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A Review of the Development of Sensitive Phototubes”
ALAN M. GLOVERY, ASSOCIATE, L.R.E.

Summary— The development of phototubes is traced from early
investigations of the nature of the photoelectric effect to the development
of modern sensitized photosurfaces. The photoelectric properties of such
surfaces are contrasted with those of pure metals. A discussion is given
of the technical developments which have contributed to the importance
of modern phototubes. A comprehensive bibliography covering both
general and specific references on the subject of photoelectricity with
emphasis on photoemissive surfaces is included.

HisTORICAL INTRODUCTION

IHE TERM “photoelectric cell” may be applied
T[ to three different devices which respond to the
incidence of light or other-clectromagnetic radia-
tion by the flow of an electric current. Of these three,
the photoemissive cell or phototube is historically the
most recent. In 1839, Becquerel!-? discovered that the
illumination of one of two silver electrodes in an elec-
trolytic or voltaic cell resulted in the production of an
electromotive force which thus caused a current to pass
through the cell. Such cells are now known as photo-
voltaic cells because the generation of the clectro-
motive force was long thought to be the primary
mechanism involved. The discovery that the resistance
of sclenium is altered upon illumination has been at-
tributed to W. Smith who, in 1873,3 was engaged in de-
veloping materials for use in the transatlantic cable.
Light-sensitive materials in which a change in current
is thus produced are known as photoconductive cells.
In gencral, such substances are found to be scemi-
conductors, although insulators exhibit a small photo-
conductive effect.

In 1887, Hertz* was engaged in an experiment which
demonstrated the validity of Maxwell’s prediction
that encrgy should be radiated from a conductor in
which a rapidly changing current flows. Hertz dis-
covered that when a spark discharge took place in a
circuit, a small spark was observed at a gap in a similar
neighboring circuit. Incidentally, this experiment laid
the basis for the development of radio. In the course
of the experiment, Hertz found that the length of the
spark induced in the auxiliary circuit was reduced if
the light from the primary spark was not allowed to
fall upon the sccond gap. The effect was traced to the
ultraviolet light from the spark and was found to be
primarily duc to the illumination of the negative

* Decimal classification: 535.38. The original manuscript of this
invited paper was received by the Institute, June 9, 1941,

1 RCA Manufacturing Company, Inc., Harrison, N. J.

LE. Becquerel, “Recherches sur les cffets de la radiation
chimique de la lumiere solaire, au moyen des courants clectriques,”
Compt. Rend., vol. 9, pp. 144-119; July, 1839.

* £, Becquerel, “Memoire sur les effets clectriques produits sous
Iinfluence des rayons solaires,” Compt. Rend., vol. 9, pp. 561-567;
November, 1839.

3S. Bidwell, “On the scnsitiveness of selenium to light, and the
development of a similar property in sulphur,” Phil. Mag., vol. 20,
pp. 178-190; August, 1885.

+ . Hertz, “Ueber einen Einfluss des ultravioletten Lichtes auf
die electrische Entladung,” Ann. der. Phys., vol. 31, no. 8 (3), pp.
983-1000; 1887.
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electrode. The investigations of Hallwachs® showed
that negative electricity was released from a negatively
charged zinc plate under the influence of ultraviolet
light. This current was identified in 1899 by Lenard,®
and by J. J. Thomson? with the electrons which con-
stituted the current in the discharge of a Geissler tube.
Elster and Geitel® showed in 1899 that certain metals
such as potassium and sodium, when amalgamated
with mercury, were sensitive even to visible light.
\Vithin a short time, they realized that a considerably
enhanced and more stable emission current could be
obtained if the negative element and a positive col-
lector were enclosed in an evacuated bulb.?:'? Hence,
the phototube may be considered as onc of the first
of the family of electronic tubes. As early as 1892
Elster and Geitel'12 devised an instrument which in-
corporated a photosensitive surface for measuring the
ultraviolet light from the sun.

The photoclectric current was also shown to be
directly proportional to the intensity of the light pro-
ducing it. However, the kinetic energy of the released
clectrons was found to be independent of the intensity
of the light, but to be dependent upon the frequency
of the light.® These facts, which were inconsistent with
a wave theory of the nature of light, led Einstein®? to
postulate that light was corpuscular in nature and
that cach light corpuscle or “quantum” could give up
its energy to an electron of the metal. He assumed that
the cnergy of each quantum of light of a given fre-
quency was proportional to the frequency and was
cqual to kv where v is the frequency and h is Planck’s
constant. The kinetic energy E of the electron released
would then be equal to kv less any energy lost by the
clectron in passing through the surface. This latter
amount is usually expressed in terms of the poten-
tial which the clectron must overcome in leaving the

5 W. Hallwachs, “Ueber den Einfluss des Lichtes auf electro-
statisch geladene Korper,” Ann. der Phys., vol. 33, no. 2, pp. 301-
312, 1888.

¢ P. Lenard, “Erzeugung von Kathodenstrahlen durch ultra-
violettes Licht,” Ann. der Phys., vol. 2, no. 6, pp. 359-375; 1900.

7]. J. Thomson, “On the masses of the ions in gases at low
pressures,” Phil. Mag., vol. 48, pp. 547-567; December, 1899,

¢ J. Elster and Ii. Geifol, “Notiz ueber die Zerstreuung der
negativen Electricitat durch das Sonnen und Tageslicht,” Ann. der
Phys., vol. 38, no. 9, pp. 40-41; 1889.

¢ J. Elster and H. Geitel, “Ueber die Verwendung des Natrium-
amalgames zu lichtelectrischen Versuchen,” Ann. der Phys., vol. 41,
no. 10, pp. 161-176; 1890.

10 ], Elster and 1. Geitel, “Notiz ueber eine neue Form der
Apparate zur Demonstration der lichtelectrischen Entladung durch
Tageslicht,” Ann. der Phys., vol. 42, no. 4, pp. 564-567; 1891.

i J, Elster and H, Geitel, “Beobachtungen des atmospharischen
Potentialgefalles und der ultravioletten Sonnenstrahlung, Ann. der
Phys., vol. 48, no. 2, pp. 338-373; 1893.

12 ], Elster and 1, Geitel, “Ueber die Vergleichung von Licht-
starken auf photoclectrischem Wege,” Ann. der Phys., vol. 48,
no. 4, pp. 625-635; 1893.

13 A, Einstein, “Ueber einen die Erzeugung und Verwandlung
des Lichtes hetreffenden heuristischen Gesichtspunkt,” Ann. der
Phys., vol. 17, no. 6, pp. 132-148; 1905,
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surface and is called the work function of the surface
¢,. Henee, E=hv—¢,e where e is the charge carried by
one clectron,

The immediate implication of this equation is that
no current will be produced for light of frequency such
that hv is less than ¢,e. This conclusion has been ver-
ified in many experiments, although in recent ycars
some modification of the interpretation of ¢, has heen
required. For pure metals, ¢, has been found to be re-
lated to the position of the metal in the periodic table
being, in general, small for the alkali metals, and de-
creasing with increasing atomic weight. ¢, has also been
shown to be equal or very nearly cqual to ¢,, the thermi-
onic work function involved in Richardson’s equation
for the emission of clectrons from heated bodies. The
surface photoelectric effect has proved to be basic in
the development of the quantum theory of light as well
as in the development of modern theories of the struc-
ture of metals. The large number of photoelectrons
released from metals is attributed to the presence of
“free” clectrons within the metal which are relatively
free to move within the metal lattice. These clectrons
are responsible for the high conductivity of metals.
A smaller surface photoclectric effect is also found for
insulators but the absence of conductivity makes it
difficult to obtain a continuous emission since the in-
sulator eventually assumes a positive charge. The re-
action of the light quantum with the clectron is now
thought to be the primary mechanisn involved in the
“photoconductive™ as well as in the “photovoltaic”
effect.

All three of these cffects are now incorporated in
commercial photocelectric cells. Their respective ad-
vantages and limitations have resulted in widely dif-
ferent fields of application. The current sensitivity of
the photoconductive cell considerably exceeds that of
the other types but disadvantages such as a large
time lag have limited its use. Since no external source
of voltage is required with the photovoltaic cell, one
variety of this type, “the barrier-layer” or “blocking-
layer” cell has found wide use in connection with low-
resistance current meters in light-measuring devices
such as photographic exposure meters. The photo-
emissive tube, or phototube, on the other hand is a
high-resistance device ideally suited for use with a
modern thermionic amplifying tube cither of the high-
vacuum or gas-filled type, the combination being cap-
able of controlling large amounts of power. Close rela-
tives of the phototube are the electronic “pickup”
tubes used in television; these utilize large multi-
element photoemissive surfaces.

Tue PioTOSENSITIVITY OF PURE METALS

Returning to the investigations of Hallwachs,? it will
e remembered that the initial experiments on the
surface photoelectric effect were made in air and that
in this case ultraviolet light was required to produce
the electric current. As further experiments were made
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and as an explanation of the effeet was developed based
on Einstein’s equation, the wavelength threshold, that
is, the longest wavelength radiation which will liberate
photoclectrons, was moved into the visible region of
the spectrum. As the metals which possess the lowest
surface work function are sensitive to visible light,
continual attempts were made to obtain surfaces of
lower work function. Since a low work function has
been found to be intimately associated with high
chemical activity, the alkali metals which possess these
propertics must be examined under the best vacuum
conditions. The difficulties which beset the carly ex-
perimenters must be considered as being tremendous
compared with experiments made today with modern
vacuum pumps. However, the alkali metals were soon
found to be the materials most photoelectrically sensi-
tive to visible radiation,

The carly investigators believed that the presence
of gas might even be required for the passage of the
photocurrent. Elster and Geitel2 indeed found that
a maximum current could be obtained if the envelope
contained hydrogen at a certain optimum  pressure.
Such a device may be said to be the first gas-filled
phototube. The photoelectric effect, however, was
cventually found to be independent of anything but the
nature of the metal surface and the character of the
incident radiation. However, a subsequent amplifica-
tion of this current could be obtained by ionization of
a gascous atmosphere included in the envelope. Since
the active sensitive surface would be destroyed by
anything other than an inert gas, such gases are always
cmployed in gas-filled phototubes. Argon is most suit-
able since it possesses a low ionization potential and is
relatively cheap. The value of ¢, for a given metal
differs widely, however, depending upon the condition
of the surface. Contaminations such as occtuded gases
or the presence of thin oxide tavers change the work
function markedly. The values of ¢, for many gas-free
purc-metal surfaces have gradually been established
and the maximum wavelengths for their photoelectric
emission measured. The response of a metal surface to
light of frequency greater than the threshold value
increases until a maximum is reached. This effect was
formerly attributed to the loss of energy by clectrons
coming from deep within the metal but is now believed
to be due to the distribution of energy among the free
clectrons of the metal, the faster electrons being more
readily emitted. Wentzel, ¥ followed by others,' =" has
computed the form of the spectral-distribution curve
to be expected based on wave mechanics and a Fermi-
MG Wentzel, in “Probleme der Modernen Physik,” Sommerfeld
Festschrift, p. 70; 1928, ’

AV, V. Houston, Rev. Mod. Phys., vol. 5, p. 41; January, 1933.

* L. Tamm and S. Schubin, “Zur theorie des Photoeffcktes an
Metallen,” Zeit. fiir Phys., vol. 68, pp. 97-113; March 11, 1931,

17 H. Frohlich, “Zum Photoeffekt an Metallen,” Ann. der Phys.,
vol. 7, pp. 103-128; October 23, 1930.

' W. .G, Penney, “The photoelectric effect in thin metallic
films,” Proc. Roy. Soc., vol. A133, pp. 407-417; October, 1931.

. MK I\’Iitchell, “The theory of the surface phototlectric effects
in metals,” Proc. Roy. Soc., vol.A146, pp. +42-464; September,1934.
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Dirac distribution of the energies of the free electrons.
Fair agreement with experiment has been obtained.
The spectral-distribution curves for the alkali metals?®
are shown in Fig. 1, which gives the relative spectral
response as a function of the wavelength of the incident
light. Caesium may be seen to possess the longest wave-
length sensitivity being scnsitive even to red radiation.
For the measurement of ultraviolet radiation, various
metal surfaces whose thresholds lie within that region
have been used. It is frequently advisable that an ultra-
violet sensitive phototube be insensitive to visible
radiation: hence, the use of such metals as tantalum,
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Fig. 1—Spectral-distribution curves of the alkali metals
(Miss Seiler).

titanium, and thorium,? the spectral curves for which
are shown in Fig. 2.

DEVELOPMENT OF SENSITIZED SURFACES

The first successful attempt to produce an artificially
enhanced photoelectric emission was that of Elster
and Geitel?2=2 who found that upon filling a potassium
cell with hydrogen, the photocmission was completely
destroyed but that after the passage of a glow dis-
charge in the hydrogen atmosphere, a considerable
increase in sensitivity over that of pure potassium was
obtained. The hydrogen was then pumped out and
argon introduced. Various improvements on this proc-
¢ss have been made®-28 and indeed until about 1925,

20 E. F. Seiler, “Colour sensitiveness of photoclectric cells,”
Astrophys. Jour., vol. 52, pp. 129-153; October, 1920.

* H. C. Rentschler, D. E. Henry, and K. O. Smith, “Photo-
clectric emission from different metals,” Rev. Sci. Instr., vol. 3,
pp. 794-802; December, 1932,

7 | Elster and H. Geitel, “Ucber gefarbte Hydride der Alkali-
metalle und ihre photoclektrische Empfindlichkeit,” Phys. Zeit.,
vol. 11, pp. 257-262; April, 1910,

% |, Elster and 1. Geitel, “Bemerkungen ueber dic Natur der
durch elektrische Entladungen auf Alkalimetallen in Vacuum-
rohren gebildeten farbigen Schichten,” Phys. Zeit., vol. 11, pp.
1082-1083: November, 1910,

% |, Elster and 1. Geitel, “Weitere Untersuchungen an photo-
clektrischen Zellen mit gefarbten Kaliumkathoden,” Phys. Zeil.,
vol. 12, pp. 609-614; August, 1911.

% R, Pohl and I’. Pringsheim, “BBemerkung ueber die lichtelek-
trischen effekte an kolloidalen Alkalimetallen,” Verh. der Deutsch
Phys. Ges., vol. 13, pp. 219-223; March, 1911.

# 1. Pohl and I’. Pringsheim, “Der sclektive Photoeffekt
bezogen auf absorbierte Lichtenergie,” Verh. der Deutsch Phys.
Ges., vol. 15, pp. 173-185; March, 1913.
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Fig. 2—Spectral distribution of tantalum, titanium, and thorium
in ultraviolet-transmitting glass (Courtesy of Lamp Division,
Westinghouse Electric and Manufacturing Co.).

practically all commercial phototubes were of this
general type. In Fig. 3 are shown the spectral-sensi-
tivity curves for potassium (K) and potassium hydride
(K-H) as the surface is commonly called. The maxi-
mum sensitivity of the potassium-hydride surface is
located in the blue portion of the spectrum, this maxi-
mum occurring at 4350 angstroms, the long-wave-
length threshold occurring at 5900 angstroms. A
sensitivity of 1 to 2 microamperes per lumen to a
tungsten incandescent light operating at a color tem-
perature of 2870 degrees Kelvin is obtained. Gas filling
is employed to increase this value about ten to twenty
times.

Very recently Tykociner, Kung, and Garner?® have
reported the development of an improved form of the
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Fig. 3—Sensitization of potassium by glow discharge in hydrogen.
Curve 1—potassium before sensitization. Curve 2—potassium
sensitized with hydrogen (Campbell and Ritchie).

)
potassium-hydride surface. A reaction with carefully
purified hydrogen was found to be incapable of in-
creasing the sensitivity of a potassium tube even when
the tube was submitted to a glow discharge according

17 W, B. Nottingham, “Manufacture of potassium-hydride
photoelectric cells,” Jour. Frank. Inst., vol, 205, pp. 637-648; May,
1928.

38 N. R. Campbell, “Wasserstoff und die photoelektrische Emis-
sion aus Kalium,” Phys. Zeit., vol. 30, pp. 537-538; September,
1929,

»]. T Tykociner, ]J. Kunz and L. Garner, “I’hotoelectric
sensitization of alkali surfaces by means of electric discharges in
water vapor,” University of lilinois, Bulletin Series No. 325; 1940.
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to common practice. This effect was traced to the
absence of water vapor. FFurther analysis revealed that
the necessary constituent for maximum sensitivity was
atomic hydrogen which was derived from the water
vapor. Suhrman and Theissing?® have also reported
the same observation. Sensitivities for tubes made
under careful control have heen reported with values
as high as 10 microamperes per lumen (light-source
color temperature not stated). This sensitivity is several
fold that previously reported for potassium-hydride
surfaces.
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Fig. 4—Spectral-distribution curve of oxide-coated cathode as a
function of the collector voltage (\. S. Huxford).

During the preparation of alkali-metal tules, the
presence of the volatile alkali vapor results in a con-
densation of a thin film of the metal on all the exposed
parts of the tube such as the glass press or even the
anode. The photocurrents arising from these films are
often found to be comparable in size to the main pho-
tocurrent. Ives® and Suhrman and Theissing® have
investigated films of this sort, for example, potassium
or sodium deposited on platinum. Ives found that as
the thickness of the film was increased, a shift in the
threshold to the red to a point beyond that of the alkali
metal in bulk took place. As the thickness was further
increased, the threshold decreased until it approached
that of the alkali in bulk. While surfaces of this type
have had no commercial significance, the study of the
effect has led to a better understanding of the modern
thin-film surface to be discussed shortly. Ives and
Olpin® determined the maximum excursion of the long-
wavelength threshold to be equal to the first line of the
primary series or resonance line of the clement in
question. Although this correlation has been shown to
be true for the alkali metals, it has not contributed

3 R. Suhrmann and H. Theissing, “Influence of hydrogen on
the photoelectric emission of potassium,” Zeil. fiir Phys., vol. 52,
no. 7-8, pp. 453-463; 1928.

® H. E. Ives, “Photoelectric properties of thin films of alkali
metals,” Astrophys. Jour., vol. 60, pp. 209-230; November, 1924.

# R. Suhrmann and H. Theissing, “Selective photoelectric effect
with thin layers of potassium absorbed on polished platinum,”
Zeil. fiir Phys., vol. 55, no. 11-12, pp. 701-716; 1929,

3 H. E. Ives and A. R. Olpin, “Photoelectric long wave limit of
the alkali metals,” Phys. Rev., (2], vol. 34, pp. 117-128; July, 1929,
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matcerially to an understanding of the effect. Later
measurcements by Brady?® indicate that such a cor-
relation may be invalid. The spectral sclectivity found
with surfaces of this sort has recently been interpreted
by Ives and Briggs® in terms of the optical constants
of the alkali-metal films. 'The maximum sensitivity is
found to occur at that wavelength at which the electro-
magnetic-cnergy density at the surface in the standing
wave which is set up in the film by interference is a
maximum. The necessity for the dual relation between
the wave theory and the corpuscular theory of light
is nowhere more clearly required than in this aspeet of
photocemission.

As might be expected from the close relation De-
tween thermionic emission and photoemission, the at-
tention of experimenters was given to the materials
used for cathodes in radio receiving tubes. An carly
phototube of this type was the barium tube developed
by T. W. Case.?® Huxford?®” has mcasured the spectral
sensitivity of barium-strontium-oxide cathodes which
is shown in Fig. 4. It is apparent that the barium-
strontium cathode so widely used today in receiving
tubes is quite photosensitive to visible light. A shift in
threshold with applied voltage is quite marked. During
the life of the tube, some of this material may be
evaporated on to the control grid. When such tubes are
used for the measurement of extremely small amounts
of current, the light from the filament may create a
troublesome source of undesirable grid current.

