nation is approximately 20 meters. In the "pulsed
hyperbolic system" the location is determined
from the difference in distances from three sur-
face transmitting stations, which radiate synchro-
nized high-frequency pulses, received in a ship
or on an airplane. When operating with long or
short waves, the operating range reaches several
thousands of kilometers, at an error of 20 km and
less. Measurement of the phase of the carrier
frequency makes it possible to determine coordi-
nates with greater accuracy, and to reduce the
error to less than 100 meters.

To make radar systems autonomous, i.e., free
of the need for surface stations, a Doppler systems
is now under development. Such a system consists
of an airborne radar that radiates in three direc-
tions.102"105 By comparing the frequency of the r e -
flected signals with the radiation frequency it is
possible to determine the ground speed accurate
to ± 1% and the drift angle with an accuracy on
the order of ±0.5%, and to determine from these
data the location of the airplane and the shortest
course to the destination. All these data can be
computed automatically with electronic apparatus,
and the pilot can therefore visually observe all the
navigational data on the airplane-control indicator.

Artificial earth satellites will probably soon
be used for radio navigation of airplanes and ships.
Radio signals from three such satellites will make
it possible to determine the ground position by re l -
atively simple radio means, with high accuracy,
and in all weather.

Methods for very accurate measurement of dis-
tances, as developed by radar, are being used also
in geodesy. Radar apparatus is used in geodetic
and cartographic operations for accurate determi-
nation of the position of the airplane that takes the
aerial photographs, or for guiding it to the required
region.

Distances on the order of 30 —50 km between
two points on the earth's surface can be measured
with relatively lightweight portable continuous -
wave radar operating at wavelengths on the order
of 10 cm modulated at several frequencies from
9 to 10 Mcs. By changing the phase shift of the
modulating frequencies it is possible to determine
distance with very high accuracy (error on the
order of ±5 cm).

To measure relatively short distances, pulsed
lightweight systems are used, based on the same
principle as radar but using optical waves. At the
present level of pulse techniques, when electric
pulses shorter than 0.01 /xsec can be generated,

optical location apparatus makes it possible to
measure distances accurate to less than one deci-
meter.100

It must be emphasized that the use of radar
makes it possible to accelerate complicated geo-
detical plotting, and reduces to one tenth the time
of geodetic plotting of large unchartered areas.

Rain clouds and storm clouds are located by
radar stations operating in the centimeter band
with circular scanning and with vertical scanning.
The indicator screen of such a station shows the
formation and movement of storm fronts over
areas of tens of thousands square kilometers.
Only with the aid of high-speed electronic com-
puters can the meteorologist use the large amount
of information provided by meteorological radar.

Concluding the section on radar, let us note the
technical feasibility of the so called "passive"
radar, similar in its physical principle to thermal
direction finding.129 At relatively low tempera-
tures, -20 or -30°C, a noticeable portion of the
thermal radiation consists of centimeter and milli-
meter radio waves. Since a radar receiver oper-
ating in this band can be made more sensitive than
a detector of infrared and heat rays, and since
radio waves are less absorbed in the atmosphere,
it is possible in many cases to detect certain ob-
jects by radar without the use of a special t rans-
mitter, i.e., operated essentially as a direction
finder for thermal radio waves. Thus, for example,
such a radio direction finder operating at 0.8 — 3
cm can detect objects when the apparent difference
in their temperatures is 2 or 3° K. This makes it
possible, in particular, to "see" the travel of a
ship, since the water in the wake is warmer than
the surrounding water; it is also possible to "see"
the shoreline from an altitude of 2,000 m in thick
fog. Naturally, the resolving power of such a radio
direction finder is considerably lower than that of
a thermal direction finder, and its operating range
is less than that of a radar that has its own trans-
mitter. Nevertheless, one can assume that this
newly developed method of radio detection will
find extensive practical application.

3. Since UHF waves penetrate through the iono-
sphere and are hardly absorbed in the lower layers
of the atmosphere, a UHF receiver with a direc-
tional antenna can receive radio waves from ce-
lestial bodies. The observation of such radio
waves yields many new data unobtainable with
optical instruments.