The investigations of Langmuir and Kingdon?®
showed that a thin film of a volatile metal, such as
caesium, may be bound to a base metal such as tung-
sten at temperatures far above that at which the
cacsium would normally bhe evaporated from caesium
metal in bulk. Such films were found to possess a very
high thermionic emission. It was further found that
oxidation of the tungsten before deposition of the
caesium intensified the binding forees. The value of the
thermionic work function for cacsium on oxygen on
tungsten is given by Dushman® as being ¢, =0.695
volt. While this value is not necessarily equal to the
photoclectric threshold, the low value of ¢, would
indicate the probability of high photoelectric sensitiv-
ity. A photosurface of similar nature was developed
by Zworykin and \Wilsont® by the deposition of

#*]J. J. Brady, “The photoelectric properties of alkali metal
films as a function of their thickness,” Phys. Rev., (2], vol. 41,
p. 613; September, 1932,

* H. E. Ives and H. B. Briggs, “Optical properties and photo-
electric emission in thin alkali metal films,” Jour, Opt. Soc. Amer.,
vol. 28, pp. 330-338; September, 1938,

* T. W. Case, “New strontium and barium photoclectric cells,”
Phys. Rfev., [2], vol. 17, pp. 398-399; March, 1921.

7 W, S, Huxford, “Effect of clectric field on emission of photo-
clectrons from oxide cathodes,” Piys. Rev., 2], vol. 38, pp. 379--395;
August, 1931,

* 1. Langmuir and K. H. Kingdon, “Thermionic effects caused
by vapors of alkali metals,” Proc. Roy. Soc., vol. A107, pp. 61
79; January, 1925,

3 K. Dushman, “Thermionic emission,” Rev. Mod. Phys., vol. 2,
pp. 381-476; January, 1930.

V. K. Zworykin and E. D. Wilson, “Caesium-magnesium
photocell,” Jour. Opt. Soc. Amer., vol. 19, pp. 81-89; August, 1929,
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caesium upon a magnesium base. The excess caesium
was then driven off by heating and the resultant
photosurface was found to have a high sensitivity with
a peak at 4850 angstroms. The maximum response was
about 2 microamperes per lumen to a tungsten lamp
at 2870 degrees Kelvin. The spectral response is shown
in Fig. 5. Gas filling has usually been employed to in-
crease the sensitivity. It may be noted that this surface
could withstand a temperature of 150 degrees centi-
grade and that its life is indefinite under very severe
operating conditions.

At about the same period, Bainbridge and Charlton®
developed a surface of a somewhat similar nature in
which silver was employed as the base metal. It was
later found if oxygen was admitted to the envelope
after the silver layer was prepared, the tube heated,
and then the oxygen pumped out, that subsequent
distillation of caesium on to the surface gave a more
reliable and uniform result. The surface is usually
denoted as a caesium-silver surface since no reaction
between the oxygen and the silver was promoted other
than absorption. The spectral curve is shown in Fig. 6,
curve 1. Development by Koller2 and by Campbell®®
showed that if the silver was superficially oxidized by
a glow discharge in an atmosphere of oxygen at a pres-
sure of 1 or 2"millimeters the sensitivity was found to
be markedly increased. This surface will be identified
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Fig. 5—Spectral-distribution curves for several sensitized surfaces.
Curve 1—caesium-magnesium (Zworykin). Curve 2—sodium-

sulphur (Olpin). Curve 3—sodium-oxygen-sulphur (Olpin).
(Curve 1 used by permission of John Wiley and Sons, Inc.)
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subsequently as caesium-oxygen-silver, including the
many modifications which may be obtained by varying
the proportions of the constituents. A peak in the
spectral sensitivity was then found in the red and near
infrared. The long-wavelength limit was extended to
10,000 to 12,000 angstroms, and sensitivitics as high

4 Bainbridge and Charlton, see reference 42, page 1639.

a, R. Koller, “Photoelectric emission from thin films of
caesium,” Phys. Rev., (2], vol. 36, pp. 1639-1647; December, 1930.

4 N. R. Campbell, “Photoelectric emission of thin fitms,” Phil.
Mag., vol. 12, pp. 173-185; July, 1931.
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as 30 microamperes per lumen have been obtained.
This surface is the most widely used commercially
today. Various modifications of the process have been
made which have led to an understanding of the
mechanism involved. A solid-silver cathode or a copper
cathode on which silver has been electroplated usually
serves as the base for the surface. Other metals may be
employed but silver is found to be the most satisfac-
tory. Campbell found that the surface could be further
sensitized by a glow discharge in argon for a short
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Fig. 6—Spectral-distribution curves of sensitized caesium surfaces.
Curve 1—caesium-silver (Koller). Curve 2—cacsium-oxygen-
silver (deficiency of caesium) (Campbell and Ritchie). Curve
3—caesium-oxygen-silver (excess of caesium) (Ritchie). Curve
4—silver-caesium-oxygen-silver (Asao and Suzuki).

period of time, although continued bombardment
would destroy the surface. Prescott and Kelly* have
published a detailed account of one procedure giving
very satisfactory results in which great care was taken
to obtain a careful balance between the amount of
oxygen and the amount of cacsium employed.

N. R. Campbell*® established that the amount of
cacsium required to obtain maximum sensitivity was
proportional to the amount of oxidation of the silver.
Two types of such surfaces are shown in Fig. 6, curves
2 and 3, in which the ratio of cacsium to oxygen is
larger for the surface of curve 3. Campbell believes that
surfaces of this type may be considered as consisting
of a layerlike structure in which a thin film of alkali,
probably monatomic in nature, is superimposed on a
matrix of an oxide of Yaesium which is in turn built
upon the silver base by reduction of the silver oxide.
The nature of the oxide of caesium is rather indetermi-
nate. Probably the intermediate layer is a mixture of
various oxides of caesium, unreduced silver oxide, and
free silver. According to deBoer and Teves® the pres-
ence of a certain amount of free silver enhances the

“ C, I, Prescott, Jr. and M, J. Kelly, “The caesium-oxygen-
silver-photoelectric cell,” Bell Sys. Tech. Jour., vol. 11, pp. 334-307;
July, 1932,

O J I1. deBoer and M. Teves, “Elcctron Emission and Absorp-
tion Phenomena,” The Macmillan Company, Cambridge, England,
1935, p. 330.
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sensitivity by providing a source of conductivity in an
otherwise poorly conducting layer. They assume that
the electrons emitted are the result of a photoionization
of the surface caesium atoms. By a partial reduction of
the silver oxide in a hydrogen atmosphere, they obtain
the presence of a certain amount of free silver. By such
a technique, surfaces have been obtained in which the
sensitivity extends into the infrared region to 17,000
angstroms. Asao and Suzuki* have shown that it is
possible to enhance the sensitivity by evaporating a
thin film of silver upon the surface subsequent to the
normal procedure outlined above (sec Fig. 6, curve 4)
Cacsium will probably distill through the silver to re-
form a monatomic film on the surface, especially if the
surface is subjected to a subsequent baking. The evapo-
ration of silver is also used to alter the spectral sensi-
tivity of the iconoscope and orthicon, types of tele-
vision pickup tubes employing this surface.’ In this
case silver is evaporated upon the completed surface
without any subsequent baking. A reduction of the
infrared peak with improved sensitivity in the blue
and green regions of the spectrum is thus obtained. In
a discussion of forms of the caesium-oxide-silver sur-
face, deBoer and Teves suggest various complicated
structures to explain the different types of sensitiyity
and spectral response obtained. There scems to be
little question that the presence of an clectronegative
clement is the essential constituent in producing a re-
duction of the work function of the metal surface.
Others have substituted sulphur for the oxygen with
somewhat similar results, although the sensitivity re-
ported has not been as high. Campbell interprets the
sensitivity in terms of a transmission of clectrons
through a surface potential barrier consisting of a
serics of maxima and minima in the potential as a
function of the distance from the surface. On a wave
mechanical theory, such a potential barrier will have
a selective transmission for clectrons of certain ener-
gics. Olpin® has computed the atomic spacing which
would be expected to give a selective transmission on
the basis of a crystalline structure, through which the
clectrons would pass according to the wave mechanical
theory. He shows that such distances as computed
from the observed wavelengths of the spectral maxi-
mum show a direct ratio to the atomic diameters of
the atoms involved and that the correlation is remark-
able considering the uncertainties in the theory and in
the experimental quantities involved. Olpin’s results
are probably somewhat fortuitous as pointed out by
Zachariasen. 49

S. Asao and M. Suzuki, “Improvement of thin film caesjum
photoelectric tube,” Proc. Phys. Math. Soc. (Japan), series 3, vol, 12,
pp. 247-250; October, 1930.

7 R. B. Janes and W. H. Hickok, “Recent improvements in the
design and characteristics of the iconoscope,” Proc. 1.R.E., vol, 27,
pp. $35-540; September, 1939,

* A. R. Olpin, “An interpretation of the selective photoelectric
effect from two component cathodes,” Phys. Rev., (2], vol. 38, pp.
1745-1757; November, 1931.

* W. H. Zachariasen, “On the interpretation of the selective
photoelectric effect from two component cathodes,” Phys. Rev.,
[2], vol. 38, p. 2290; December, 1931,
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An extensive series of investigations on the sensitiza-
tion of alkali surfaces has been carried out by Olpin 8o
Among various inorganic substances, Olpin tried oxy-
gen, water vapor, and sulphur. Among the organic
materials tested were henzene, acetone, and organic
dyes such as arc used for sensitization in photography,
for example cosine, kryptocyanine, and dicyanine.
Olpin found that practically every substance tried in-
creased the sensitivity of the alkali metal to red light.
He concluded that a contamination common to all the
substances might be the cause and suggested water
vapor. A more reasonable explanation now appears to
be that the presence of any clectronegative element in
the surface layer is sufficient to distort the potential
barrier so as to increase the threshold wavelength.,
Hence, oxygen or sulphur may be the most likely
sources of the increased sensitivity in all the above
cases. Olpin notes the effect of depositing a thin film
of sodium on a surface of sodium already exposed to
sulphur. A surface very similar to the caesium-oxygen-
silver in structure is probably obtained. Curves show-
ing the spectral sensitivities for some of the surfaces
produced by Olpin are shown in Fig. 5. The commercial
importance of these discoveries has been limited by
the widespread usc of the cacsium-oxygen-silver type of
surface, but as in the case of Ives' work on thin films,
the general conclusions obtained have been very valu-
able in forming a picture of the type of surface most
likely to result in a high sensitivity within the visible
region of the spectrum and in the near-infrared region
in which much of the energy radiated from a tungsten
lamp is concentrated,

As the development of the cacsium-oxygen-silver
photosurface progressed, sensitivities as high as 50
microamperes per lumen (to tungsten light at 2870
degrees Kelvin) have been obtained. However, the
average sensitivity is about 15 to 25 microamperes per
lumen. Gas filling of cacsium-oxygen-silver phototubes
permits of an increase in the sensitivity to 100 to 150
microamperes per lumen with the increase obtained
somewhat at the expense of constancy and stability.
The yield obtained from cacsium-oxygen-silver when
expressed in terms of clectrons per incident quantum
of the light is very low, being only 0.6 per cent (for a
sensitivity of 40 microamperes per lumen) at the peak
in sensitivity in the infrared. At the peak in the near
ultraviolet, the value js somewhat higher, heing about
1.6 per cent.

Glover and Janes® have reported the development
of a composite cacsium photosurface in which the
sensitive surface is formed upon a metal base such as
nickel. The spectral maximum for this surface is found
to occur at 3750 angstroms and is accompanied by a
long-wavelength threshold in the neighborhood of 6300

t“’IA.hRi ()llpin._“f\lclt'hod of enhancing the sensitiveness of alkali
metal phatoclectric cells,” Phys. Rev., 2], vol. 36, 5 =-295;
i 1500 y (2}, vol. 36, pp. 251-295;

Al A."f\l. Gloverand R, B, Janes, “A new high-sens}tivity photo-
surface,” Electronics, vol, 13, pp. 26-27; August, 1910,
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angstroms. Sensitivity as high as 90 microamperes per
lumen (to tungsten light at 2870 degrees Kelvin) has
been obtained which corresponds to a quantum effi-
ciency as high as 26 per cent at the wavelength of peak
sensitivity. This surface is found to be very stable at
conditions under which the caesium-oxygen-silver sur-
face is subject to loss of sensitivity. The spectral sensi-
tivity for this surface enclosed in a lime-glass bulb is
shown in Fig. 7. The sensitivity in the ultraviolet
region between 2000 and 3000 angstroms is un-
doubtedly higher than for any surface yet available.
Gérlich’? has reported the development of a trans-
parent surface in which the sensitivity is largely limited
to the blue and green region of the spectrum, but for
which the yield is remarkably high in this region. The
surface is obtained by the deposition of a layer of
antimony upon the glass envelope. The antimony is
then treated with oxygen and subjected to caesium
vapor. This surface may be deposited in a transparent
layer sufficiently thin so that the sensitivity may be
obtained by light incident upon the surface from the
side opposite to that from which the current is col-
lected. Gérlich reports that the selective maximum lies
between 4000 and 6000 angstroms and that the posi-
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Fig. 7—Spectral-distribution curve of composite caesium surface in
lime-glass bulb (Glover and Janes).

tion of the maximum is largely unaffected by the sub-
stitution of sodium, potassium, rubidium, or lithium
in place of the cacsium. Gopstein and Khorosh® report

2 P, Gorlich, “Sensitization of transparent compound photo-
ca;t}l;odes,” Zeil. fiir Tech. Phys., vol. 18, pp. 460-462; November,
19317.

2 N. M. Gopstcin and D. M. Khorosh, “Photoeffect and sccond-
ary emission with alloy cathodes,” Jour. Tech. Phys. (U.S.S.R.),
vol. 8, pp. 2103-21006; 1938,
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measurements on such surfaces and upon surfaces in
which the antimony is replaced by bismuth and arsenic
for illumination both from the front and from the rear
of the surface. They quote values for the sensitivity as:
antimony-caesium  60-70 microamperes per lumen
bismuth-caesium  10-15 microamperes per lumen
silver-caesium 20-40 microamperes per lumen
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Fig. 8—Spectral-distribution curve of transparent caesium-
antimony alloy (Gérlich).

The color of these surfaces is a burnt red, indicating
a possible correlation between the photoemission and
the optical absorption of the surface.5 Further develop
ments? has included the sensitization of these surfaces
by controlled amounts of oxygen to produce a shift of
the wavelength of the peak sensitivity towards the red
end of the spectrum. The spectral-sensitivity curve for
the caesium-antimony surface reported by Gorlich is
shown in Fig. 8.

TECHNICAL DEVELOPMENT

The development of commercial phototubes has, of
course, accompanied the development of radio re-
ceiving tubes. Thus, improvements in the latter, both
of technical and of economic significance, have been
largely incorporated in the manufacture of photo-
tubes. Some of these are so obvious as to need no men-
tion but others may be of some interest. In general, it
may be said that the surface of a phototube is more
sensitive to contamination than the cathode of a
receiving tube. The cathode surface of a receiving tube
is believed to be covered with a thin film of barium
which is replenished during the life of the tube by
transfer of barium toward the surface of the cathode by
electrolysis. The result is that as traces of residual gas
react with the metallic barium on the surface, this gas
is gradually cleaned up until insufficient to do any
further harm. On the other hand, the alkali elements
which are usually present in phototubes and which
are also very active chemically react during processing

s . Lukirsky and N. N. lL.usheva, “Photosurfaces with high

selective sensitivity,” Jour. Tech. Phys. (U,S.S.R.), vol. 7, pp. 1900~
1904; 1937.
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with residual gases present in the tube or released from
the walls and parts by electron bombardment. No
electrolysis of alkali atoms toward the surface takes
place subsequent to formation of the surface. Hence, if
the surface should be contaminated there would be no
additional supply of alkali available to replenish the
surface atoms. The sensitivity obtained thus would bhe
decreased. As a consequence, phototubes require special
care on exhaust procedure. A getter is not generally
used because of the high activity of the alkali elements
since the free alkali present during the formation of the
surface provides the final gettering. On the other hand,
once a sensitive surface has been formed, its life is
practically indefinite since the cathode is operated at
low temperature with no loss of material by c¢vapora-
tion. If an inert gas is used to provide amplification of
the electron current, it must be one of the noble gases,
such as helium, argon, or neon. The gas is usually puri-
fied by an electrical discharge to misch-metal or some
other active surface in a bulb containing the supply of
gas. Argon is usually used because of its low cost and
relatively low ionization potential. Vacuum diffusion
pumps of good quality are universally used in conjunc-
tion with liquid-air traps to remove traces of water
vapor and other condensable gases.

If the active surface is a pure metal, this may be pre-
pared by cathode sputtering or by evaporation of the
metal in vacuo. The latter method is being used widely
for the preparation of metal surfaces sensitive to the
ultraviolet. In carly phototubes in which the presence
of an alkali metal was desired, the alkali was usually
obtained by distillation from bulk metal contained in
a side tube. This method is tedious and unsuited to
large-scale production. Burt® found that sodium could
be electrolytically formed upon the inner surface of a
soda-glass bulb, if the bulb were placed in an clectro-
lytic bath which would furnish the sodium ion to the
glass. Zworykin used a potassium-containing glass for
the purpose of obtaining a potassium surface in similar
fashion. In recent years, the alkali metal has been ob-
tained by the reduction of a suitable salt. A reducing
clement is provided with the salt incorporated in a
pellet which is brought to high temperature usually by
high-frequency induction. For obtaining caesium, it is
usual to employ a mixture of caesium dichromate and
silicon. An alternative mixture is a combination of
caesium chromate, aluminum, and tantalum. This
method is convenient and provides a controlled amount
of the desired alkali directly within the tube. Hydrogen
which is required for the potassium-hydrogen cell may
be obtained by heating palladium in a side tube or by
dosing from a bottle of gas connected to the exhaust
system.

In the preparation of the caesium-oxygen-silver or
similar surfaces, an-excess of alkali is useful in the
preparation of the surface. This excess must then be

% R. C. Burt, “Sodium by electrolysis through glass,” Jour. Opt.
Soc. Amer. and Rev. Sci. Instr., vol. 11, pp. 87-91; July, 1925,
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removed in order to prevent clectrical leakage across
any films condensed upon the stem press or interior of
the bulb surface. The removal may be accomplished
by the introduction of a compound such as oxidized
copper or stannic oxide or by the reaction of the excess
cacsium with the lead of the glass stem press. Since
this reaction causes a darkening of the glass, the bulbs
of alkali-containing phototubes must be of lead-free
glass such as lime glass or one of the borosilicate glasses.

For convenicenee, it is usually desirable that the
cathode surface be formed upon a metal clement which
may be directly connected to one of the lead-in wires
in the stem press. This metal support may be of nickel,
copper, or even be of solid silver. The last is used fre-
quently. in the preparation of the caesium-oxygen-silver
surface. The anode is usually a nickel wire also dircctly
connected to a lead-in wire in the press and, then, to
onc of the base pins. For many purposes, however, it is
desirable to provide an exceptionally high-resistance
path between anode and cathode. This is accomplished
by scaling the anode connection through the glass
envelope separately. A guard ring consisting of a strip
of metallic paste painted on the glass between the
anode connection and the cathode connection is also
of use in by-passing undesirable leakage currents from
the measuring circuit. Surface leakage may also be re-
duced by coating the bulb surface with a nonhydro-
scopic wax such as ceresin.

For many ycars, applications of phototubes were
limited to the scientific laboratory because of the small
size of the currents obtained and because of the delicate
nature of the instruments required for measuring such
currents. The development-of the vacuum tube, how-
ever, has changed the situation completely. Because
of the high-resistance characteristic of phototubes, the
small current output of a phototube may be converted
into a voltage of sufficient size to be used as the grid
voltage of a commercial radio tube. No extraordinary
precautions need be taken other than te insure that
base and socket leakages be kept to aminimum and
that a suitable amplifying tube be used. (A tube with a
top grid cap is normally desirable because of the in-
creased grid resistance thus provided). For the detec-
tion or measurement of extraordinarily small amounts
of light, amplifying tubes have been developed in
which all sources of extrancous grid current have been
minimized by providing high internal-leakage paths
and by adjusting the operating characteristics so that
the applied voltages are insufficient to ionize any
residual gas present in the tube after manufacture 587
These tubes have largely replaced the delicate labora-
tory electrometer and are, therefore, frequently re-
ferred to as electrometer tubes. Balanced bridge cir-
cuits®® have also been employed to decrease the effect

#G. F. Metcalf and B J. Thom “ : gri
1 o Jfa pson, “A low grid current
Va(j:l’ull‘;l t;b?, Ph‘?x. Rev., vol. 3({), ppl. 1489-1494; Novgmber, 1930.
. Nelson, vacuum tube elect ter,” Y7}
vol.ul,l p% 2[81—284; Mag 1050, ectrometer,” Rev. Sci. Instr.,
. L. A. DuBridge and H. Brown, “An improved d.c. amplifyi
circuit,” Rev. Sci. Instr., vol. 4, pp. 532—536;p0ctober; i‘iﬁ?l e
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of changing conditions of light and fluctuations due to
changes in battery or line voltages.

The limited sensitivity of the phototube may be
partially overcome by gas filling. Campbell®® has
studied the performance of tubes for varying gas pres-
sures. He shows that the voltage at which the tube
breaks down, that is, the voltage at which the ioniza-
tion becomes cumulative, is a function of both the
amount of light and the pressure of gas used. The effect
of the gas upon the frequency response of such tubes is
shown in Fig. 9. A portion of this effect has been at-
tributed to the finite time required for positive ions of
the inert gas to reach the cathode. Also, the positive
ions on reaching the cathode, release secondary elec-
trons which contribute to the current. The amount of
this secondary emission is quite high for the caesium-
oxygen-silver surface as compared with the potassium-
hydrogen surface. A more rapid increase in current
with an increase in applied voltage is thereby found
(see Fig. 10). Kingdon and Thompson® attributed the
major portion of the effect to the time required for
neutralization of the positive ion after it reaches the
cathode. They assumed that during this interval, the
work function of the cathode will be lowered and that
increased secondary emission would be expected. Skel-
let®! has shown a definite correlation between the time
lag and the geometry of the tube, indicating the impor-

Glover: Development of Sensitive Phototubes
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atoms can explain the excessive lag at low frequencies.
The increased lag when helium is used is then readily
explained since the probability of excitation of meta-
stable atoms is known to be greater for helium than
for argon. While the poorer frequency response of a
gas-filled tube, as compared with a high-vacuum tube,
is annoying, the falling off at higher frequencies is
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Fig. 10—Amplification by gas filling with caesium-oxygen-silver
and potassium-hydride surfaces (Campbell and Ritchie).

readily compensated by adjustment of the amplifier
characteristics. The effect, therefore, has been no bar
to the use of such tubes in the motion-picture industry.

In an attempt to avoid the disad-
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Fig. 9—Frequency response of gas-filled phototube (Courtesy

of RCA Manufacturing Co.).

tance of the first factor. More recently, Huxford® and
Kruithof® have shown that the presence of metastable

» N, R. Campbell and D. Ritchie, “Photoelectric Cells,”
Sir Isaac Pitman and Sons, Ltd., London, England, 1934, p. 66.

¢ K. I. Kingdon and H. Thompson, “Some experiments with
%?)s;-lﬁllcd Cs-0-Ag photoelectric cells,” Physics, vol. 1, pp. 343-351;

& A, Skellet, “Time lag in gas-filled photoelectric cells,” Jour.
Appl. Phys., vol. 9, pp. 631-634; October, 1938,

e W. S, Huxford, “Townsend ionization coefficients in Cs-Ag-O
phototubes filled with argon,” Phys. Rev., (2], vol. 55, pp. 754-762;
April, 1939,

#'A. A. Kruithof, “Time lag phenomena in gas-filled photo-
cells,” Philips Tech. Rev., vol. 4, pp. 48-55; February, 1939.

are readily obtained from oxides. The
emission varies rapidly with voltage
and passes through a maximum for a
value of a few hundred volts on the
bombarded electrode. The emission is stable at the
current densities encountered in phototubes but in
order to obtain a maximum bencfit, several stages
of amplification are desirable. A scheme for direct-
ing the electron streams to successive electrodes has
been devised.® This method employs the focusing
effect of the combined action of crossed electro-
static and electromagnetic ficlds. A somewhat simpler

sV, K. Zworykin, G.
emission multiplier,” Proc.
1936.

Morton, and L. Malter, “The secondary
I.R.E., vol. 24, pp. 351-375; March,
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arrangement dispenses with the magnetic fields by the
usc of a number of secondary-emissive grids arranged
in a row.® A large portion of the current passes di-
rectly through each grid, however, thus reducing the
over-all amplification. Pierce® and Zworykin and
Rajchman®7.48 have employed mechanical models
to develop all-electrostatic focusing structures which
conserve all the electrons available and give max-
imum amplifications. In addition, the structure of
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Fig. 11—Electrode structure of electrostatically focused electron
multiplier (Janes and Glover).

’

Zworykin and Rajchman is so designed that it is
difficult for positive ions, formed in the inevitable
residual gas, to reach the photocathode and thus pro-
duce unwanted currents which might lead to uncon-
trolled regeneration. An electron multiplier employing
this principle has recently been described by Janes and
Glover,®® the construction of which is shown in Fig. 11,
A gain of 250,000 is readily obtainable at a total of
1250 volts between the collecting anode and the photo-
cathode. Considerably higher figures have been ob-
tained in laboratory models. The size of the tube is no
greater than that of a simple phototube.

The phototube is the heart of most sound-picture
systems. Its use is also general in “facsimile” systems
which accomplish the transmission of pictures by wire
or wircless. For this service, the picture is broken up
into a series of clements in a fashijon somewhat similar
to that of a half tone and the light reflected from cach
element is directed successively to a phototube by
some mechanical means. The time required to transmit
a reproduction of a page of this size may be several
minutes. For television, the requirement is, of course,
to transmit the reproduction almost instantancously.

For this purpose, a two-dimensional system is re-

® W. Kluge, O. Beyer, and H. Steyskal, “Photocells with second-
ary emission amplification,” Zeit. fir Tech. Phys., vol. 18, no. 8,
pp. 219-228; 1937.

“J. R. Pierce, “Electron multiplier design,” Bell Lab. Rec.,
vol. 16, pp. 305-309; May, 1938.

7 V. K. Zworykin and J. Rajchman, “The electrostatic electron
multiplier,” Proc. I.R.E., vol. 27, pp. 558-565; September, 1939,

® J. A. Rajchman and R. L. Snyder, “An electrically focused
multiplier phototube,” Electronics, vol. 13, pp. 20-23, 58-60; De-
cember, 1940.

¢ R. B. Janes and A. M. Glover, “Recent developments in
phototubes,” RCA Rev., vol. 6, pp. 43-54; July, 1941,
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quired; that is, all elements of a picture or a live scene
must be scanned and transmitted within a time suf-
ficiently short for the eye to recreate by persistence of
vision the original picture from light signals supplied
by the reproducing mechanism to the eye. A photo-
surface consisting of a multitude of sensitive clements
is one answer to this problem,?® The caesium-oxygen-
silver surface used is obtained by methods analogous
to those previously described. However, the surface
is broken up into a large number of individual elements
by depositing the silver in a thin film upon a sheet of
mica and heating the film until it coagulates into
hemispherical lumps of silver. The process from this
point on is very similar to that used in phototubes.
To obtain good resolution, no excess cacsium may be
left upon the mica, however, so that an amount less
than that required for obtaining a maximum photo-
sensitivity is usually employed. The surface may be
processed further to match its characteristics more
ncarly to the spectral response of the cye by the sub
sequent deposition of a very thin film of silver.d In
other television pickup devices, it has been found de-
sirable to make use of semitransparent photocathodes
deposited either upon the wall of the glass envelope or
upon a thin transparent sheet of mica.” 7 The caesjum-
oxygen-silver surface is again most universally used,
although in this case the film is usually continuous.

Little mention need be made of the countless appli-
cations of phototubes in which the various surfaces de-
scribed above have been incorporated. In general, it
may be said that a trend toward a more compact de-
sign is apparent. Uniformity of construction and of
characteristics is a much-sought-after goal, toward
which considerable progress has been made.
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Fig. 12—Effect of light source upon the response of phototubes
. (Walker and Lance).

T'he phototube has thus become a tool suitable for
commercial use as 3 rugged, reliable, light-sensitive

1’70 V. K. Z\\}orﬁ'ki.n, G. A. Morton, and L. E. Flory, “Theory and
performance of the iconoscope,” Proc. I.R.E., vol. 25, pp. 1071-
1093; August, 1937, P ¢ P
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tronics, vol. 12, pp. 24-27; October, 1939,
| iz /}lb(.:rt R;)sc an(llilurlcy lams, “Television pickup tubes using
ow-velocity electron-beam ‘scannin 7 Proc. LLR.E., vol. 27, pp.
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device. The considerable quantity of phototubes used
by the motion-picture industry is evidence of this. For
this application and, of course, for many others, the
incandescent lamp has been the most suitable light
source available. For use with this light source, the
caesium-oxygen-silver surface is highly desirable, par-
ticularly if the lamp is operated at reduced voltage in
order to provide increased life. On the other hand, for
many applications, daylight is the source of light to be
detected, and in many chemical processes or in color
sorting, blue or green light is the predominant color.
In late years, several new sources of illumination have
appeared such as the sodium-vapor lamp,™ the high-
pressure mercury arc, and fluorescent lamps. Since the
available output from the phototube at a given wave-
length is the product of the emission of the source and
the sensitivity of the phototube at that wavelength,
the over-all sensitivity curve of the combination may
be measured or computed. The effect of the light source
on the response of caesium-oxygen-silver and a potas-
sium-hydrogen cell is given in Fig. 12, showing the
relatively high sensitivity of the caesium-oxygen-silver
surface with an incandescent-light source. For many
applications, a phototube whose sensitivity matches
that of the eye would be desirable. A close appro 1ch to
this requirement has been obtained with various types
of barrier-layer photovoltaic cells. However, when am-
plification of the output current is required, this type

13 L. J. Buttolph, “High efficiency mercury and sodium vapor
amps,” Jour. Opt. Soc. Amer., vol. 29, pp. 121-130; March, 1939.

of cell is seldom suitable. In this case, the use of a
phototube, together with the proper choice of filter,
will be the more satisfactory solution.
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Magnetic Recording and Some of Its Applications
in the Broadcast Field”

S. J. BEGUNY, NONMEMBER, IL.R.E.

Summary— Broadcast stations in this country today depend upon
mechanical recording as the only means of storing a program for de-
layed transmission or for reference purposes.

Magnetic recording, which has been frequently used in Europe,
has not as yet been introduced into this country in the broadcast field
although, because of its characteristics, it has some definite advantages.
The magnetic sound carrier has the outstanding feature that it can be
repeatedly used for new recordings without any deterioration. On the
other hand, a magnetic impression on the sound carrier is nol harmed
by repeated reproduction. Magnetic recording is, therefore, particu-
larly suitable where time delay in transmission or many repetitions
of the same program malerial are required.

This paper will deal briefly with the three essential processes of
magnetic recording: the oblilerating, the recording, and, finally, the
reproducing of a record. The magnetic material to be used will be dis-
cussed briefly as will some other necessary electrical and mechanical
requirements for oblaining a desired frequency and dynamic range.

Reference will be made to applications of magnelic recording sys-
tems by European broadcast stations for program delay. Furthermore,
a unit will be described which permils short time delays and thus can
be used either for producing artificial reverberation or artificial echo.

Magnetic recording, in addition to this, promises lo be applicable
for “spot” announcements.

* Decimal classification: 621.385.97. Original manuscript re-
ceived by the Institute, March 17, 1941, Presented, Sixteenth An-
nual Convention, January 9, 1941.

t Brush Development Company, Cleveland, Ohio.
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ECORDING may be defined as the process of
R]eaving certain impressions—they may be me-
chanicil, optical, magnetic, electrostatic, or
chemical —on a material called the signal carrier. These
impressions have some predetermined relationship to
the signal being recorded and can, after a desirable
time interval, be converted by suitable means into im-
pulses which are a fagsimile of the original signal.
Using an instantancous method of recording which
does not require any processing, reproduction can take
place cither almost immediately after the recording
process, or after the lapse of a longer period of time.
For this reason, the over-all process of recording and
reproducing is equivalent to a time-delay circuit cov-
ering a certain frequency range with a certain fre-
quency characteristic, and having a predetermined
phase shift for the different frequencies of the band
width. Recording, therefore, can be substituted for an
clectrical time-delay circuit and will find its particular
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application where it is no longer economical to use elec-
trical means because of the bulk of equipment in-
volved.

In principle, any recording method can be employed
for such time-delay applications. But the chosen
method should depend finally upon the specific require-
ments, at the same time giving consideration to the
expensces,

Mechanical recording and, specifically, disk record-
ing, has been gencrally adopted by broadcasting sta-
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\h’fﬂo //:To HER
i L
TRPE
/
= 1 =L
| DIRECTION
oF MoT/ION
TIME DELRY

Fig. 1—Sequence of heads in magnetic recording.

tions for their particular applications. Whether certain
program material has to be delayed for half an hour or
whether it has to be kept on file for reference purposgs,
mechanical recording is used. It is quite natural to ask
whether this is the most advantagecous practice. This
question becomes even more important in cases where
the program material has to be delayed only a short
period of time, and the quality of recording must be as
good as possible; or, in other words, where the time-
delay circuit must cover as wide a frequency range as
the original program material and must have as few
nonlinear clements as possible. Only a high-fidelity
recording system meects these requirements. The disk
recording method is, of course, capable of these high-
quality requirements, but at the same time, there can
be no question that if used for short time delays only,
the weak point in disk recording is poor economy. The
expensive cellulose-nitrate blanks can be used only
once; cheaper record materials have not as yet been
found to give equal performance characteristics. The
question arises, therefore, whether or not there are
other methods of recording which permit the frequent
use of the same sound carricr, and eliminate this con-
tinuous expensc. It appears that of all recording meth-
ods now in use, the only one which can meet the nec-
essary requirements is magnetic recording.

The value of magnetic recording for time-delay ap-
plications has been recognized for a number of years
by different European broadcasting companies. In this
country it has thus far been used very little; as a
matter of fact, it is not very familiar to the greater
majority of radio and acoustical engineers, However,
this recording method appears now to be gaining a
foothold in this country, and it seems timely to present

“an outline of its operating principles.
In general, any recording system must include the
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processes of recording and reproduction, and, if the
same signal carrier, as in magnetic recording, is to be
used repeatedly, a third process of obliterating the
previous signal must he incorporated. Accordingly, the
signal carricr must pass in scquence three stations
which are commonly known as the obliterating head,
the recording head, and the reproducing head. The
position of these three heads is shown in Fig. 1.

In practice, the magnetic signal carrier is a stecl tape
having a thickness small compared with its other di-
mensions. All of the heads perform a similar function in
coupling the external clectrical force with the internal
magnetic state of the signal carrier. All have two soft-
iron pole pieces disposed on opposite faces of the tape,
and may or may not have coils, depending upon their
function. In addition, provisions have to be made to
impart motion to the signal carricr.

A good deal of literature on magnetic recording is
available, but in the interests of completeness, it scems
well not to omit a review of its pertinent points.,

THeE MAGNETIC PROCESS

The gencral principles involved in any magneti€
process will now be considered. An electric current al-
ways scts up a magnetic force, measured in oersteds,
which is proportional to the current. In air, this mag-
netic force produces by definition a magnetic field of
the same number of lines as the magnetization force. In
paramagnctic materials, including most of the ferric
alloys and certain nickel-aluminum combinations, the
induction produced has more lines than the inducing
magnetic field. In cvery magnetic material, the rela-
tionship hetween the magnetic force and the resultant
magnetic induction is expressed by the familiar hyster-
esis loop, such as shown in Fig. 2.
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Fig. 2—Typical hysteresis loop of a paramagnetic substance.

Assuming that the magnetic material is in an un-
magnetized condition, its initial induction, under an
increasing_ magnetizing force I7,, will proceed along the
branch a of the magnetizing curve. After being sub-
jected to a magnetizing force of sufficient intensity,




1941

the magnetic material reaches its saturation value,
shown at SA, and the induction does not materially in-
crease. Upon reversing the magnetizing force, the in-
duction will no longer follow curve a, but instead will
follow the upper branch 1 of the hysteresis loop. When
the magnetizing force has reached its zero value, a
magnetic induction Ry, called the residual induction,
remains in the magnetic material. To bring the ma-
terial to the point I, where its induction is zero, a
magnetizing force II., opposite to the original mag-
netizing force and known as the coercive force, has to
be applied. On further increasing this reversed mag-
netic field, the material again becomes saturated at
point SB with opposite magnetic polarity. By revers-
ing the direction of the magnetizing force again, branch
2 of the hysteresis loop is obtained.

If the inducing field be given a value —II, from
point SA4, and then be reduced to zero, the resulting
induction will first follow down curve 1 from SA to
point €, and then will follow the minor ascending
curve 3 to point C’ on the induction axis B. Curve 3
cannot be retraced from C’ by again applying a mag-
netizing force — I1,, but instead, curve 4 will be traced.
This shows that the magnetic processes are not reversi-
ble, and that the magnetic conditions obtained from a
given magnetic stimulus depend upon the magnetic
prehistory.

Such hysteresis loops are obtained with a closed
magnetic circuit containing only the magnetic ma-
terial. However, as soon as an air gap is introduced, an
cffect called demagnetization occurs, which reduces the
induction in the material. The shorter the length of the
magnet compared with its cross section, the greater be-
comes the demagnetization. Materials having a high co-
ercive force have a high resistance to demagnetization.
Therefore, where magnets of relatively short lengths
are to be used, it is desirable to use magnetic materials
having a high coercive force.

Tine MAGNETIC SOUND CARRIER

A high-carbon or tungsten steel or a similar alloy has
this required high coercive force.

The hysteresis loop of the material should have a
relatively long straight portion to provide a high dy-
namic range with little distortion.

Both stecl tape and steel wire are practical for re-
cording. However, steel tape has the additional ad-
vantage that a more definite relationship between the
pole pieces and the sound carrier can be maintained.

From a practical point of view, the tape must lend
itself to rolling in the mill, and must be flexible for
use. Since it is normally very thin, it must have a high
tensile strength, and its surface must be highly pol-
ished. It should not be affected by climatic conditions
and should have a high resistance against rusting. This
last requirement is difficult to meet, and usually the
tape surface is protected by a rust-resisting oil film.

Begun: Magnetic Recording
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THE PoLE PIECES

The pole pieces serve as the coupling link between
clectric action in the surrounding coil and the mag-
netic condition of the sound carrier. In the recording
and obliterating processes, these pole pieces focus the
magnetic flux in the steel tape. In the reproducing proc-
ess, on the other hand, the magnetic flux from the
tape has to penctrate the pole picces to induce an elec-
tromotive force in the coil. Since the pole picces are
subjected to a varying magnetic flux, their hysteresis
effect must be reduced to a minimum. This may be
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Fig. 3—Examples of possible pole-piece structure.

done in two ways: by introducing an air gap in the
magnetic circuit, and by selecting a material with
small hysteresis losses (low coercive force). The pole-
piece tip should have the smallest possible dimension in
the direction of the motion of the sound carrier. How-
ever, during the recording process, the pole piece must
be able to handle without saturation a considerable
magnetic induction, so as to utilize the full magnetic
range of the tape.

In the reproducing process, on the other hand, the
pole picces are subjected to very weak magnetic ficlds,
and the principal consideration is that the resulting
flux lines should completely thread through these pole
pieces. The reproducing pole picces, therefore, should
have the lowest possible magnetic resistance. These re-
quircments for pole picces are conflicting, and experi-
ence has shown that materials like mu metal, permalloy,
or Allegheny metal are satisfactory compromises.

Since, during the recording process, a certain leakage
flux is present, the tip of the pole piece will not be sub-
jected to the same magnetic intensity as the center
portion. Accordingly, a pole piece having a larger cross
section toward the center of the coil is somewhat more
cffective. To avoid eddy currents, pole pieces of this
kind are laminated, as shown in Fig 3.