In view of the low density of the power flux in
the radiation from celestial bodies (approximately
10~18 w/m2) it becomes necessary to use large an-
tennas (100 m2 and above). But even in this case
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the power at the input of the receiver is much
lower than the level of the intrinsic noise of a
modern ultra sensitive receiver, which is usually
designed for the reception of short-duration sig-
nals. On the other hand, by using the radiometer
method, which is suitable only for reception of
prolonged signals, it is possible to register and
measure the weak radio radiation from celestial
bodies.

In spite of its brief history, radio astronomy al-
ready has many scientific and practical accomplish-
ments to its credit. Thus, radio waves have been
observed at wavelengths of 8.6 — 12 mm from the
moon and at wavelengths of 30 mm from Mars. This
permits an estimate of the nature and temperature
of the upper layers of the surfaces of these planets.

Strong radio signals, radiated by several sources
on Jupiter in the 18 — 20 Me band, lasting from frac-
tions of a second to several seconds, have been ob-
served. The energy in these signals is some
100,000 times greater than that of a strong lightning
discharge in the earth's atmosphere.

Radio waves from the galaxy and metagalaxy
have been discovered, and many individual sources
(radio nebulae) which produce no visible radiation
have been detected.

Radiation has also been observed at a wavelength
of approximately 21 cm, the source of which is in-
terstellar gas — strongly rarified hydrogen.

It is possible to measure the distribution of the
intensity of radio waves over the solar disc, along
with regular observations of radio waves from the
outer corona of the sun, while optical observations
of outer corona are possible only during total solar
eclipses.

The effective temperature of the earth's atmo-
sphere in clear and cloudy weather was measured
at wavelengths of 3.2 cm and 8.7 mm under differ-
ent elevation angles. It varies from 90 to 50°К at
3.2 cm and from 40 to 200°К at 8.7 mm.

Radio astronomical observations make it pos-
sible to develop new navigational instruments —
radio sextants, i.e., instruments used to determine
the position of a ship or airplane from radio obser-
vations on celestial bodies (the sun or the moon).

More detailed observations of meteoric tracks
can be made during any time of the day and in all
weather by means of relatively simple radar ap-
paratus.

Many radar observations of the moon have been
made to date at various wavelengths ranging from
2 m to 10 cm. It is necessary to use for this pur-
pose relatively powerful and sensitive radars. The
results of these observations, in addition to pro-
ducing an accurate measurement of the distance

to the moon, yield information on the reflecting
properties of the moon's surface, on its libration,
and on the electron concentration in the ionosphere.
In particular, these observations have established
that UHF waves are reflected principally only by
the central region of the moon's disc, approxi-
mately % the radius of the disc, with a reflection
coefficient — albedo — of approximately 0.1. We
can conclude from these data that the use of r e -
flections from the moon for radio communication
between remote points on the surface of the earth
is possible only when the signal frequency spec-
trum does not extend beyond 1,000 cps, i.e., of
practical use only for radio telegraphy.

Radio electronics is also extensively used in
optical astronomy the technical means of which
it has perfected and extended. The sensitivity of
astronomical observations is now increased
through the use of the storage features of the tele-
vision tube. It is possible to obtain by this method
photographs of the solar disc in ultraviolet or in-
frared illumination. No less successful is the use
of television with a refractor to observe the moon,
Jupiter, and Saturn. This has made it possible to
obtain large and sharp images of the cloud rings
on Jupiter and the small craters on the moon.

Of great value to the improvement of astronom-
ical observations are newly developed electronic
light amplifiers. These make it possible to reduce
by hundreds of times the exposures needed to take
photographs with a telescope. This is equivalent
to increasing the possible viewing distance.

There is no doubt that radio astronomy, radar,
and the launching of cosmic rockets with automatic
radio electronic apparatus represent a new stage
in the human study of the universe. Artificial
satellites and the first cosmic rocket of the U.S.S.R.,
together with all the earlier results of radio astro-
nomical and radar observations, are a successful
beginning in this stage. One can even state that
these methods, within a relatively short time,
have already yielded more information than has
been accumulated by humanity during its entire
history.