In operation, the pole pieces are pressed against the
signal carrier, and are Subjected to incidental mechan-
ical shocks. The materials which are suitable for pole
pieces have a very low elastic limit, and the magnetic
properties of such a material are greatly impaired when
it is subjected to shock. Since the pole-piece tip has to
carry the controlling flux, a mechanical shock im-
parted thercto greatly affects the recording and re-
producing processes. It was found that this difhculty
can be overcome by uniting a mechanically strong sup-
port strip of shock-absorbing material with the mag-
netic pole-tip laminae, into an integral pole-piece
structure such as shown in Fig. 3. The nonmagnetic
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support is placed ahead of the magnetic lamination,
so as to take up the force of the shock imparted to it.

LONGITUDINAL AND PERPENDICULAR RECORDING

During the process of manufacture of steel tape, a
magnetic preferred axis is produced by the rolling ac-
tion in the material in the direction in which the tape
is rolled. Unless specially processed, such tape will pro-
duce, under the influence of a given field, a much
stronger magnetic induction along its preferred longi-
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Fig. 4—Magnetization pattern in longitudinal recording.

tudinal axis than along any other axis. Advantage can
be taken of this preferred axis by displacing somewhat
the planes of the recording pole picces, and recording
the signal along this preferred axis. This type of mag-
netic recording, shown in principle in Fig. 4, is called
longitudinal recording. )

The preferred axis of such material may be de-
stroyed by a suitable heat treatment, and a more ho-
mogceneous magnetic material obtained. A heat-treated
magnetic carrier can be magnetized equally well along
any axis, and is used for perpendicular recording, in
which the pole picces are located in the same plane,
and the flux is impressed perpendicularly to the axis
of the signal carrier, as shown in Iig. 5.
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Fig. 5—DMlagnetization pattern in perpendicular recording,

THE OBLITERATING PROCESS

In order to wipe out a previous recording and put
the steel tape in condition for accepting a new record-
ing, it has to be subjected to an obliterating process.
Obliteration is cffected either by bringing the tape to
a uniform magnetic induction, by completely saturat-
ing it, or by completely eliminating all magnetism in
the tape.

The latter method can be carried out by rapidly re-
versing a diffuse magnetic flux, the amplitude of which
decreases as the tape moves away from the center
point of this flux distribution. However, the recording
on such a carrier would suffer distortion on account of
the curvature of the virgin branch a of the magnetizing
loop.
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The method of saturating the tape offers several ad-
vantages, and scems to be the only one used at present.

Tue REcorbING PROCESS

As shown in Fig. 6, after the tape leaves the oblit
crating head, its magnetic state is represented by the
residual magnetism Ry of the magnetization loop. Dur-
ing the recording process, the signal current is super-
imposed upon a polarizing current. The resultant mag-
netizing force is therefore a unidirectional pulsating
force (I1,411,). In the idecalized case, recording takes
place when suceessive tape elements are subjected to
successive values of this pulsating flux. To explain this
operation, one particular momentary value of record-
ing current (represented by the magnetizing foree 11,,),
will be analyzed. On being subjected to this momen.
tary recording force, the magnetic condition of the

b

TIRECTION OF MAQGMETIZATION

Fig. 6—The magnetization process.

tape is carricd down to point B,, of the magnetization
curve. Upon leaving the recording head, the magnetiz-
ing force acting on the tape element drops to zero, and
the magnetic state of this tape clement increases along
the minor ascending loop from B, to B, where B,
now represents the final magnetic condition of the tape
clement. It has been found that the minor ascending
loops introduce negligible nonlincarity. Since any wave
form may be considered as a scquence of such points,
the recording of a complete wave front may be syn-
thesized accordingly.

The recording operation may he compared to a con-
ventional class A vacuum-tube amplifier, with the grid-
bias voltage represented by the polarizing current, and
the signal voltage varying in both cases about this bias
as a datum. As in the amplifier tube, this datum point
should be as close to the center of the straight portion
of the curve as possible for maximum undistorted
power output,

'I’hus-fur the idealized case was considered of an in-
cremental portion subjected to only one instantancous
influence of the recording flux. In the practical case, the
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incremental tape portion is subjected for a certain
finite length of time to the magnetizing force. This
length of time is a function of the tape speed, the ef-
fective pole-piece thickness, and the magnetic focusing
effect. The effect of tape speed need not be considered,
since it is obvious.

In perpendicular recording, where the pole pieces are
aligned in the same plane, the magnetic flux is rela-
tively evenly distributed over the entire area of the
pole-picce face. This means that the incremental por-
tion of the tape as it passes under the face of the pole
pieces receives not one instantaneous magnetic influ-
ence, but instead, receives a continuing magnetic in-
fluence all the time the incremental tape portion is in
contact with the pole piece. Since the magnetic proc-
esses are not reversible, the incremental tape portions
will have a final magnetic state imposed upon them by
the highest magnetic stimulus they receive while trav-
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Fig. 7—Distortions generated by finite thickness of pole pieces.

eling under the pole pieces. This final induction in the
tape will be left by the highest magnetizing force, ir-
respective of the position of the moving incremental
portion of the tape under the pole pieces. This, to use
an unscientific word, “smears” the recorded signal.
Since it is particularly bad for higher-frequency sig-
nals, this “smcar” effect represents one of the factors
which limits the usuable frequency range of magnetic
recording. If the pole-piece thickness approaches the
order of one wavelength, no recording will take place
at all. The distortions duc to this smearing appear to be
even harmonics. Since this type of distortion is mainly
a function of the wavelength, even a small amplitude
of recording will have some distortion.

To obtain a quantitative picture of the condition in
the recording process, which condition is due to the
finite thickness of the pole picce, it is well to consider
a sinusoidal wave form and a pole piece moving rela-
tive to it, as shown in Fig. 7. On branch ¢ of the sinu-
soidal wave form, the leading edge E_ is subjected to
the highest magnetizing stimulus, and thercfore the in-
duction left in the tape will correspond to branch @
of the wave form and will produce ap induction a,. As

Begun: Magnetic Recording

427

soon as the leading edge of E . reaches the upper crest
A of the wave form and passes it, the maximum stimu-
lus will be shifted from the leading to the trailing edge
Er. During this period of time required for the pole
piece to move along a from E. to Er, the recorded in-
duction will correspond to the constant value of 4, and
the induction obtained is A4;. While the pole piece
moves farther on along branch b of the wave form, the
trailing edge Er will now be subjected to the maximum

FOCAL POINT
/ , TAPE

Fig. 8—Focusing of magnetic flux in longitudinal recording.

magnetic stimulus, and the magnetic induction in the
tape will correspond to the shape of branch b, and will
produce an induction b, until the trailing edge of the
pole piece and the leading edge simultaneously reach
values B; and Bs, respectively. At this instant, the in-
duction in the tape abruptly ceases being determined
by branch b of the magnetizing curve, and begins to be
influenced by branch a.

The above method of analysis, of course, can also be
applied to more complex wave forms, such as occur in
actual recording.

In longitudinal recording, the pole pieces are offset
on opposite sides of the tape to direct the flux along

=
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L

Fig. 9—Spreading of flux in perpendicular recording.

/L EAKAGE FLUKX
/

the axis of the tape. There is a shortest distance from
one pole piece through the tape to the other pole piece,
and since this shortest distance has the least magnetic
resistance, it will havedhe greatest flux density. Fur-
thermore, all of the flux lines threading between the
pole picces will pass through a cross section of the
tape located between the pole picces. In longitudinal
recording, the effective magnetizing area is not so much
a function of the thickness of the pole pieces as it is of
the offset of the pole pieces, and the magnetizing flux
can be focused in a relatively small tape length, as in-
dicated in Fig. 8. This length corresponds to the pole-
piece face area in perpendicular recording, as far as
the distortions outlined in the last paragraphs are
concerned.
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In magnetic recording, an uncontrolled or leakage
flux must be considered, as well as the main flux. In
perpendicular recording, the main flux spreads some-
what as it penctrates the tape, as indicated in INig. 9,
and the spread of these flux lines beyond the thickness
of the pole picces is called the leakage flux. This leakage
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Fig. 10—Leakage flux in longitudinal recording.

flux increases the effective thickness of the pole picces,
and is reduced by employing a thin steel tape.

In longitudinal recording, the flux which threads
through the tape and only one pole picce is designated
as leakage flux. As shown in Fig. 10, the leakage fiux
has a direction opposite to that of the main flux. The
leakage flux threading the tape before the tape reaches
the recording pole picces has no effect, since its direc-
tion tends to magnetize the tape in the direction in
which it has alrcady been saturated by the obliterat-
ing process. The trailing leakage flux, however, tends
to superimpose a magnetizing force upon the already
recorded signal, and thus interferes somewhat with
this recorded signal. Proper sclection of the polarizing
current is a factor in the reduction of this leakage flux.

SoUND-CARRIER FLUX DISTRIBUTION

Another factor entering into the recording process is
the tendency for magnets of short lengths to become
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Fig. 11—Flux distribution in tape after perpendicular recording.

demagnetized. When the pole picces with their small
magnetic resistance form a part of the magnetic cir-
cuit during recording, this circuit, as far as the tape is
concerned, may be considered as practically closed.
When the pole picces are removed as the recorded tape
clement leaves the pole picces, this magnetic circuit is
broken, and a certain amount of demagnetization
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takes place, In perpendicular recording, this loss is
constant for all frequencies, since the length of the
signal magnets are given only by the thickness of the
tape. In longitudinal recording, however, the length
of the magnets are proportional to the wavelengths re-
corded, and therefore the demagnetization will be more
scvere for the higher frequencies.

In Fig. 11 is shown a schematic diagram of the flux
distribution in the tape after it has undergone a per-
pendicular recording process. All the flux lines are dj-
rected in the same way in passing through the tape and
into the air, where they complete their magnetic cir-
cuit. The signal, in this case, consists only of changes of
density in the magnetic pattern,

In Fig. 12 the same condition for longitudinal re-
cording is illustrated. The longitudinal axis of the tape
is a magnet of varying intensity but of the same diree-
tion. Since all magnetic lines must be continuous, the
induction in the air in this case consists of the lcakage
flux from suceessive clements of this main magnet.
This leakage flux is proportional to d¢/dl and, there-

LATERNAL FLui A9
SATURATCD POLARIZED TaPE P ¢ 92,

TAPL | "
£ z —N —

—

118ttt
/
-
ety
I
i IXIIL
T

Y
INTERNAL FLUI $ h g -
onve WAYELENGTH Il

.

INTERNAL
Fivrx INTENSITY

L bisrance mong TrAarc

—
Fig. 12—Flux distribution in tape after longitudinal recording.

fore, increases with the signal amplitude and inversely
with the signal wavelength. If the recording is made
with the same maximum magnetizing force for increas-
ing frequencies, the amplitude of the external lux will
therefore increase 6 decibels per octave.

Tue REPrRODUCING IPROCESS

In reproducing a record made with perpendicular
magnetization, the external magnetic flux will thread
through each pole picce, and electromotive forces will
be generated in the coils surrounding cach pole picce.
These clectromotive forces are proportional to the rate
of change of the flux penetrating the pole picee. Assum-
ing that the record has been made with constant maxi-
mum flux density independent of frequency, the volt-
ages produced in these coils will increase 6 decibels per
octave up to the point where the pole-picce width ap-
proaches the order of magnitude of the recorded wave-
length.

Since in perpendicular recording, the two pole picces
are in the same plane and the flux impressed upon the
tape is perpendicular to the faces of the tape, the flux
lines penetrating one pole picee will also penetrate the
other. This effect s independent of frequency, and
so the magnetic phase relationship of the two pole
picces is always the same, independent of frequency.
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Accordingly, the phase relationship between the clec-
tromotive forces generated in the two coils is fixed, and
by properly connecting the two coils, it is always pos-
sible to obtain the highest generated voltage. The
problem of reproducing is somewhat more complex
than the above simple picture would indicate, inas-
much as the original external flux pattern of the signal
is changed somewhat by the proximity of pole pieces.
Fortunately it is found in practice that this does not
seem to causc any distortion, and experiments show
that for very long wavelengths, a 6-decibel increase per
octave, as predicted by the simplified theory, actually
exists.

It has been pointed out that due to the finite dimen-
sions of the pole-piece tip, the induction recorded in
the tape is not a facsimile of thé recording signal. This
is shown in Fig. 7. It is of interest to analyze the re-
sults of reproducing this distorted wave form with a
reproducing pole picce of the same finite width. The
reproduced signal is proportional to the derivative of
the total flux lines threading through the pole picces.
It can be seen that the finite-thickness pole piece, when
tracing this recorded wave form, will introduce a some-
what compensating distortion. This reproduced signal
is also shown in Fig. 7.

In longitudinal recording, as in perpendicular re-
cording, the voltages gencrated in individual coils de-
pend mainly upon the rate of change of the external
flux. It will be recalled that in longitudinal recording,
the external flux density increases 6 decibels per
octave. Therefore the voltage gencrated in each in-
dividual pole-piece coil will, under ideal conditions,
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Fig. 13—Phase relationship of electromotive forces generated by a
longitudinal recording.

increase 12 decibels per octave. However, certain
complications must be expected, since the pole pieces
are slightly offset, and the magnetic difference to
which they are subjected depends upon the length
of the recorded magnets, which are proportional to
the recorded wavelength. Since cach pole picce is sub-
jected to a different potential of the magnetic field,
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the phase relationship of the electromotive forces gen-
erated in the surrounding coils will vary with the re-
corded wavelength. For example, as shown in Fig. 13,
in reproducing a record of very low frequency formed
by individual signal magnets, the potential difference
between the two pole picces is very small, and therefore
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\ PIECES

\

=xu| N —

\

Fig. 14—Better penetration of flux through two than through
one reproducing pole piece.

the induced electromotive forces of the two coils would
be out of phase. On the other hand, if the recorded
wavelength is so short that the magnetic-potential dif-
ference between the pole pieces is a maximum, the in-
duced electromotive forces will be in phase. To meet
these conditions, either only one coil is used in the re-
production process, or, if both coils are employed, a
phase-control network is introduced to secure the best
relative phase conditions of the two coils.

In practice, it has been found satisfactory to repro-
duce with two pole picces, using a coil on one pole
picce only.

Two pole pieces are used because, as shown in Fig.
14, the magnetic-potential difference produces a com-
mon flux which penetrates the two pole picces further
than in the case of one pole piece.

As has been pointed out above, theoretically, the
electromotive forces generated in the coils should in-
crease 12 decibels per octave for longitudinal recording.
Experiments prove that this is true for very low fre-
quencies, but at higher frequencies, two factors tend
to reduce this increase. One factor is that with higher
frequencies, the lengths of the recorded magnets in the
tape are shorter and therefore lose more by demagne-
tization; the second factor is that for higher frequen-
cies, the flux penetration through the pole pieces is
somewhat reduced.

In longitudinal recording, the same considerations as
for perpendicular recogding can be applied to analyze
the wave form reproduced by the finite thickness of the
pole picce from the distorted recorded wave form. If
the face of the reproducing pole-piece tip is of larger
or of the same order of thickness as the length of the
focal point, a similar compensating cffect as that al-
ready discussed will reduce the actual distortions.

TvyricAL CIHIARACTERISTICS

In a typical system where suitable equalizing means
are used in the recording and reproducing processes, a
response frequency flat within 12 decibels from 60 to
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10,000 cycles is obtainable. The signal-to-noise ratio is
normally of the order of 40 decibels, but if particular
attention is given to this point, and a selected tape is
used, up to 50 decibels may be obtained.

The output level of the reproducing heads after
equalization is of the order of microphone level.

Nonlincar distortion at 400 cycles is less than 2 per
cent.

THE DRIVING SYSTEM

As in any other recording system, the sound carrier

has to be moved with constant speed. Any flutter and

Fig. 15—Magnetic tape recorder with continuous length of tape.

speed variation will cause “wow” or distortion. It is
outside the scope of this paper to discuss in detail the
different drive systems which could be employed. In
general, two different kinds of magnetic tape drive
systems are used. The one system is based on the reel
principle, requiring a rewinding of the tape after re-
cording and before reproduction; the other principle
makes use of an endless tape which moves continu-
ously in the same direction. The continuous drive has
its particular application where continuous repetition
of the record is desired, where simplicity of operation
is required, or where immediate reproduction of the
signal is necessary.

An example of an endless-tape drive system is shown
in Fig. 15. In this machine, the tape is helically wound
on rollers at the four corners of a rectangular frame.
Space within this frame is utilized by placing therein
the motor, amplifier, and other associated equipment.
For some applications, a synchronized timer is pro-
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vided to control the recording time. Such machines
have been described in the literature.

THE APPLICATION OF MAGNETIC TAPE
RECORDING

Since in magnetic recording the previous record can
be obliterated simultancously with the making of a
new recording, the sound carrier can be used continu-
ously for new recordings without any damage to the
recording medium. Magnetic recording, furthermore, is
not greatly affected by mechanical vibration and there-
fore lends itsclf to any application wherein a recording
must be made under severe conditions of mechanical
vibration. Finally, a record on a magnetic sound car-
rier, if not oblitercated, can be reproduced thousands of
times with negligible change of quality in the repro-
ducing process.

In the broadcasting ficld, the fact that the same re-
cording medium can be used repeatedly seems to be
the most important point. It immediately suggests
that all recordings which have to be time-delayed for
a relatively short period could be recorded on tape in-
stead of on disk. Mechanical recording has been de-
veloped to such a high degree of perfection that there
is no question in the mind of the writer that there will
always be a field for it where permanent recordings are
required, but as soon as only a temporary time delay of
a recording is the object, disk recording seems no
longer economical.

This has been the conclusion of many European
broadcasting stations. Magnetic tape recording is and
has been used to a great extent in Engiand, Germany,

Fig. 16—Reel-type tape recorder used in Germany.

Italy, and other countries. An article by Barrett and
Tweed! states with regard to the use of magnetic tape
recording, “In “the past year, machines of this type
have been on the air for reproducing program material
1957 hours.” This indicates that in 1937, magnetic
tape recording machines were used on the average,
about 53 hours every day in the year. It can be as-
sumed that these machines are now employed much
more than they were a few years ago.

'H. E. Barrett and C. J. F. Twee 1, Jour. I.E.E. (l. i
82, p. 386 Niarep and € ] d, Jour . (london), vol.
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The tape recording machines which are in use in
Europe were designed to record half-hour programs.
The method of winding the tape is similar to the well-
known reel system of a motion-picture camera. Fig. 16
shows a unit which is used at present in Germany;
Fig. 17 shows a unit used in England. The English
machine is somewhat larger since it makes special pro-
visions for reduction of flutter to the very minimum,
In this country units of this kind are not yet available,
partly because the delay of radio programs has only
recently become sufficiently extensive to justify the in-
vestment for the development of such machines.

ARTIFICIAL REVERBERATION P

This kind of delay of program material, however, is
only one of the possible applications of a magnetic tape
recorder in the broadcasting field. In many cases, a
short time delay can be used to accomplish sound ef-
fects which may enhance the impressiveness of a pro-
gram material considerably, and it is for these applica-
tions that magnetic tape recording is particularly suit-
able. One such application is a so-called artificial-
reverberation unit.

It is a well-known fact that if sound is generated in
a room by a sound source and the sound generation
from this sound source stops suddenly, it takes some
time until the complete sound energy in the room de-
cays to the threshold of hearing. This is due to the fact
that the original sound has been reflected back and
forth between the walls of the room and has actually
built up the sound energy in the space between the
walls of the room. Only after a certain number of reflec-

Fig. 17—Reel-type tape recorder used in England.

tions is the sound sufficiently absorbed by the walls. In
general, the decay of any one frequency follows an ex-
ponential characteristic.

The purpose of an artificial reverberator is to simu-
late this real reverberation, or, in other words, to im-
press upon the listener the psychological cffect of in-
creasing the size of the room in which the program origi-
nates. In a practical unit of this kind, a recording head
and a number of reproducing heads are provided.
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These heads are closely spaced so that only a very small
time interval elapses for the sound carrier to move from
one head to the next. Each of the reproducing heads is
properly attenuated with respect to the preceding
head, so that a signal reproduced by each of the differ-
ent heads will be exponentially reduced with time when
passing through the series of heads.

Fig. 18 shows a unit of this kind, built experimen-
tally, which employs an endless magnetic tape. The
signal in the tape is obliterated continually in cach cy-
cle of the tape, and the signal to be reverberated is con-
tinually recorded upon the tape. An endless-tape unit

Zi e

- o

] '

AN 'i.!‘

Fig. 18—Experimental artificial reverberator using magnetic tape.

has been chosen for this application since it is the most
convenient, requiring no reversal of the sound carrier,
and thus permitting continuous operation of the sys-
tem without interruption.

Artificial reverberation is not quite the same as true
reverberation. In an artificial reverberation unit of
this kind, one always has to deal with distinct reflec-
tions, while in a properly treated three-dimensional
room, after the first distinct echoes, a blending cffect
takes place, which eliminates any separations of the
reverberated signals.™n artificial reverberation ma-
chine can be more ecasily related to a room having only
one pair of opposite walls acoustically alive, the other
walls being completely sound-absorbing. Nevertheless,
the psychological effects created by the use of an arti-
ficial-reverberation unit are so similar to those of real
reverberation that a machine of this kind can certainly
create a practical illusion. This is all the more true if
the original sound which has to be reverberated al-
ready contains a certain amount of true reverberation
which helps to provide additional blending of the dif-
ferent distinct signal reproductions.
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Fig. 19 shows a circuit diagram of such an artificial-
reverberation unit. The tape passes the obliterating
and recording head and then goes through a number of
playback heads. These playback heads have attenu-
ating networks of different attenuating factors. The
amount of attentuation can be changed by means of
push buttons so as to give the illusion of different

Proceedings of the |.R.E.

other heads are provided for producing echo ¢ffects, the
ccho being a specific kind of reverberation.

The idea of artificial reverberation is old. It has
been proposed in the past to supply artificial reverbera-
tion by electrical time-delay circuits, and also by me-
chanical recording which permits instantancous play-
back with a plurality of playback heads.
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Fig. 19—Simplified circuit diagram of reverberator of Fig. 18.

lengths of reverberation time. All these different heads
feed into a reproducing amplifier which mixes the re-
produced signal with the original signal, thus adding
substantially another reproducing station. These dijf-
ferent signal combinations are then fed jnto the trans-
mission line either to the transmitter or to the listening
equipment.

Due to the sclective frequency absorption of walls,
the reverberation time varies with different frequencices.
To simulate this in artificial reverberation, a variable-
frequency discriminating network is provided. Certain

Considerable work has been done in the past to pro
vide a simple method of producing artificial rever-
beration for use in broadcasting studios and the like.
One of the difficultics encountered
ment of a practical sound-re
ficial reverberation is the fac
recording media have a discontinuity which makes it
impossible to use them for supplying continuous rever-
beration effects. This is also true jn the case of an end-
less magnetic tape, because the soldering point essen-
tial for such an endless tape introduces a diséontinuily

in the develop-
cording device for arti-
t that all practical sound-




which is very troublesome because of the large number
of clicks produced in the succession of playback heads.
A way was found for solving this problem, however, by
using an endless tape with a relatively long playing cy-
cle and a special control arrangement which momen-
tarily paralyzes the playback amplifier in a special
way, so that no click disturbances are observable, with-
out in any way detracting from the continuous rever-
beration effect.

In the field of magnetic recording, considerable de-
velopment work is being done in this country, particu-
larly at the present time, since the commercial labora-
tories are becoming more familiar with the different
requirements of the broadcasting and recording ficlds.
It can therefore be expected that out of this collabora-
tion of consumer and research, new instruments will
develop which will take their places among the indis-
pensables of the modern studio.
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Summary— Following a brief discussion of the nature of radio
noise, the basic problems of radio-noise measurement are outlined.
The need for standardization of method is emphasized, and 4 review 1s
given of activities both here and abroad directed lo that end. For com-
parison, the present status of standardization in the related field of
acoustic-noise measurement is also discussed. The objective of “readings
proportional to annoyance” is stated, and the need for subjeclive or
listening tests to measure the degree of attainment o, that objective is
set forth. The paper concludes with a chronological account of the dif-
ferent instruments which have been used to measure radio notse, with
descriptions of the fundamental characteristics of each. Particular al-
tention is given lo the new quasi-peak type of radio-noise meter with
logarithmic scale recently standardized by the Joint Coordination
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“radio noisc” may be objected to on several

grounds. Acoustical engincers are likely to object
to it on the ground tRat radio noise is not noise at all.
It has been claimed that the term confuses many. In
particular, specialists in acoustic noise are dismayed
when “radio noise” is referred to simply as noise, as
has frequently been done. However, offsetting these
reasonable objections, radio engincers find the term
very useful and find no better alternative in the lan-
guage. Under these circumstances, it scems desirable
to define here “radio noise,” and to make a plea for
scrupulous care in the proper use of the term without
abbreviation.

]l AROM THE standpoint of language the term
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Any electrical disturbance which excites or is capa-
ble of exciting a radio receiver in such a way as to
produce acoustic noise is called radio noise. Radio noise
is electrical; it is admittedly not noise but something
capable of producing noise, The intervention of a re-
ceiver for converting radio-frequency  energy into
sound is implicd as an essential part of the definition.

If an clectrical disturbance produces acoustic noise
through the intervention of a receiver for converting
audio-frequency clectrical energy into sound, it may,
by an analogous definition, be termed audio noise.
However, such disturbances have generally been called
simply noise. Just as in the case of radio noise, it is
desirable 1o be more precise.

In facsimile and television, receivers are used for
converting clectrical energy into visual images. These
receivers arc subject to interference from extraneous
electrical disturbances, just as sound receivers are.
This visual interference has frequently been called
noise, by analogy, although this is probably too great a
stretching of the word's basic meaning. A new generice
term is needed.

It should be stated that an electrical disturbance
may simultancously interfere with a radio sound re-
ceiver, a radio picture receiver, and a voice-frequengy
telephone circuit. It is then at the same time radio
noise, radio-visual interference, and audio noise. For
this rcason a measurement of radio noise may seryve
to some extent as a measurement of radio-visual inter-
ference or of audio noise. For example, measurements
of disturbances as radio noise have so far been con-
sidered satisfactory for the study of visual interfer-
ences in television.

The present paper will be limited 1o the considera-
tion of radio noise and audio noisc which results there-
from through the process of detection. Visual inter-
ference is a subject by itsclf, as vet practically unex-
plored, which must be left for treatment clsewhere,

Obviously, in the case of anything so generally de-
scribed as an clectrical disturbance, there are many
characteristics which might be measured. Thus the
most difhcult problenyin radio-noise measurement is to
select, from the many types of measurements which
might be made, the ones which are most significant
for the purposes desired. It is casy to obtain numerical
mcasures of radio noise; the problem is in the interpre-
tation of these values after they are obtained.

Since the ultimate interest in the radio noise resides
in the acoustic noise which it is capable of producing,
the fundamental evaluation of any radio-noisc meas-
urement must be in terms of this acoustic noise. Thus
the art of radio-noise measurement depends dircetly on
the art of acoustic-noisc measurement. Unfortunately,
however, the two arts so far have developed practicalty
independently of cach other, In some respects radio-
noise measurcments have outstripped acoustic-noise
measurements where logically they should have fol-
lowed. This has been because radio engineers have been
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impatient for results and have been willing to procewd
even in the absence of a clearly defined theoretical
basis. Such pioncering is highly commendable in a case
like this where a theoretical basis is so hard to find.
There is, however, grave danger of wasted effort if
such empirical progress is not followed as soon as pos-
sible by fundamental theory, There must also be .
willingness to redireet empirical eftort frequently to
conform to new improvements in theory, else the de
velopment may ily off on o tangent,

The evaluation of a radio-noise measurement con-
sists in correlating it with a satisfactory acoustic noise
measurement; that is, one which has heen already ade-
quately evaluated with respect to actual listening. The
best type of radio-noise measurement is the one which
gives the most satisfactory correlation.

However, in actual practice, many types of radio-
noise measurement have bheen used, no one of which
has as yet hoen scientifically evaluated by such a cor-
relation. This has been hecause satisfactory acoustic-
noise measurenment methods have not been ayailable
or have been exceedingly cumbersome and expensive
in use. The justification for cach type of radio-noise
measurement has been the fact that it has proved
valuable in use. The relative values of the different
methods, however, can be estimated only approzi-
mately from the opinions of the users of the different
methods.,

Much dissatisfaction with radio-noise measurements
has resulted from the instinetjye expectation of many
people that the results of different tyvpes of measure-
ment of the same radio noise should agree numerically,
The foregoing discussion should make it clear that,
unfortunately, this cannot reasonably be expected, ex-
cepty as an approximation by accident or design, over
a very hmited range of circumstances. Each method
measures o different entity, a different characteristic
of the very complex cleetrical disturbanee comprising
the radio noise.

An encouragement thus to err in expecting numeri-
cal agreement is the general practice of expressing the
results in voltage units. Of course the nmeasurements
may all be referred to a quantity having the dimen-
sions of a voltage, but a different voltage is involved in
cach case, and in no case is this voltage present in the
original electrical disturbance or radio noisc. It would
help toward a clear understanding of this situation if
the results of radio-nojse measurements were expressed
as acertain number of radio-noise units in accord.ance
with a specified test procedure. (This could be suitably
abbreviated or symbolized for convenience.) Compare,
for example, the standard specification of hardness (an
cmpirical measurcnient) as so many
ance with the Rockwell C seale.

Instead of worryving about lack of numerical agree-
ment between different ty pes of measurement, workers
should dircet their attention toward adequate speci-
fication of all the requirements for cach type of

units in accord-
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measurement, so that all measurements of a given
type, made with different instruments in different
places, will be truly comparable. This is the first great
problem—the standardization of method.

Much progress has been made in this direction and a
number of organizations are active in the work, of
which the following is a partial list.

In the United States:

The Joint Coordination Committee on Radio Re-
ception of the Edison Electric Institute, the Na-
tional Electrical Manufacturers Association, and the
Radio Manufacturers Association.

Radio Manufacturers Association, Committee on
Testing and Measuring Instruments. y

Radio Manufacturers Association, Subcommittee
on Television Interference.

Joint Radio Manufacturers Association-Society of
Automotive Engincers Committee on Ignition Inter-
ference.

In Canada:
Dominion Department of Transport.
Canadian Engineering Standards Association.
In England:

British Standards Institution.

Post Office Department.

And in Europe generally (at least until the outbreak of
hostilities):

International Special Committce on Radio Inter-
ference (Comité International Species des Perburba-
tions Radiophoniques—C.L1.S.P.R.) of the Interna-
tional Electrotechnical Commission.

Unfortunately there has been practically no joint
action between groups in Europe and in America.
There is not even a direct procedure for the inter-
change of data between the groups in the United States
and those in Europe. As a result, the practice of radio-
noisc measurement has developed in this country, until
recently, almost independently of similar activities
clsewhere. One of the objects of the present paper is to
call attention to some of this other work and to relate
it.to the work here.

The second great problem in radio-noise measure-
ment is the selection of the method or methods which
yield the most significant results in practical use, and
the finding of changes in these methods to increase
their usefulness. It is perhaps too much to expect that
a single method will be found best for all types of in-
vestigations. However, it should be possible by skillful
development to reduce to a few the number of methods
of radio-noise measurement required in the great ma-
jority of cases. In a way, the lack of world-wide stand-
ardization is fortunate, in that it has provided us with
a number of methods ready for comparison and cvalua-
tion. The sponsors of cach one believe that theirsis the
best they know how to devise for the field of use they
have in view, but they have little to back up this faith
except general experience and opinion. Probably the
most enthusiastic of them would not consider his
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method ultimate or optimum. Selection by “the sur-
vival of the fittest,” that is, evolution, may be effec-
tive in the long run, but certainly it is an exceedingly
slow process. If we want real progress in radio-noise
measurement, we must have thoroughly scientific and
fundamental evaluations of standard and variant
methods through properly controlled scientific cor-
relations with actual listening experience. Without
this, standardization will be a bar to further progress,
for new methods which may prove better will then no
longer be tried.

Before proceeding with an approximately chrono-
logical account of the various instruments and meth-
ods which have been used for measuring radio noise, it
seems desirable to say something regarding the present
status of acoustic-noise measurement.

Beginning in 1932, a sectional committee of the
American Standards Association, sponsored by the
Acoustical Society of America, took up the study of
acoustic-noise measurement. As a result, tentative
standards! were formally adopted on February 17,1936,
which specify a basic procedure for determining sub-
jectively, i.e., by listening tests, the equivalent loud-
ness of a sound in terms of the physical or objective
intensity of a 1000-cycle pure tone judged to be equally
loud. Substantially the same procedure was adopted in
England at about the same time.? In Germany the
same method is also used with only minor modifica-
tions. The unit of equivalent loudness thus subjec-
tively determined has usually been called the “phon”
to distinguish it from the decibel used as an objective
unit to measure the intensity of the comparison tone.

In order to make this procedure serve as an accurate
primary or reference standard, as intended, it has been
necessary to specify very closely the conditions of
listening. Unfortunately, the necessary conditions are,
in general, impractical of attainment except in care-
fully controlled laboratory experiments which are at
best very time-consuming and expensive. Other meth-
ods. are required for general engincering use in the
laboratory and particularly in the field. Such second-
ary methods should, however, be compared and stand-
ardized with the primary standard procedure.

Tn recognition of this need for a secondary method of
measuring the loudness of acoustic noise, standards
for a sound-level meter for this purpose were also
adopted by the American Standards Association on
February 17, 1936.2 These standards have been very
favorably received, and instruments made in accord-
ance with them have been much used. The values indi-
cated are called sound levels in decibels and are in-
tended to be approximately equal to the loudness
levels in phons. The instrument consists of an amplifier

1 “American Tentative Standards for Noise Mecasurement,
724.2—1936,” American Standards Association, New York, 1936.

1 “British Standard Glossary of Acoustical Terms and Defini-
tions,” 3.S.S. No. 661—1936, British Standards Institution,l.ondon,
1936.

3 “American Tentative Standards for Sound level Mecters,
724.3—1936,” American Standards Association, New York, 1936.
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and root-mean-square output-voltage indicating meter,
used with a microphone having as little dircetivity as is
convenient. The frequency response is adjusted so that,
for pure tones of a specified loudness, the indications
should be exactly equal to the loudness levels in phons.
However, the loudness contributions of the separate
components of a complex sound are not combined by
the car in the same way that the root-mean-square
indicating meter combines their energies, nor in fact
in any simple manner. Thus for complex sounds, the
indications of this instrument, or sound levels, are
only approximate measures of loudness.

B. G. Chureher and A. J. King,* in a comprehensive
paper, have ably discussed the technique of the stand-
ard subjective loudness measurement and the accuracy
and reproducibility to be expected of it. They have also
deseribed comparisons with it of a number of secondary
methods, including the use of an instrument which the
British call an objective noise meter, similar to the
American Standard sound-level meter. In this case
they found, as was to be expected, increasing diver-
gence in indications as the type of sound tested was
changed from simple to complex. \With an impulsive
noise containing a very large number of Fourier com-
ponents, produced by a 50-cycle saw-tooth oscillator,
the objective noise meter read 23 decibels too low.

Another type of objective noise meter, developed
expressly for the measurement of impulsive noiscs such
as those produced by gasoline engines, has been de-
scribed by A. H. Davis’ of the National Physical Labo-
ratory (England). This instrument uses a quasi-pecak-
reading output indicator very similar to those to be
described more in detail later in connection with radio-
noise meters. Its readings correspond well to subjec-
tively determined loudness levels, for both steady and
impulsive noises, as is shown in the paper cited.

The desired objectives in acoustic-noise measure-
ment and the extent to which they are realized in
American Standard sound-level meters arce discussed
in a recent paper by J. M. Barstow.$ He comparcs the
advantages of average, root-mean-square, and quasi-
peak indicators, and concludes that the root-mean-
square indication is preferable for steady and relatively
steady noises. Large crrors with impulsive noises arc
admitted but no solution is offered.

It is worth noticing, before passing on to radio-noise
measurements, that all the measurements of acoustic
noise referred to have been measurements of loudness.
Now what is really of interest in most cases in connec-
tion with a noise is its vexatiousness, which may or
may not correspond to its loudness. The annoyance

* B. G. Churcher and A. J. King, “The performance of noise
meters in terms of the primary standard,” Jour. I.E.E. (L.ondon),
vol. 81, pp. 57-90; July, 1937.

* A. H. Davis, “An objective noise-meter for the measurement
of moderate and loud, steady and impulsive noises,” Jour. I.E.E.
(London), vol. 83, pp. 249-260; August, 1938,

* J. M. Barstow, “Sound measurement objectives and sound
level meter performance,” Jour. Acous. Soc. Amer., vol. 12, pp.
150-166; July, 1940,
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caused by a noise depends on what one wishes to listen
to in the presence of the noise. If what one wishes is
silence, then perhaps loudness is the proper measure
of annoyance. If, however, one wishes to hear music,
for example, the case may be somewhat different, be-
cause of masking cffects in the car. However, for the
present we shall do well to be satisfied to measure the
loudness of noisc.

The carly investigations of radio noise were purcly
qualitative, A sensitive portable radio receiver, usually
with a loop or directional antenna, was used chiefly to
locate the source of the radio noise without attempting
a numerical measure of its intensity. Such an instru-
ment, which may be called a radio-noise locater, should
be distinguished from the quantitative instrument or
radio-noisc meter.

The first radio-noise meters were simply radio re-
ceivers with an output indicating meter substituted
for the headphones or loud speaker. The importance of
the law of response of the indicating instrument to
varied wave forms in determining the measured mag-
nitudes was not realized, and root-mean-square or
average-reading voltmeters and  vacuum-tube volt-
meters with various wave-form laws were used almost
indiscriminately.

The first attempt at standardization of radio-noise
measurement methods was by the Joint Coordination
Committee on Radio Reception of the Edison Electric
Institute, the National Electrical Manufacturers As-
sociation, and the Radio Manufacturers Association,
organized for that purpose among others. In its report
issucd in January, 19337 standard sclectivity and fidel-
ity curves for a radio-noise meter were given, in recog-
nition of the importance of these characteristics in
determining the magnitude of the indications to be
obtained. The transient characteristics of the indicat-
ing instrument were specified (critical damping and an
undamped period of 1 sccond), but the characteristics
of the two rectifiers, namely, the detector for convert-
ing the radio noise into audio noisc and the rectifier
for converting the audio noise into the direct current
impressed on the indicating meter, were not limited
in any way. Further, it was stated that measurements
might be made cither with or without the presence of a
radio carrier, although the characteristics of detectors
are almost always greatly changed by the presence of
a carrier. However, the importance of specifyving these
rectification characteristics has not heen appreciated
until quite recently.,

Following thic issuance of these specifications, the
General Electric Company manufactured a radio-noise
meter in accordance with them which has been de-
scribed by C. R, Barhydt.® This instrument, which is
shown in Fig. 1, used a triode as a plate-curvature type

. 7 “Radio ;\Toi:~c Measuring Set,” National Electric Light Asso-
ciation, Publication No. 32, Januarv. 1933,

* C. R. Barhydt, “Radio noise meter and its application,” Gen.
Elec. Rev., vol. 36, pp. 201-205; April, 1933,
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of detector, and a bridge type of copper-oxide rectifier
to drive the direct-current indicating meter. Measure-
ments were made by the substitution method using a
standard radio-noise generator and a calibrated at-
tenuator. A saw-tooth oscillator of the relaxation type,
operating at 120 cycles per second, served as the com-
parison radio-noise source. This arrangement is ad-
vantageous in that the influence of the rectifier and
output-indicating-meter characteristics on the meas-
urements is partially eliminated. The extent of this
elimination depends on how closely the wave forms of
the actual radio noise and the comparison radio noise
are alike. The comparison method, however, has the
serious disadvantage of not being direct-reading. This
is particularly troublesome because of the highly vari-
able character of most radio noises. The comparison
wave form was fortunately chosen, for it is typical of
a large class of radio noises with a repetition rate of
120 cycles per second produced by 60-cycle power-
operated devices.

In December, 1935, the Joint Coordination Commit-
tee issued another report? containing specifications for
a measuring instrument substantially as in the previ-
ous report, together with much more detailed instruc-
tions as to its use.