Another new science resulting from the devel-
opment of UHF techniques is radiospectroscopy,
which engages in the study of the microcosmos,
unlike radioastronomy, which investigates the
macrocosmos. The physical process studied by
radiospectroscopy is the selective absorption of
certain radio waves in the UHF band by various
substances. Radio spectroscopy not only extends
the capabilities of spectral analysis (which uses
waves in the optical band), but makes it possible
to study the detailed structure of molecules. Be-
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cause of the use of electronic circuits that gener-
ate and amplify monochromatic electric oscilla-
tions, radio spectroscopy greatly exceeds optical
and infrared spectroscopy in measurement accu-
racy and resolving power.

Selective absorption of radio waves by mole-
cules of various substances is also used to stabi-
lize the frequencies of generators operating in
the millimeter and centimeter bands.

The study of molecular structure by radio spec-
troscopy has led to the development of a new method
for generating and amplifying UHF oscillations —
the mulecular generator and amplifier. We already
mentioned the solid-state molecular generator -
amplifier. In the gas molecular generator for the
millimeter or centimeter bands, the molecular
ammonia beam travels through vacuum in a strong
electric focusing field; this separates the mole-
cules with the higher energy levels and guides
them into a cavity resonator, in which they excite
resonant oscillations. The great practical advan-
tage of this generator is that it has a very high
frequency stability, on the order of 10~12, and can
be used as a frequency standard and therefore as
an instrument for measuring time intervals very
accurately.

A molecular clock based on this principle can
measure time to better than 10~u sec. By using
a molecular clock in a long-range radio-naviga-
tion system, it is possible to measure a distance
of several thousands of kilometers from the base,
accurate to within several times ten kilometers.

The high-frequency stability of molecular gen-
erators uncovers new possibilities of investigat-
ing various physical phenomena, making it pos-
sible in particular to check experimentally the
general theory of relativity, since the gravita-
tional frequency shift in the earth's field equals,
near the earth's surface

where h is the vertical distance between sources
and v the radiation frequency.

4. Radio electronic apparatus is now indispen-
sible in various applications of atomic physics and
engineering. At the present time the method of
"tagged" atoms is very extensively used for vari-
ous types of analysis. The radiation from such
atoms is registered by special electronic circuits,
which also carry out amplitude and frequency anal-
ysis of the electric pulses produced by the radio-
activity.

An accelerator for charged particles is essen-
tially a high power electronic device, in which the

energy of the high frequency electromagnetic field
is converted into energy of moving charges, i.e.,
the opposite of a high-frequency electronic gener-
ator, in which the energy of a (constant) field is
converted into energy of an alternating current.
An example of a high-power accelerator is our
own 10-Bev proton synchrotron, with a magnet 60
m in diameter and an overall power consumption
of 150,000 kw. An even larger accelerator is now
being developed in the U.S.S.R., rated 50 Bev. The
annular orbit of the accelerated particles in this
proton synchrotron will be approximately 1.5 km
long.

Research has been started on methods of con-
verting the energy liberated in nuclear reactions
directly into alternating-current energy. The elec-
trons and protons liberated in the atomic reactor
can be bunched by an electromagnet into particle
beams of periodically variable directions, thereby
inducing alternating current in an electric circuit.

Mention must be made here of the research in
progress on the conversion of thermal energy into
electricity through the use of thermionic emission.111

The efficiencies obtained in laboratory models of
such generators (consisting of a bulb with two
electrodes having different work functions, filled
with an ionized medium) are already on the order
of 10%, and it is assumed that this efficiency can
be increased considerably in the future. As is
known, the efficiency of conversion of heat into
electricity by means of a thermocouple is 1%. The
absence of mechanical contact between electrodes
in a thermionic converter would make it possible
to maintain a greater temperature difference be-
tween the electrodes, thereby insuring a higher
conversion efficiency.