Meanwhile the author as well as others had found a
radio-noisec meter of this type, giving indications ap-
proximately proportional to the average valuc of the
output wave, very unsatisfactory for the study of im-
pulsive radio noisc such as is produced by the ignition
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case correlate better with the results of listening tests.

The author, therefore, developed for his own use a
new peak-reading audio-noise meter employing a basic
circuit previously worked out by his associate, A. R.
Morgan, for monitoring in sound recording. This cir-

Fig. 1—General Electric radio-noise meter.

cuit, which is shown in Fig. 2, is a modification of one
originally described by F. V. Hunt.!® The device is an
audio-frequency voltmeter which, when connected
across the output of any radio receiver having the
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Fig. 2—Schematic circuit diagram of the RCA TMV-141A clectrical-noise meter.

systems of automobiles and the like. The average
value of such a noise wave is far too low to serve as a
measure of its annoyance-producing power. It appeared
that a measurement of the peak output would in this

9 “Methods of Measuring Radio Noise,” Edison Electric Insti-
tute, Publication No. C9, National Electrical Manufacturers Asso-
ciation, Publication No. 102, Radio Manufacturers Association,
Engineering Bulletin No. 13, December, 1935.

properly standardized characteristics, makes with it
a radio-noise meter. Fig. 3 shows, at the right, the
appearance of this instrument. The high-frequency
field-intensity meter with which it was designed to be
used is shown at the left.

This noise meter has a logarithmicscale and is direct-

10 F, V. Hunt, “A vacuum-tube voltmeter with logarithmic
response,” Rev. Sci. Instr., vol. 4, pp. 672-675; December, 1933.
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reading over a range of 100 to 1, or 40 decibels. The
logarithmic scale is obtained by controlled plate-circuit
distortion of wave form in two cascaded amplifier
stages. The rectification is accomplished in a double-
diode circuit arranged to have a short time constant
effective for increasing response and a long time con-

Fig. 3—RCA TMV-139A high-frequency ficld-intensity meter (left)
and RCA TMV-141A electrical-noise meter (right).

stant effective for decrcasing response. This results
in an indication of the peak value unless the repetition
rate of the peaks is quite slow. The calculated time
constants arc 10 and 1000 milliseconds, respectively.
The transient-response characteristics of the instru-
ment have been found suitable, and reproducible
enough in several samples, by the test of actual use.
The first extended use of this instrument was'in a
survey of radio-noisc levels at 41 megacycles in Man-
hattan streets, made from an automobile in April,

Fig. +—RCA Type 302A noise meter.

1935. Since then it has been used in quite a variety of
investigations by many of the author's associates, who
have been particularly pleased with its casy readability
on rapidly fluctuating radio noises. Its wide-range
logarithmic scale, and the “floating” behavior of its
indicating meter needle due to the quick-response-

slow-recovery characteristics of the rectifier circuijts
driving it, have resulted in this desirable feature. Those
who have used it have also been pleased with the cor-
relation of its readings to listening experience as com-
pared with the correlation of results with the older
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“average” reading instruments. No detailed account of
this instrument or its use has been published.

This instrument was superseded in 1938 by the noise
meter shown in Fig. 4, which was intended to have the
same performance characteristics. Its logarithmic scale
is obtained by the automatic-volume-control or feed-
back method, which requires less battery power than
the “overloading” type of circuit and therefore is much
more attractive for portable field use.

Under the initiative of the Joint Radio Manufac-
turers Association—Socicty of Automotive Engineers
Committee on Ignition Interference, the engincer-
ing division of the Radio Manufacturers Association
in December, 1935, commissioned 1. C. F. Horle to
develop apparatus especially suited to the investiga-
tion of automobile-ignition interference. The radio-

Fig. 5—Radio-noise meter developed by L.. C. F. Horle for the
engineering department of the Radio Manufacturers Association

noise meter which resulted, shown in Fig. 5, differed
from all previous instruments in that the peak value
of the noise wave was measured at the output of the
intermediate-frequency amplifier instead of at the out-
put of the audio amplifier. That is, the radio noise
was measured without first converting it into audio
noisc. The peak measurement was made by the slide-
back method using a negatively biased diode detector
or rectifier. The audio amplifier and loud speaker
served to indicate audibly, as the gain of the inter-
mediate-frequency amplifier was adjusted, the point
where the noise peaks were just able to override the
diode bias. M. G. Crosby and his associates have used
a similar slideback method for measuring audio noise.

There are two disadvantages of the stideback type
of peak measurement. First, it is not direct-reading,
and second, personal judgment plays too great a part
in determining the indication, particularly in measur-
ing rapidly varying radio noises. However, the ap-
paratus required is simple, and, with some care and
experience, values can be obtained which check satis-
factorily those obtained by the rapid-response—slow-
recovery type of pecak measurement.

Meanwhile the International Special Commit*tee on
Radio Interference had begun its work in Europe,
with one of its objectives, “definition of a low-fre-
quency noise indicator giving indications corresponding,

1 L. C. F. Horle, “The development of the radio noise meter,”
Radio Manufacturers Association Bulletin No. 16, 1936.
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whatever the nature of the noise, to the unpleasant
noises due to interference coming from the loud
speaker.””? They recommended in April, 19352 the
use in a radio-noise meter of a vacuum-tube voltmeter
of the rapid-responsc—slow-recovery type at the out-
put of the audio amplifier. The following characteris-
tics were specified for this indicator:
Time constant for the charging of
the condenser
Time constant for the discharging
of the condenser
Time constant of the indicating
meter needle 160 milliseconds
Linear scale, ratio 1to 10
Under the leadership of the Central Electrical
Laboratory of the Belgian National Committee of the
International Electrotechnical Commission, the de-
velopment of such an instrument was carried forward,
and several models were built and tested.' In England,
similar instruments were later designed and con-
structed by the General Post Office and by the Elec-
trical Research Association.! The basic features of
these instruments have been incorporated in a British
Standard.®
In some of these instruments and particularly in the
later ones, the rapid-response—slow-recovery type of
tube voltmeter has been connected directly to the out-
put of the intermediate-frequency amplifier, instead of
to the output of an audio amplifier, as was originally
contemplated by International Special Committee on
Radio Interference. The two methods have been
shown to be both theoretically and practically equiva-
lent, provided, when an audio amplifier is used, it does
not limit the over-all frequency band to less than that
passed by the preceding radio-frequency stages, and
that the detector preceding it is linear. Since practical
detectors are lincar to a close approximation, only
when a carrier of large amplitude relative to that of the
noise is present, the equivalence is close only when the
audio mcasurement is made with a strong carrier
present in the detector. Since, therefore, the radio
measurement climinates the audio amplifier, the need
for a carrier, and any uncertainty relative to detector
characteristics, it has come to be preferred. A further
advantage in the radio measurement is that an un-
modulated oscillator may be used for calibration,
whereas, for the audio measurement, a modulated
oscillator is required and any inaccuracy in measuring
the degree of modulation is a further source of error.
Therefore the later International Special Committee

1 millisecond

160 milliseconds

12 [nternational Special Committee on
(C.1.S.I.R.) Report R.1.3, April, 1935,

13 International Special Committee on Radio Interference, Re-
ports R.I. (Belgium) 1, November, 1937 and R.I. (Belgium) 2,
December, 1937.

WA, J. Gill and S. Whitehead, “Electrical interference with
radio reception,” Jour. I.E.E. (London), vol. 83, pp. 345-394;
September, 1938

% “The Characteristics and PPerformance of Apparatus for the
Measurement of Radio Interference,” B.S.S. No. 7271937, British
Standards Institution, L.ondon, 1937,
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on Radio Interference specifications and British Stand-
ard Specification, No. 727-1937, have placed the rapid-
response—slow-recovery tube voltmeter at the output
of the intermediate-frequency amplifier. These specifi-
cations are outstanding in the care with which all the
characteristics involving the standardization of the
measurement have been defined, including require-
ments to prevent nonlincarity from influencing the
measurement of very peaked disturbances.

In 1938 there was placed on the market in the United
States a radio-noise meter designed in general con-
formity with the International Special Committee on
Radio Interference specifications. This instrument has
been described briefly by its designer, C. J. Franks, in
a paper which also includes a general discussion of the
principles of radio-noisc measurement.' This radio-
noise meter differed from the European instruments in
that a logarithmic scale was provided by means of an
automatic-volume-control circuit similar to that cus-
tomarily used in radio broadcast receivers. This made
the instrument direct reading over a range of 60
decibels or 1000:1 instead of 20 decibels or 10:1 as for
the previous linear-scale instruments, a characteristic
most advantageous in the measurement of rapidly
changing radio noises. Another new feature was the
provision within the instrument of mecans for a sec-
ondary or transfer calibration using shot noise from a
saturated diode as a standard noise source. The noise
output of the diode is assumed to be proportional to
the average diode current, which is measured and ad-
justed to a predetermined value in calibration. This
procedure, besides being convenient, is advantageous
in correcting for small changes in selectivity of the
instrument. The correction is exact for radio noise

" with the same wave form as that of the calibrating shot

noise, approximate for other radio-noise wave forms.

The Subcommittee on Instruments and Methods of
Measurement of the Joint Coordination Committce
began in July, 1938, the development of new specifica-
tions for a radio-noise meter and the consideration of
improved methods of measurement, with a view to
publishing a report to supersede their 1935 report.®
Three active members of that committee have given an
informal account of that work in a joint paper pre-
sented before the American Institute of Electrical
Engineers at San Francisco in June, 1939.'7 The formal
report of the Joint Coordination Committee was pub-
lished in February, 1940.18

The radio-noise meter specifications adopted pro-
vide for an instrument having a logarithmic scale,
direct reading over a range of 100:1,0r 40 decibels, in

18 C. [. Franks, “The measurement of radio noise interference,”
R.M.A. Eng., vol. 3, pp. 7-10; November, 1938.

17.C. V. Aggers, D. E. Foster, and C. S. Young: “Instruments
and methods of measuring radio noise,” Elec. Eng., vol. 59, pp.
178-192; March, 1940.

18 Methods of Measuring Radio Noise,” Edison Electric Insti-
tute, Publication No. GY, National Electrical Manufacturers Asso-
ciation Publication No. 107, Radio Manufacturers Association
Engineering Bulletin No. 32, February, 1940.
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which a tube voltmeter of the rapid-response — slow
recovery type measures the output of the intermediate
frequency amplifier. An internal calibrator is specified
with the recommendation that it be of the shot-noise
type

Fhe time constants adopted for the rapid-response
slow-recovery circuit are 10 milliscconds and 600 milli
seconds instead of the 1- and 160-millisccond time
constants recommended by The International Special
Committee on Radio Interference. This deviation in
practice was decided upon after much deliberation,
because the following considerations appeared to have
greater weight than the natural desire 1o adopt a previ
ous standard.

(1) A l-millisecond charging time for the capacitor
of a diode rectifier is difficult to obtain in practice with
out having the variable resistance of the diode make

Fig. 6~ RCA Type 312A radio-noise meter showing control panel

the actual time constant vary with the magnitude of
the impressed voltage, or without using a very small
capacitor such that an impractically large discharge
resistor must be used to obtain the desired discharge
time constant

(2) With a discharge time constant of 160 milli
scconds, the transient characteristics of any practical
indicating instrument which may be used will play an
important part in fixing the over-all response of the
instrument, and hence these characteristics must be
closely specified. On the other hand, with a discharge
time constant of 600 milliseconds, an indicating instru
ment may be used which is fast enough in response so
that its characteristics are relatively unimportant and
hence need only approximate specification. This is
advantageous from the point of view of accurate stand
ardization of the mecasurement method, and may
permit the use of a cheaper indicating instrument

(3) With a discharge time constant of 600 mijlli
seconds, it is even more impractical to obtain a charg-
ing time constant of ! milliseccond than with a dis-
charge time constant of 160 milliscconds.

(4) In the opinion of the author and of others who
have used this type of radio-noise meter, the slower
time constants are likely to result in indications which
will correlate better with the annoyance factor of the
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radio noise as determined by listening expernience

(5) The longer time constants give a slower-moving,
indicating-meter powter, with consequent improved
case and comfort of reading

Because of the adoption of the slower time constant
for the rapid-respons low-recovery circuit, there wi
no reason to follow the International Special Commit
iheation of th

need to

tee on Radio Interference i the spx

indicating instrument, nor was thes pecify
hay

thus purposcly been made relatively unimportant in

this instrument closely since its characteristics

S ———

Fig. 7—=RCA Type 312A radio-noise meter showing rod antenna
and carrying strap

determining the re sponse characteristics of the radio

noise meter. Therefore the specification of the indicat

g instrument has heen broadly drawn to permit th
use of standard
ments,

casily available commercial instru

The use of g logarithmic scale is believed 1o be a
very significant American advance over the Interna
tional Special Committee on Radio Interference prac
tice. The range of 100: 1 s thought to he adequate to
keep indications of rapidly varying noises “on scale
and provides a scale which can be
accuracy than on
1000: 1

Fhe International Special Committee on Radio In
terference selectivit specification has been adopted
for the Joint Coordination Committee specification

read with greater
of the same size with a range of
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To permit field-intensity measurements, audible
monitoring with headphones, or the connection of ap-
paratus for the analysis of noise wave forms, it is
specified that a switch be provided for converting the
rapid-response—slow-recovery circuit to a conven-
tional audio detector for supplying audio output
terminals. As an example of the usefulness of such
terminals, the overvoltage timer described by E. T.
Dickey and the author'® might be connected to them
and used to determine the frequency of occurrence of
pcak noise voltages of various magnitudes.

A radio-noise meter, newly developed in accordance
with these latest specifications of the Joint Coordina-
tion Committee, has recently been placed on the
market. Figs. 6, 7, and 8 show three views of this
instrument. It will tune to frequencies from 150 to
350 kilocycles and from 540 kilocycles to 18 mega-
cycles in four bands, and will indicate from 10 micro-
volts to 100 millivolts in three direct-reading scales of
100:1 range cach. Thus a wide overlapping of scales is
provided to avoid the embarrassment of sometimes
having to measure a rapidly varying noise on two
different scales. Although standard batteries, readily
procurable everywhere, are used, this instrument is
strictly portable, with a weight, including batteries, of
32 pounds. A more complete description has been
given by the author elsewhere.?®

Radio-noise mcasurements in Canada have been
made in accordance with the practices of both England
and the United States. Because of close trade rela-
tionships with both England and the United States,
Canadians are more disturbed by differences in these
practices than are we in the United States. The
Canadian Engincering Standards Association has been
working toward the adoption of a Canadian standard
for radio-noise meters which would follow as closely
as possible both practices; and has tentatively specified
an instrument in accordance with the Joint Coordina-
tion Committee 1940 report!'® but with the Interna-
tional Special Committee on Radio Interference or
English time constants of 1 and 160 milliseconds.
Listening testswere conducted in Toronto in May, 1940,
by the Canadian Engineering Standards Association to
determine, if possible, which of the two sets of time
constants should be finally adopted. The results were
inconclusive, however, because the time constants of
the instruments were found not to be what had been
intended.

Also in May, 1940, shortly after the Canadian tests,
similar subjective correlation tests were conducted in
New York by D. E. Foster of the RCA License Labora-
tory with the co-operation of the Joint Coordination
Committee. Two radio-noise meters conforming to the
Joint Coordination Committee specification, and one

1 C, M. Burrill, and E. T. Dickey, “The overvoltage timer and
an example of its application to the measurement of radio inter-
ference,” R.M.A. Eng., vol. 3, pp. 16-21; November, 1938.

& ('hgrlf;s M. Burrill, “New equipment to measure intensity of
radio noise,” Broadcast News, no. 32, pp. 6, 7, 31, 34; March, 1940,
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in accordance with the tentative Canadian specifica-
tion were used in listening tests with three types of
noise, produced by a commutator motor, an electric
razor, and by a relay (clicks). The average variation
in indication for the same subjectively determined
quality of reception, for different types of noise, was
found to be 2.9 and 7.7 decibels, respectively, for the
Joint Coordination Committee instruments and for the
Canadian instrument. The two Joint Coordination
Committee instruments, which were of different manu-
facture, gave substantially equivalent performance.
These tests supply the best quantitative data on the
extent to which the Joint Coordination Committce
specification achieves its purpose of providing for
radio-noise measurements which are reproducible with
different instruments and which are indicative of the

Fig. 8—RCA Type 312A radio-noise meter showing chassis
withdrawn from its case.

annoyance factor of different types of noise. A very
satisfactory approach to this objective is indicated.

In conclusion, the theoretical argument in favor of
the use in noise measurements of an indicator of the
rapid-response—slow-recovery type will be stated. The
best published discussion of this matter known to the
author is by A. H. Davis.® It has been shown by U.
Steudel? that the response of the car to single impul-
sive sounds is proportional to the peak value of the
disturbance, and that the loudness of repeated im-
pulses with a repetition rate up to 50 cycles per second is
proportional to the repetition rate. By a proper choice
of time constants, the rapid-response—slow-recovery
type of indicator may be made to function in such a
way as to approximate\his action of the ear. This has
been the intent in the latest International Special
Committee on Radio Interference and Joint Coordina-
tion Committee radio-noise-meter specifications, al-
though there is no great weight of experimental evi-
dence as to how closely the desired result has been
obtained.

Since such indicators of the rapid-response—slow-
recovery type are definitely not intended to be peak

2 U. Steudel, “Uber Empfindung und Messung der Lautstiirke
(The sensation of loudness and its measurement),” Hochfrequens.
und Elektroakustik, vol. 41, pp. 116-128; April, 1933,



reading in all cases, it is suggested that they be called
quasi-peak indicators. Doubtless experience eventually
will show what are the best time constants for the
quasi-peak indicator in a noise meter, but a thorough
and well-planned program of rescarch ought to be

undertaken by somcone, in order to determine these
constants more directly and promptly. A, H. Davis?
in his paper on the development of his acoustic-noise
mcter has set an excellent example in this respect which
should be followed in the case of radio-noise meters.

The Design of the Universal Winding’

L. M. HERSHEY{, MEMBER, LR.E.

Summary—A simple gear-ratio Sformula for winding universal
coils is derived. Auxiliary tables and curves to simplify ils application
Jor types of coils ordinarily used in radio work are also included.

YHE universal winding is quite widely used wher-
ever a maximum inductance must be attained
in a minimum volume. It is not gencrallysuperior

in electrical characteristics to the single-layer solenoid,
progressive universal, or bank windings. The factors
influencing the choice of the type of coil are beyond the
scope of this paper.

Before discussing the method of winding a universal
coil it is desirable to describe the operation of the wind-
ing machine. Several varieties of machines are now in
use; that shown in Fig. 1 is one of the simplest.

BELT TO DRIVING MOTOR
WIRE

DRIVEN PULLEY

I:1 RATIO
BE)/EL GEARS

COIL FORM

A

’

~“WIRE GUIDE

GEAR A

IDLER GEARS
GEAR 8

__

CAM FOLLOWER
Fig. 1—Winding machine.

The main shaft is driven by a motor through a belt:
the coil form is firmly attached to this shaft and rotates
with it. A set of 1/t ratio bevel gears drives gear 4,
which drives the idler gears. Generally, both idler gears
have the same number of teeth, but sometimes another
ratio such as 1/2 is used when a suitable gear ratio
cannot be obtained using the 1/1 idler.

The idler gears drive gear B and the cam which is on
the same shaft. The cam moves the wire guide back
and forth axially across the periphery of the coil form
(or coil) as the form turns. The cam is cut so that the
wire guide moves at constant speed in a direction

* Decimal classification: R230 X R382. Original manuscript re-

ceived by the Institute, May 15, 1941,
t Hazeltine Service Corporation, New York, N. Y.
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parallel to the axis of the coil form between cam re-
versals.

The wire is fed from a spool attached to a braking
device which produces uniform wire tension, and is
pulled off the spool and through the wire guide by the
rotation of the coil form.

DEVELOFMENT OF THE GEAR-RATIO FORMULA

In the following discussion the coil form will be
shown as if it had been slit lengthwise and rolled flat,
and only that part of the form which is covered by the
wire will be shown. So, for a simple example of a uni-
versal winding which is wound with a gear ratio (gear
A/gear B) of 1/1, the pattern shown in Fig. 2 will re-
sult on the first turn. The total length of the pattern is
7 times the diameter of the form, and the width of the

A —

N

md
| g
QL l *CoC
.
Fig. 2—\Winding Fig. 3—Determination
pattern. of g"'.

pattern is the throw of the cam ¢, neglecting the diam-
cter of the wire used. Actually, of course, the total
width covered by the winding will be 4w, where w
is the diameter of the wire.

If the gear ratio A /B is g” in Fig. 3, one cam cycle
will occur in the circumferential distance nd/g", and

2fg”
. tan a = 1
o (1
or
., wd tan o 1.57d tan «
gl=—-= . : ¢))

When the cam reverses, the wire will slide if the
winding angle & formed between the wire and the side
of the coil is too large, and the coil will not wind to the
proper width; the first few turns may be parallel all

August, 1941
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the way around. At any rate, it is probable a poor me-
chanical result will be obtained. On the other hand, if
the winding angle is too small the coil will not build
up with straight sides, and if the winding angle is ex-
tremely small, a random-wound coil will result. The
tendency of the wire to slip on the coil form depends
also on the diameter of the form, the coefficient of
friction between the wire and the form, the amount of
tension on the wire, and the stiffness of the wire itself.

The maximum value of tan « is a function of the
form diameter for any given form material. Fig. 4
shows experimentally determined curves of this func-
tion for smooth (glazed bakelite) and fairly rough
(cardboard) forms. The value of tan a can be read off

the appropriate curve and inserted in (2) to calculate
144 “

g’
In a large number of cases a winding angle of 12

degrees has been found to be satisfactory. This value
of « is particularly convenient to use since it results in
the following special form of (2) which is simple and
easy to remember: P

"o _ .,

g =7 )

The foregoing discussion has dealt with the choice
of a gear ratio to produce the proper winding angle.
The value of gear ratio also will determine the pattern
the wire will describe during the winding cycle; the
winding cycle is a whole number of cam cycles which
starts and ends over nearly the same point on the coil
form. The simpler fractions, resulting when small
whole numbers are used in the gear ratio, produce
simple winding patterns and usually a better mechani-
cal result than that obtained when larger numbers are
used. Therefore, it is desirable, when g as calculated
from (2) or (3) is not a simple fraction, to choose the
nearest simple fraction. This chosen value g’ must be
smaller than the calculated value g”, if the latter was
computed from the experimentally determined maxi-
mum value of tan a.

In order to simplify the calculations involved in ac-
tually designing coils, values of g’ have been com-
puted and the appropriate values of g’ tabulated for
most of the commonly used cams and form diameters.
The values for smooth forms are given in Table I
while those for rough forms appear in Table I1.

TABLE 1
SUGGESTED VALUES OF g’ FOR SMOOTH FORMS
Inside Cam Throw
Diameter
of Coil 1/16inch | 3/32inch | 1/8inch |3/16inch| 1/4inch | 3/8inch
(inches)
1/4 1/1 2/3 1/2 1/. 1/4 | 1/6
3/8 3/2 l/ll 2/3 1/2 2/5 1/4
1/2 2/1 1/1 1/1 | 2/3 1/2 ‘ 1/3
5/8 2/1 3/2 1/1 2/3 1/2 2/5
3/4 5/2 3/2 1/1 2/3 | 2/3 2/5
7/8 3N 2/1 3/2 1/1 2/3 | 1/2
1 3N 2/1 32 | i ‘ 2/3 | 172
1-1/4 4/1 5/2 2/1 1/1 1/1 | 2/3

The change from the calculated value g’ to the
chosen value of g’ will result in a change in the winding
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angle at the diameter which was used in (2), and may
cause a serious error in the equations which will be
developed later, if some form of compensation is not
added. Therefore, at this point a new and fictitious

TABLE 11
SUGGESTED VALUES OF g’ FOR ROUGH FORMS
" Inside | S Cam Throw
Diameter |- - 7
of Coil 1/16inch 3/32inch| 1/8inch [3/16inch | 1/4inch 3/8inch
(inches)
1/4 2/1 1/1 1/1 2/3 1/2 1/3
3/8 3N 2/1 3/2 1/1 2/3 1/2
1/2 in 5/2 3/2 1/1 2/3 1/2
5/8 4/1 3/ 2/1 3/2 1/1 2/3
3/4 5/1 n 5/2 3/2 1/1 2/3
7/8 s/1 3N 5/2 3/2 1/1 2/3
6/1 4/1 31 | 21 3/2 1/1
1-1/4 71 51 3N | 5/2 3/2 1/1
L b
0. 36—
o 34 \
0
32 \‘
0.30 AN
0.28153
rough
0.26 &
—
8 N
0.24f¢ N
Bed
0.22+=
* oKL =12°
0.20[ h -
0.18{ N\
\‘
0.186 N
smooth
0.14
ol L
0.12
0.10
1L 3 L
4 2 4 4
d(inches)

Fig. 4—Tan a versus form diameter.

diameter d’ will be introduced. This is the diameter at

which the cam and chosen gear ratio g’ would produce

the desired winding angle; it will be less than the actual

inside diameter of the coil if the chosen value of g’ is

less than the calculated value. Equation (2) may be

rewritten to determine this fictitious diameter
PO

7 tan «

(4)

When g’ is expressed as a fraction in its lowest terms,
(using the smallest whole numbers for the numerator
and denominator), some significant facts concerning
the geometry of the winding cycle are apparent. If the
numerator and denominator of g’ are ¢’ and s’, re-
spectively, ¢’ is the number of cam cycles per winding
cycle, and (s'—1) is the number of lines apparent on
the periphery of the coil; the pattern can be sketched
by marking off 2¢’ spaces along the circumference of
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the coil and s’ spaces across the width, then drawing
diagonal lines through the rectangles thus formed. It is
necessary to use 2¢’ spaces on the circumference, since
the cam crosses the coil in 1/2 eycle. This method was
followed in developing the patterns of Iig. 5.

The patterns which have been developed up to this
point would be repeated on the second and third suc-

.' o }.s' spaces

V!

N
g':%
q'=1
s'= 2
g'=1/3 g'=3/2 gr=3/
q'=1 qQ'=3 a'= 3
$'= 3 st =2 s'- 1

Fig. 5—Winding patterns.

cessive winding cycle, directly over the preceding
winding-cycle pattern, with cam reversals occurring on
the same radii and a decreasing winding angle as the
coil grows in diameter. This does not produce the type
of winding which is desired. If the first winding cycle
is completed in just slightly more (a progressive wind-
ing) or slightly less (a retrogressive winding) than a
whole number of turns of the coil, then cach successive
cam cycle will be slightly displaced from a similar
cam cycle in the preceding winding cycle and the typi-
cal universal winding will be produced. Experience has
indicated that the best mechanical results are obtained
when the distance between centers of adjacent turns of
wire isabout 1.25 w, where w is the diameter of the wire.
This displacement of successive winding cycles is ob-
tained by using a gear ratio g which differs slightly
from the simple ratio g’. The tightness of the winding is
rather critically dependent on this difference, so it is
necessary to derive an equation for g in terms of the
various coil parameters.

Fig. 6 shows the part of a winding-cycle pattern pro-
duced by one cam cycle when the retrogressive type of
winding is used, with the dotted line representing the
pattern which would result if the gear ratio g were
used instead of g.

In the example shown, the winding starts at a, and
the first cam cycle of the first winding cycle is com-
pleted at b. If g is the gear ratio used, the circumferen-
tial distance a —b is #d’/g or 1/g revolutions of the coil
form; this differs from =d’/g’ by the circumferential
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distance x/¢’, which will be chosen so that the distance

between adjacent wires i8 1.25 w. The new winding

angle B8 is slightly greater than a in the retrogressive

winding or slightly less than « in the progressive wind-

ing. In Fig. 6, g is shown to be greater than g’. A similar
diagram can be developed for g <g’.

The gear-ratio formula can now be written

xd’ xd’ x

- + (5)

g gl ql

where the use of the minus sign produces a retrogres-

sive winding, and the plus sign produces a progressive

winding. Equation (5) can be written in the more con

venient form
. 1 1 X

= + . (0)
I3 g wd'y

Fig. 7 shows the first cam eycle of a winding cycle
a—b and the first cam cycle of the next winding cycle,
b’ —e. It has been shown that there are ¢’ cam cycles
per winding cycle, so the total progression or retrogres-
sion of the cam cycle in a winding cycle a—b is q
times the progression or retrogression per cam cycle, or

53
a—=b =q¢ — =y (7)

4

q

It was stated that the distance between the centers
of adjacent turns of wire is 1.25 w. This is the sidea —y

g ) /
¥
¢BJ / l
0‘/ /
X WY
b
t A

Fig. 6—One cam cvele of

Fig. 7—Similar cam cy-
aretrogressive winding

cles  of  successive
winding cvcles.

of the right triangle @ =4’ — v, and the side a—=bis
cqual to x.
1.25w
x=— 8)
sin 8
and (6) can be rewritten, with this value of X,
1 1 1.25w )
— (9
g g  wd'q'sing

F'he difference between the angles a and B is slight
enough to be neglected in most types of radio coils, so
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it may be assumed that they are equal and o substi-
tuted for 8 in (9).
1 1 1.25wg’
L0, AE
g g rd'q’ sina
2g

d=—),
T tan o

(10)
From (4)

so, substituting this value in (10),

1.25wg' (v tan a) ]

(11)

2mcg'q’ sin a

g'=21

g'=1/2

For the small values of a involved, the error involved in
calling the sine equal to the tangent is negligible; there-
fore (11) simplifies to

1 1 ( 0.63w

—=—(14 ) :

g £ cq’
Ordinarily w/cq’ is much smaller than 1, and the error
is small if (12) is rewritten

,<1 _0.63w )
= -+ .
gE=¢ o

The plus sign produces a retrogressive winding and
the minus sign produces a progressive winding. The
progressive winding has slightly closer spacing between
adjacent turns of the same layer and the retrogressive
winding slightly wider spacing than the 25 per cent of
the wire diameter which was used to develop the
formula.

Because of the interrelationships between the vari-
ous constants, there are a number of other transforma-
tions which can be applied to (10). Some of these result
in equations which are simpler algebraically than (13),
but the latter is much better adapted to slide-rule solu-
tion. It is well to point out that the slide rule seems to
be the only convenient means of picking the actual
gears involved. The end of the C scale is set at the solu-
tion of (13) on the D scale; the various usable gear
combinations can then be picked from the points of

(12),

(13)

-
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g'=3/1

g'=1/3
Fig. 8—Coil photographs.
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coincidence of the whole number divisions on the two
scales. The gears normally in use have from about 25
to about 90 teeth. For very high or low values of g, it is
usually necessary to use a 2/1 or 1/2 idler in the wind-
ing machine to utilize gears in the above-mentioned
range of teeth.

Equation (13) appears to be accurate enough for
most types of practical radio coils. It has been used
with wire diameters from about 0.006 to 0.02 inch, on
dowels from 1/4 to 1 1/4 inches in diameter, and with
cam throws of from 1/16 to 3/8 inch. All of the gear ra-
tios calculated using this equation have wound satis-

g'=5/1

’

g'=1/5

factorily, provided that the cam throw was at least six
times the wire diameter so that cach layer of the wind-
ing provided a firm base for the next layer to build
up on. If the cam throw is too small the turns tend to
slide out of their proper position.

If there is appreciable play in the mechanism of the
winding machine, difficulty may be encountered in
winding narrow coils with gear ratios having high
values of g. The inaccuracy of each cam cycle is
multiplied by g in cach winding cycle and, therefore,
the coil will build up properly only if the machine is
in excellent mechanical condition.

There are several other factors which should be con-
sidered when starting the design of a winding. The
details of the design of a coil for particular clectrical
characteristics are beyond the scope of this paper, but
some general considerations will be dealt with briefly.
Narrow coils usually Kive lower distributed capaci-
tance than wide coils of the same inductance and there-
fore when low distributed capacitance is desired a
small cam throw is used. A maximum electrical cffi-
ciency (Q) is generally obtained when the whole wind-
ing is about square in cross section; this is true whether
the coil consists of one or more sections. Multisection
coils are used when very low distributed capacitance is
desired.

Fig. 8 is a collection of photographs of coils of vari-
ous shapes and sizes, showing the appearance result-
ing from several commonly used values of g’.
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APPENDIX
Calculation of the Winding Height

If the height of the winding above the form is to be

known with a fair degree of accuracy it is necessary to

l2sw
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Fig. 9—One layer of a universal winding.

cadeulate the number of turns per layer. Fig. 9 shows a
part of one layer of a universal winding, with the lateral
distance between centers of adjacent turns 1,25 times
the wire diameter, The axial distance between similar

points of adjacent turns is
1.25w

COS «

1.25w (14)

for small values of «, and in the distance ¢ there are
thus

turns.
1.25

By inspection of Iig. 9 it is obvious that the number of

turns per laver is
4
+ 1 (15)
1.25w m

where ¢ s the total number of turns on the coil and
m is the number of layers.
The number of layers thus is
1.25u¢

m . (16)
c+1.25%

The maximum height h of the winding above the form

1S

1.25w%
h = mw . (17)

c+1.25w

The coil would huild up to a height mw if the wire
were not flattened during winding. The amount of
compression of the wire varies widely for different
types of wire and insulation and no attempt will be
made to evaluate it exactly, It results in a reduction of
the winding height of roughlv S to 10 per cent for most
coils

The Solution of Unsymmetrical-Sideband Problems
with the Aid of the Zcro-l*"rcqucncv Carrier
HAROLD A. WHEELERHT, FELLOW, LR.E.

Summary - Unsymmetrical-sideband problemis are met in fre
quency modulation and single-sideband transmission. There has de
veloped the urgent need of a simplified procedure for their solution. The
“vector envelope” of a modulated signal is reviewed, with special atten-
tion to the simple cases of amplitude, phase, and frequency modulation,
and of a single sideband. From this is developed the concept of the
“zero-frequency carrier” with combined amplitude and angle modula-
tion. The solution is valid for any carrier frequency much greater than
the total width of sidebands in the signal, regardless of whether the
carrier is preseni. It yields directly the envelope of the signal, as de-
lected by a rectifier. It is applied to the general case of steady and
transient modulation components. The simplified procedure is out-
lined in simple terms after rigorous derivation. It involyes merely stat-
ing the input modulating signal relative to the zero frequency carrier,
putting it through the low-pass analog of the band-pass filter, and
deriving the output modulating signal directly.

* Decimal classification: R148. Original manuscript received by

the Institute, April 11, 1941
t Hazeltine Service Corporation, Little Neck, 1. I, N. Y.
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L. INTRODUCTION

N THE simple case of amplitude modulation, the
sidebands are symmetrical about the carrier fre-
quency. I the modulation cnvelope is o be de-

tected by a rectifier, the carrier frequency must be

greater than the highest frequency of modulation. If
the rectificd output is to have the carrier and sideband
components removed by a low-pass filter, the lowest
sidcband frequency must be greater than the highest
frequency of modulation; in other words, the carrier
frequency must e greater than twice the highest fre-
quency -of modulation.

On the other hand, a zero-frequency carrier may be

August, 1941
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conceived, with sidebands of positive and negative fre-
quencies. If the sidebands are symmetrical, this repre-
sents merely the modulating signal superimposed on a
direct component. Therefore this concept has physical
reality in the case of amplitude modulation. It has
been most helpful in visualizing and solving the prob-
lems of carrier modulation. Just as the carrier fre-
quency and sidebands are conceived as shifted along
the frequency scale for comparison between the modu-
lating signal and the modulated carrier, so can a band-
pass filter centered on the carrier frequency be trans-
formed to an analogous low-pass filter centered on
zero frequency.

In the general case, the carrier has a combination of
amplitude and angle modulation, so the sidebands are
not symmetrical. This is exemplified by single-sideband
transmission and by phase or frequency modulation,
the latter being particular types of angle modulation.
It is then impossible to realize the corresponding mod-
ulation of a zero-frequency carrier. This concept is
worth developing, even though it is not a physical one,
because the mathematical simplification is even more
needed in the general case.

The generalized modulation of the zero-frequency
carrier leads to relations which are simple and not un-
expected. Angle modulation introduces an imaginary
quadrature component which is analogous to the quad-
rature carricr component that accompanics angle
modulation. In the zero-frequency analog, the quad-
ratic sum of the real and imaginary parts is analogous
to the carrier envelope. This simplifies the rectifying
process in mathematical treatments, because there are
no carrier-frequency terms to be discarded.

Sidcband dissymmetry may be present in the input
signal, or may be introduced by band-pass filters not
symmetrical about the carrier frequency. Examples of
such filters are found in single-sideband sclectors and
in the slope filters of frequency-modulation detectors.'™

There is to be described herein a very simple pro-
cedure for solving unsymmetrical-sideband problems,
based on the concept of a zero-frequency carrier. The

! Recent solutions of single-sideband and frequency-modulation
problems in picture transmission are examples of the need for simpli-
fied procedures, especially in the computation of the response to
transient modulation. References 2, 3, and 4 yicld results in simplest
form but not by the simplest procedure.

_ *R. Urtel, “Observations regarding television transmission by a
single sideband,” Telefunken-Ilausmilleilungen, vol. 20, pp. 80-83;
July, 1939.

3H. E. Kallmann and R. E. Spencer, “Transient responsc of
single-sidcband systems,” Proc. I.LR.E., vol. 28, pp. 557-561;
December, 1940.

+ Charles . Singer, “A mathematical appendix to transient
response of single-sideband systems,” Proc. I.R.E., vol. 28, pp.
561-563; December, 1940.

¢S, Goldman, “Television detail and selective-sideband trans-
mission,” Proc. 1.R.E., vol. 27, pp. 725-732; November, 1939.

¢ H. Nyquist and K. W. Pfleger, “Effect of the quadrature com-
ponent in single sideband transmission,” Bell Sys. Tech. Jour., vol.
19, pp. 63-73; January, 1940,

? C. W. Carnahan, “F-M applicd to a television system,” Elec-
tronics, vol. 13, pp. 26, 30-32; IFebruary, 1940,

8 I. A. Wheeler and J. C. Wilson, “The influence of filter shape-
factor on single-sideband distortion,” ’roc. LLR.E., vol. 28, p. 253;
May 1940. (gummary only.)
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carrier frequency is assumed so high that the modula-
tion envelope is clearly defined by the carrier peaks.
The only unusual rule in this procedure is the necessity
for retaining the distinction between positive-frequency
and negative-frequency sideband components around
the zero-frequency carrier. This is because they are not
necessarily equal in magnitude and they are not
treated alike by the filters. This rule is inherently
associated with the unreality of angle modulation of a
zero-frequency carrier, and of filter discrimination be-
tween positive and negative frequencies.

The zero-frequency carrier, modulated in amplitude,
or angle, or both, is analogous to the “vector envelope”
of the actual modulated carrier. To visualize the vec-
tor envelope, the modulated carrier is represented by a
rotating vector. This rotating vector is viewed by an
observer rotating steadily at the carrier frequency.
There is seen merely a vector which is stationary in
the absence of modulation. This vector expands and
contracts in response to amplitude modulation. Its
angle varies with phase or frequency modulation, but
at a rate much less than the angular velocity of the
rotating carrier vector. This slowly fluctuating vector
is the vector envelope of the modulated carrier, so-
called because it shows not only the amplitude modu-
lation of the carrier but also its angle modulation.

II. Tne VECTOR ENVELOPE OF A
MobpULATED CARRIER

The full appreciation of the zero-frequency carrier
requires a complete understanding of the vector repre-
sentation of modulated waves, leading to the concept
of the vector envelope. This background is here to be
reviewed as a further introduction.®~*

The vectors here involved are two-dimensional vee-
tors, so they may be located in a fixed plane. Each
vector may be represented by a complex number. The
real and imaginary parts of the complex number are
the lengths of the projections of the vector on the real
and imaginary axes, which are mutually perpendicular
lines in the plane. The translational position of the
vector in the plane is undetermined, so one end of the
vector may be located at the origin (the intersection
of the two axes) or several vectors may be drawn end
to end for determining their sum.