In contrast with the controlled nuclear reaction,
which is realized in atomic reactors with the aid
of chemical and mechanical technologies, a con-
trollable thermonuclear reaction can be realized
through the use of electronic technology. First
steps in this direction have already been made: to
attain the temperatures necessary to realize a
thermonuclear reaction, use is made of electric
pulses of tremendous power in a gas placed in a
strong magnetic field. The field pinches the dis-
charge into a thin streamer, thereby insuring its
thermal insulation. It is not excluded that the use
of a UHF electromagnetic field in a suitably de-
signed and constructed thermonuclear reaction
would provide both the necessary heat rise and
the necessary thermal insulation of the plasma, in
which the fusion reaction would take place.

The use of electronics in atomic energy would
enable us to build cosmic rockets with a range not



322 A. M. KUGUSHEV

only within the confines of our own solar system,
but beyond it. Ionic and photonic rockets, based
on the use of the escaping of ions and photons, are
already in development. Thus, for example, a
rocket is now being designed,114 propelled by the
reaction of a "jet" of ions with velocities of 200
km/sec. In this rocket heat from an atomic r e -
actor will be converted into electricity to ionize
cesium vapor. Strong electric fields will force
these ions through a nozzle at the aforementioned
velocity.

High frequency currents for industrial heating
are now used extensively in industry. Since the
power absorbed by a dielectric increases with in-
creasing frequency of the alternating field, the
use of UHF for heating nonmetallic parts and ma-
terials is very effective. This method makes it
possible to heat essentially the internal portion
of the treated object. High-frequency induction
heating is used to heat metal parts, placed for
this purpose in a magnetic field. In this case,
owing to the skin effect only the outer layers of
the parts are heated, and if the action is rapid
enough the inner layers do not have time to be-
come heated by conduction. This phenomenon is
used for surface hardening.

High frequency heating methods have found a
valuable application in medicine, where they have
been called short-wave and ultra-short-wave
diathermy. There is hardly a medical institution
at present without electronic equipment for vari-
ous diagnostic, analytic, and therapeutic purposes.

There is hardly any branch of industry that
does not employ automatic control of some tech-
nological process through the conversion of non-
electric quantities into electric ones by means of
various transducers — capacitive, inductive, r e -
sistive, electrochemical, photocells, and those
employing television techniques.

Electronic strain gages with wire transducers
make it possible to measure stresses in various
parts of large machines. Electronic circuits en-
able us to maintain automatically a given temper-
ature in a furnace with high accuracy, to measure
negligibly small displacements, and to carry out
chemical mass analysis during a continuous man-
ufacturing process. Continuous measurement of
the thickness of a rolled strip is made possible by
electronic devices, that register /3 or у rays
from radioactive isotopes placed near the meas -
ured strip. The humidity of paper is controlled
during its manufacture by electronic humidity
meters that operate on the variation in the output
voltage of a high frequency oscillator whenever

the capacitance of its tank circuit changes with
changing humidity.

A very great variety of radio electronic appa-
ratus is used by the printing industry, by motion
picture factories, etc. Automatic plants for mass-
production parts, concrete, and many other mate-
rials, are operated by electronic control. Radio
control of lifting cranes and other high-power
construction equipment is gaining wide use.

Electronic apparatus is used extensively in
geology to prospect for minerals. Experiments
are being carried out on the use of rapid high-
frequency heating to break up large blocks of
mineral rock.

5. The present-day need of easing human men-
tal labor and demands imposed by the control of
complex technological processes or by military en-
gineering problems can be satisfied only by elec-
tronic automation, automation of a higher type,
characterized by the use of feedback and memory
devices in both the program and the output. An ex-
ample of an electronic automatic device is the
electronic (digital) computer, which can per-
form complex mathematical and logical op-
erations at very great speed, and which also
makes possible continuous control and regula-
tion of complex technological processes to a
high degree of accuracy.

In many fields of science and technology there
are computational problems that can be solved
only after dozens of years of continuous calcula-
tions by a large staff. An electronic computer,
capable of performing tens of thousands of arith-
metic operations per second, can solve such prob-
lems in several hours to a required accuracy.
However, more and more new demands imposed
by modern development of science and technology
make it now necessary to develop electronic com-
puters capable of performing up to two million
additions or 500,000 multiplications of 12 — 15
digit numbers per second.130

Simple electronic circuits have, in principle,
amazing properties. The generation of short
pulses is really a process in which current is
turned on and off in a circuit with a small time
constant; the remembering of information really
represents pulsed charging of a miniature capac-
itor or pulsed magnetization of a miniature core.
The logical operation of multiplication is really
the production of a pulse on the anodes of two
tubes connected in parallel, when positive pulses
are applied simultaneously to their cathodes. The
result of all this is the outstanding accomplishment
of modern science and technology, an electronic
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device that performs the functions of human men-
tal labor.

In an electronic digital computer all operations
are carried out by counting electric pulses that
last a microsecond or less. The use of the binary
system in electronic computers insures stability
and high speed of operation; if V2 microsecond
pulses are used, an electronic computer can write
down the number that represents one billion in
approximately 30 microseconds, i.e., some 200,000
times faster than writing by hand in the decimal
system.

The block diagram of an electronic digital com-
puter includes the following principal parts: input
unit, arithmetic unit, memory units, control unit,
and output unit. In the input units, the computa-
tion programs and the initial data, initially r e -
corded in the form of a numerical table, are r e -
recorded in binary system on punched cards.

The conversion of a numberical table into a
system of holes in punched cards can be made
automatic with the aid of an automatic electronic
reading machine. The automatic machines already
developed, can read more than 100 digits (from 0
to 9) per second, and can thus keep up with a high-
speed electronic computer. The operating prin-
ciple of the automatic reading machine is based
on breaking up the digit into several elements, in
each of which either black or white predominates.
When a light beam scans the digit, a group of elec-
tric pulses is transmitted from each digit by a
photocell. This group is converted by means of
special circuit into a single pulse at a correspond-
ing output terminal of the unit. The number of out-
put terminals equals the number of digits to be
read, i.e., ten.

To increase the productivity of a high-speed
digital computer, the output data are printed and
are simultaneously duplicated by high-speed auto-
matic electronic apparatus with character-display-
ing cathode-ray tubes. The characters are trans-
ferred on paper by xerography. Such automatic
equipment can operate at a printing speed of more
than 2,000 characters per second.

The principal parts of an arithmetic unit are
electronic circuits for addition, subtraction, and
multiplication. The basic elements of such cir-
cuits perform the following basic logical opera-
tions: negation ("no"), logical multiplication
("and"), and logical addition ("or"), Logical mul-
tiplication in particular, is effected by an elec-
tronic circuit called a coincidence circuit.

It must be noted that in modern large electronic
computers the internal memory devices, which
comprise cathode-ray tubes or ferrite cores, can

remember up to several thousands of numbers,
each of which can be recorded or retrieved in any
sequence. External magnetic-tape memory de-
vices may have, in the case of large machines,
a capacity on the order of several million num-
bers, but the stored numbers can be retrieved
only in a definite sequence.

As already noted, electronic digital computers
permit automatic control of complex processes,
for example control of machine tools, electric
power stations, and aircraft, rocket, or missile
flight.

In an automatically controlled milling machine,
the shape of the part to be milled is specified in
terms of numbers represented by holes in a
punched tape. The electronic computer uses these
numbers to generate commands in the form of volt-
ages applied to the electric motors and servo-
mechanisms that actuate the cutting tool and the
milled part. During the control process, the elec-
tronic apparatus performs rapidly a large number
of computations, comparing the actual dimensions
with the specified ones and generating control sig-
nals on the basis of this comparison. Automatic
control of a milling machine with the aid of an
electronic computer reduces the time required
to finish complex parts to almost one third the
time required with tracer-equipment. In addition,
the replacement of tracer equipment by punched
tape reduces greatly the length and cost of the
setup operations.

When an electronic digital computer is used for
automatic control of the flight of an airplane, the
computer controls the takeoff, levels the airplane
at a given altitude, guides it along a specified
course, brings it to the specified point, and con-
trols the landing. The flight program is calculated
beforehand and recorded on punched tape. The
electronic computer compares the aircraft-posi-
tion data, as given by navigational instruments,
with the flight program and corrects the course
if there is any. If dangerous thunderstorm for-
mations are encountered, as detected by a special
radar, the airplane is guided around the storm
area over the most suitable course.

An electronic digital computer is capable of
performing the operations that make up the proc-
ess of solving a logical problem, i.e., operations
of remembering given information, comparison
of received information with the remembered in-
formation, and the production of an answer based
on this comparison. Thanks to this, for example,
the electronic computer can translate text from
one language to another, delivering the translation
in printed form.
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In the future it will be possible to build elec-
tronic digital computers capable of automatically
translating a speech simultaneously into several
other languages and radio broadcasting the trans-
lations to a mass audience. In addition, the present
day state of radio electronics makes it possible to
envisage an electronic reading automat, which
would reproduce text acoustically in one of sev-
eral specified languages, and also of an automat
which would record human speech on a typewriter
in any prescribed language.

The use of electronic digital computers for
playing checkers or chess, the creation of self-
teaching machines, etc., are experimental r e -
search topics in cybernetics. This research is
of inestimable importance to the development of
biology, including the study of processes of the
upper nervous activity. It would make possible
not only a more thorough study of the living or-
ganism and improvement in its viability, but would
also lead to better automatic devices capable of
the performance of the more complicated functions
of human mental labor.

A hydraulic pump, controlled by an electronic
computer and capable of taking into account the
state of the blood and other physiological reactions,
could replace the heart in the living organism dur-
ing the time of a complex operation. An ultrasonic
locator, the output signal of which is first analyzed
by a high speed electronic computer and is then
converted into electric pulses fed to suitable sen-
sitive points, may serve as a guide for a blind
person.

By studying the electric oscillations — biocur-
rents — that occur in the human organism during
the activity of its brain, it is possible in principle
to analyze and synthesize not only physiological
processes, but also the thinking processes. Were
we, for example, to succeed in discovering and de-
coding the electric pulses that arise in the brain
both while speaking aloud and during unvocalized
expression of the same thoughts, we probably could
record thoughts with radio-electronic apparatus,
without the need for the use of hands. This method
would possibly also solve a very important practi-
cal problem, that of aiding the memory and the
work of the human brain during the process of its
varied creative activities.

It is now already possible to produce high speed
scientific, technical, medical-diagnostic, and other
electronic handbooks capable of greatly increasing
mental productivity. This becomes more and more
necessary, since the scope of human knowledge is
continuously on the increase and to perceive it all
it will obviously be necessary to resort to the use

of technical means. In exactly the same manner,
it is possible to automatize, with the aid of elec-
tronic digital computers, processes of administra-
tive-economic control and even the control of mili-
tary operations.1 1 5 '1 2 4 > 1 2 6

In general, it is technically possible to produce
an electronic machine for the performance of any
complex function, which it can perform better than
the man who has created this machine. However,
the machine's ability will remain restricted to this
function, it will remain an inorganic "amplifier of
thinking."

However, the idea of creating an inorganic ma-
chine equivalent "in its capabilities" to the human
brain in all the gamut of its creative activity, and
capable of self-development during the process of
this activity, is bound to be fruitless and unfounded.
If one attempts to design a computing machine hay-
ing the same number of memory elements as the
human brain, even using the best electronic mem-
ory devices that the future may offer, its enormous
size and power consumption will be found to be
technically unrealizable.

CONCLUSION

Mention was made first of the difficulties of de-
fining the scientific and technical scope of radio
electronics, which is an all-embracing branch of
modern knowledge. It is even more difficult to
determine its future progress and practical appli-
cations, especially without touching indirectly upon
various specific problems. Naturally, this holds
also for any other large branch of science and
technology.

However, it can be firmly stated that this future
is rich and inexhaustible. Further advances in
radio electronics and solutions to its new scien-
tific and practical problems will serve the needs
of further human progress and betterment.
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