It is customary to use vectors to represent alternat-
ing currents and voltages, cspecially their amplitude

9 V. D. Landon, “An analysis of frequency modulation,” unpub-
lished report, 1929.

1w E. . Armstrong, “Frequency modulation,” Proc. I.LR.E,,
vol. 24, pp. 689-740; May, 1936.

WE, A. Laport, “Characteristics of amplitude-modulated
waves,” RCA Rev., vol. 1, pp. 26-38; April 1937, (Effect of unsym-
metrical sidebands.)

12 {{ans Roder, “Noise in frequency modulation,” Electronics,
vol. 10, p. 22; May, 1937.

1 P, P, Eckersley, “Asymmetric-side-band broadcasting,” Proc.
I.R.E., vol. 26, pp. 1041-1092; September, 1938.

1 E. C. Metschl, “Knowledge and use of amplitude, phase, and
frequency modulation, Elektrolech. Zeil., vol. 60, pp. 1357-1361;
November 30, 1939; vol. 60, pp. 1395-1401; December 7, 1939.

s W. L. Everitt, “Frequency modulation,” Elec. Eng., vol. 59,
pp. 613-625; November, 1940.
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and phase relations in a system. Since a current or
voltage is a single-dimensional quantity, some quali-
fication is necessary to enable its representation by a
two-dimensional vector. The usual explanation is that
the current or voltage is one projection of the vector.
I the projection on the real axis is chosen, the current
or voltage is given by the real part of the complex
number corresponding to the vector.,

\Why should a simple one-dimensional quantity,
such as current or voltage, be complicated by the use
of a two-dimensional vector representation? The rea-
son is that a rotating vector is a simpler concept than
a sinusoidal wave. The latter is always visualized as a
projection of the former. In mathematical analysis, the
theory of complex numbers makes it casier to manipu-
late vectors than sinusoidal waves. In the simplest
case of a wave of constant amplitude and frequency,
the corresponding length and angular velocity of the
vector are simpler to describe than the time variation
of the wave,

The vector has an added advantage in problems in-
volving modulation. It carries continuously an identi-

(b)

Fig. 1—The pair of oppositely rotating conjugate vectors (a)
whose average or projection is a real cosine wave (b), one of
these vectors being the usual representation of the cosine wave,

fication of both amplitude and angle, whereas a1 modu-
lated wave does not carry uniquely the identification
of cither. A single point on a wave docs not identify
cither the amplitude or the angle of a wave, unless the
other is known or assumed, whereas a single represen-
tation of a vector identifies both of these properties.
Therefore, it is possible to identify amplitude and phase
modulation, separately and independently, only in the
case of a vector,

The vector or complex representation of an alternat-
ing wave may be justified from various points of view.,
The simplest is based on the fact that every equation
in complex algebra is really two equations, one involy-
ing all real parts and the other involving all imagin-
ary parts. The real parts being the essential quantitics,
it is sufficient that these quantities satisfy the equa-
tions. The imaginary parts are carried along merely
to give the advantages of vector manipulation,'s

Another representation of an alternating wave in
terms of a vector involves also the conjugate of the

" L. A. Hazeltine, “Electrical Engineering,” Macmillan Com-
pany, New York, N.Y., 1924, pp. 178-181.
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vector. It happens that the real part or projection of
a veetor is the average of this vector and its conjugate
vector.'” The imaginary parts of two mutually con-
jugate vectors cancel out in their average, which is
one half their sum; their real parts are cqual to cach
other and therefore to the average of the two vectors,
In complex notation, the conjugate is casily expressed,
Itis obtained merely by reversing the direction or sign
of the angle,

In the case of a rotating veetor, the angle includes
wl, the product of the radian frequency w and the
time £ The conjugate vector is the same except that it
rotates in the opposite direction, and jts angle includes
—wl. In other words, the conjugate has a negatiye
frequency.

It follows that an alternating wave is really the
average of two conjugate vectors which are identical
except for negative and positive frequencies, One is the
image of the other, refleeted in the real axis, which is
consistent with their opposite directions of rotation.
Any analysis which is to retain the real character of
the wave, in spite of the use of vector notation, must
recognize the two conjugate veectors of negative and
positive frequency. It is not necessary to carry both
veetors through all operations, because the result for
one vector can usually be obtained by simple changes
from the result for the other vector,

The conjugate veetors of both negative and positive
frequency are here to be used jn the representation of
an alternating wave, Fig. 1(a) shows such a pair of
vectors rotating in opposite directions at the same
speed. They are represented by the complex expres-
sS10Ns

Eo=_lexp—iwt = .1(cos wf — i sin wt)
Ey =1 expiwt = A(cos wf + 7 sin w!). (1)

The subscripts (=) and (+) denote respectively the
negative and positive frequencies and directions of
rotation, while A jis the amplitude. The real alternat-
ing wave is the average of these two veetors:

E=3E_41E, = 4 cos wt, (2)

As far as the real WAVe 1S concerned, the frequency ap-
pears only under the cosine operator, so it is immaterial
whether it is negative or positive. One or the other
dirceetion should be used (‘unsisu-nll_\', the positive fre-
quency being conventional, Fig. 1(b) shows the alter-
nating wave corresponding to the real average value or
the projection of the conjugate veetors,

A carrier with amplitude modulation is completely
represented by three pairs of conjugate vectors, as
shown in Fig. 2(a). One pair E.4 is the carrier, whose
radian frequency s denoted wo. The other tWo pairs
Ery and E,; are the sidebands, whose respective fre-
quencies are Wo—w,, and wy+w,,, w,. being the modula-
tion frequency. The carrier is assigned unit amplitude

Y AL Guillemin, “Communication Netwo ks, " o
and Sons, New York, N.Y'., 1931, v, I, m».(m 75, John Wiley

.
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so the amplitude of each sideband is m/2, m being the
modulation factor. The three negative-frequency vec-
tors have the sum E_, the three positive-frequency
vectors E . :

E; = E; + E;s + E.s. (3)
The carrier and two sidebands are represented by three
pairs of conjugate vectors:
E.. = exptiw

m

Eri = P expi—i(wo - w,,.)l

m
E.. = ) exp+ i(wo + wm)l. €Y

The average of the two sum vectors is the real modu-
lated-carrier wave,

m
E=3_+4 YE, = coswd + S

cos (wyg — wm)!

m
+ ; cos {wy + wm)l

= cos wel(1 + M cos wml). (3)

It is customary to represent such a modulated wave
by one group of three vectors, stopping the rotation of
the carrier wave and indicating only the rotation of
the sideband vectors relative to the carrier, the re-
maining rotation being less rapid because the modula-
tion frequency is less than the carrier frequency. This
operation on the set of positive-frequency vectors is
shown in Fig. 2(b). Their frequencies are all reduced
by the amount of the carrier frequency. The carrier
frequency becomes zero and the sideband frequencies
+w,.. The added subscript (0) denotes the vectors of
the group whose carrier frequency is shifted to zero:

I£c0+ =1
~ "l .
Fiy = — exp—twul
- m .
Epy = 2~ exp twml. (6)
Their sum is
Ey, = 1 4 m cos wnl. (7)

It is noted that each of the three components in (6)
is obtained by extracting the factor exp iwqf from the
corresponding component in (4). Since this factor is
the carrier, the remaining factors in (6) are of the na-
ture of modulation factors. Their sum (7) is the modu-
lation envelope, plotted in Fig. 2(c), which pulsates at
the modulation frequency w,.. The sideband vectors are
mutually conjugate, so the envelope is a real quantity.

The concept of the zero-frequency carrier is illus-
trated in this example, Fig. 2(b). By reducing the
carrier frequency to zero, and the sideband frequencies
by an equal amount, there is obtained a group of vec-
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tors whose sum is the envelope of the modulated-carrier
wave. In other words, the envelope of a modulated
zero-frequency carrier wave is identical with the wave
itself.

Fig. 2—The six rotating vectors (a) whose resultant is a real cosine
wave with modulated amplitude, three of these vectors (b)
being the usual representation of the carrier and two side fre-
quencies which determine the modulation envelope ().

In a carrier-wave communication system, the modu-
lating signal in the transmitter is applied to the modu-
lator as a modulated direct voltage, and that causes
the modulator to yicld the modulated carrier. In the
receiver, the reverse process occurs in the detector,
yicelding again a modulated direct voltage. If a com-
plete system is being studied, why not omit the proc-
esses of modulation and detection, performing all oper-
ations theoretically on a modulated zero-frequency
carrier? It is the purpose of this treatment to deal with
this question, particularly to give the conditions under
which this is permissible and the rules which govern
such a procedure. These rules have been familiar in the
case of pure amplitude modulation, in which the side-
bands are symmetrical, but have not been formulated
for general modulation with unsymmetrical sidebands.
The latter is the problem of phase or frequency modu-
lation or of single-sideband operation.

As an introduction to unsymmetrical sidebands, the
case of a carrier and a single sideband component is
shown in Fig. 3. Each set of carrier and sideband vec-
tors in Fig. 3(a) has a resultant E; which, in general,

‘EN Eim ono
/
Pl
Eove
(a) ~ (b) (c)

Fig. 3—The four rotating vectors whose resultant is a carrier and
single sideband.
(a) The rotating vectors of carrier frequency and side frequency.
(b) The carrier vector stopped to show the relative phase dis-
placement of side vector and resultant.
(¢) The resultant analyzed into its real and imaginary com-
ponents.

differs from the carrier vector E.; in both amplitude
and phase. The carrier and single-sideband vectors are

Ec.y = exptiwet
E,, = mexpti(wo+ wm)l. (8)
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Their sum may be expressed in terms of amplitude
modulation ¢ and phase modulation b:

kL, L + E,, (1 4+ a) exptilwt +86). (V)

Expanding in trigonometric functions and identifying
the cocfficients of cos wyt and sin wef, the modulation
terms are evaluated :'* 1

L+ a= 14 m? 4 2mcos wt

m sin w,!

tan b (10)

1 4+ m cos wn!

These formulas express separately the amplitude and
phase modulation inherent in the carrier and single
sideband. The frequency of the composite signal is the
time derivative of the angle of rotation:
d db
w (wot + 8) = wo +
di dt

m 4+ Cus wn!

‘ (11)
14+ m? 4 2m cos w.t

wo + Mw,,
The last term is the deviation from the carrier fre-
quency.

In Fig. 3(b), the positive-frequency sct of vectors is
shown with a frequency reduction by the amouht of
the carrier frequency, so the carrier frequency hecomes
zero as in Fig. 2(b). In Fig. 3(h), however, the sum
Eq, of the two resulting vectors E oy and E,q, differs
from the carrier vector in both angle and amplitude;
it is not a real quantity but rather a complex quantity.
Extracting the carrier factor in (8) and (9),

Eg, = (1 + a) exp ib. (12)

It appears that the vector Ey,, by its two-dimensional
complex nature, contains both the amplitude and the
angle modulation of the composite signal, hut not the
carricr frequency. This is what is termed the “vector
envelope” of a modulated carrier which, in general,
may have both amplitude and angle modulation. Since
the frequency and phase of the carrier E.o, are zero,
the corresponding properties of the vector envelope
Eq, are the frequency and phase deviation from the
unmodulated carricer.

Unlike the real envelope of Fig. 2(b), the vector
envelope of Fig. 3(b) does not have physical reality.
It is impossible to modulate a direct voltage with re-
spect to phase, because its only property is amplitude.
Nevertheless, this concept is found useful. Its appreci-
ation is not difficult if the stationary carrier is re-
garded as a zero-frequency vector, rather than a one-
dimensional quantity such as direct current or voltage.
The real and imaginary parts of the vector envelope
may be subdivided as in Fig. 3(c):

1, Ewp = mexp ib, £,

" M. G. Croshy, “Frequency modulation propagation char
acteristics,” Proc. [.R.E., vol. 24, pp. 898 913; June, 1936 equa
tion (3).

¥ M. G. Crosby, “Frequency modulation noise characteristics,
Proc. LLR.E., vol. 25, pp. 472-514; April, 1937, equation (5).
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I", I( + '* I'l 4 (1;)

in which the subscripts « and v respectively denote the
real or physical part and the imaginary or unphysical
part, The envelope is real only if the sidebands occur
in conjugate pairs, as in Fig. 2

A passive detector, such as the usual diode peak de
tector, responds to the envelope amplitude without ro
gard for frequency or phase. Therefore the amplitude
or magnitude of the vector envelope determines the
response of such a detector. Since the frequency of the
unmodulated carrier does not affect the response, its
omission is a logical simplification

A comparison of the envelope amplitudes in the cases
of (lopl)l(- and single sidebands, Figs. 2 and 3, shows
that the former hut not the latter would yield an un
distorted cosine wave as the output from a lincar de
tector. In the single-sideband case, the envelope dis
tortion decrcases with the modulation factor m, the
various kinds of modulation approaching the following
forms for m much less than one:

a = mcos wul, b= msinwd w = mwncoswnl (14

These are respectively the amplitude, phase, and fre

quency modulation. Just as Fig. 2 shows a pair of

Eco. EZs
/
b / b /

7 Wt
17
~Wml //IE-o'

e

(0) (b)

Fig. 4 Specially related carrier and sidebands for two cases of
phase or frequency modulation l
(a) Maximum phase angle at initial time.
(b) Maximum frequency at initial time.

roe

conjugate sidebands which represent pure amplitude
modulation, there are pairs of nonconjugate sidebands
which represent pure phase or frequency modulation.
Tht,‘S(‘ are shown in Fig. 4, with a zcro-frequency car-
rier

In this further discussion of vector envelopes, the
subscripts 04+ may be omitted hecause they are under-
stood on all the vector quantitics. The subscript 0
mercly identifics the concept of zero-frequency carrier,
while the + refers to the positive-frequency set of
vectors.

FFig. 4(a) shows a pair of sidebands E, and E, which
are not mutually conjugate with respect to the carrier
2 but are with respeet 10 a vector perpendicular to the
carricr. The sum of the sideband vectors 1s therefore
perpendicular to the carricr, so its principal ¢flcct is
to shift the angle of E, the sum of the carrier and
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sidebands. These three components of the vector en-

velope are
E. =1
. m )
E, = 5 exp i(r/2 — wnt)
m
E, = —2- exp i(r/2 + wul). (15)
Their sum is
E =14 imsin (r/2 — wml) = 1 + im cos wm!
= (1 4+ a) exp ib (16)
in which
1 4+a =1+ m?ecos? ol
(17)
tan b = m cos wml.

The amplitude modulation a includes only the higher
powers of m, the principal modulation being the angle
b.

Fig. 4(b) shows another pair of sidebands which also
are mutually conjugate about a vector perpendicular
to the carrier. In this case, however, they are expressed
as “skew-conjugate” about the carrier, which means
conjugate except for a reversal of one relative to the
other. These three components of the vector envelope
are

E =1
. m )
E, = - —exp—iwn!
~ m .
E, = = exp wml. (18)
Their sum is
E =1+ imsin wat = (1 + @) exp ib (19)
in which
1+ a=+1+ m?sin? oml
tan b = m sin wmt.
(20)
The frequency modulation is
db MWm COS Wml
w = = (21)

dt 1 4+ m? sin? wp!

A comparison of the cases of Figs. 2 to 4 is simplified
by assuming the modulation factor m to be much less
than one. The following tabulation gives a summary
on this basis.

Figure alam) b(pm) w(fm)

2, am m cos Wyl 0 0

3, ssb M cOS Wmt | M cos (Wul—m/2) | Mw, COS Wnl
4(a), pm 0 m CcOS Wml MWm COS (Wmt+T/2)
4(b), fm | 0 | m cos (wWmt—m/2) ‘ MWy COS Wnl
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This table shows which cases have which kinds of
modulation. It is well known that phase and frequency
modulation go together, as different variations of
“angle modulation.” The table also shows that a single-
sideband signal has both amplitude and angle modula-
tion.

In the phase (pm) and frequency (fm) columns, all
terms in the same column are the same except for the

//,f /
o l/ V
reoll tf _fof / /

|/
@ (b) (©)

/ ——=imaginary
Fig. 5—Initial phase relations of carrier and sidebands.

(a) Amplitude modulation.
(b) Phase modulation.
(c) Frequency modulation.

phase of the modulation wave. This is emphasized by
cxpressing all terms in cosine form. The cosine form is
the proper one to use for phasec comparisons, because
it is the average of conjugate exponential forms and is
independent of the direction of rotation. This shows
incidentally the right-angle phase lead of frequency
relative to phase, which results from the definition of
radian frequency as phase velocity. The added factor
of the modulation-frequency coefficient w,, in the fre-
quency column also results from this definition.

The cases in the table have been selected to empha-
size some peculiaritics of certain sideband arrange-
ments, especially those shown in Fig. 4. The case of
Fig. 4(a) yiclds phase modulation with no phase shift
of the modulation, while that of Fig. 4(b) similarly
yields frequency modulation. Therefore these are the
sets of sidebands which would be delivered from a
phase or frequency modulator directly responsive to a
modulating wave of standard phase, cos wa!. In this
respect they correspond with the amplitude-modula-
tion case of Fig. 2. The composite modulation in the
single-sideband case of Fig. 3 appears to be amplitude
and frequency modulation, as judged by the phase of
the modulation. ~

Based on the three representative cases, Figs. 2,
4(a), and 4(b), there are shown in Fig. 5 the sideband
relations uniquely corresponding to the three kinds of
modulation. The single-sideband case
is a combination of Figs. 5(a) and
5(c), the lower sideband canceling out.

The analysis of signals with any
kind of modulation is simple with
the concept of the zero-frequency
carrier. Amplitude modulation of a
direct current or voltage, as by a

(22)
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microphone, is the well-known example. Angle modula
tion of a direct current or voltage is physically impos-
sible, so it is merely a concept. Tt is not a difacult
concept when the carrier is regarded as a zero. fre-
quency vector. This vector is stationary in both am
plitude and angle while unmodulated, but ¢ither or
both of these properties can be subjected to modula-
tion. If there were taken as a starting point the ampli-
tude modulation of (7), the preceding process worked
backward would then yield the corresponding set of
sidebands. In the case of angle modulation, the process
of deriving the sidebands produced by a given modula
tion is not so simple, but sometimes the identification
of the sidebands is not required. If the amount of angle
modulation is much less than one radian, a fair ap-
proximation of the sidebands can be obtained casily.
The cases of Fig. 4 in the table (22) may be taken as a

F F

—_— f ' '
b f,

(a) (b) '

Fig. 6—Examples of unsymmetrical filters which disturh the rela-
tions between lower and upper sidebands.
(a) Single-sideband filter.
(b) Slope filter for a frequency detector.

starting point, in which case the corresponding side-
bands are easily found to be those of formulas (15)
and (18) and Figs. 4 and 5. The angle deviation is as-
sumed to be so small that its sine is equal to the angle
and its cosine is one.

Since the kind of modulation is determined by the
relation between lower and upper sidebands, one kind
of modulation may be changed to another by filters
which modify this relation. In the case of a zero-fre-
quency carrier, however, any physical filter cannot
change one kind of modulation to another, because a
physical filter has propertics which prevent such a
change. These properties are, with reference to zero
frequency, the symmetric amplitude characteristics
and the skew-symmetric phase characteristics. In
other words, a physical filter cannot discriminate be-
tween negative and positive frequencies, just as a
cosine wave cannot.

A physical filter can distinguish between lower and
upper sidcbands of a modulated carrier, providing the
sidebands are relatively close to the carrier and differ
therefrom by less than the carrier frequency. Fig. 6
shows two examples of filters for altering the amplitude
relation between lower and upper sidebands about the
carrier frequency fo. Fig. 6(a) is a filter for dividing the
sidebands, suppressing the lower sideband and dou-
bling the amplitude of the upper sideband relative to
that of the carrier. This may be termed a single-side-
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band filter, and is the type used in television systems.
Fig. 6(b) is a slope filter for developing amplitude
modulation in responsce to frequency modulation, 1t is
the type used in frequency-modulation detectors.

The use of the rotating vector removes the confusion
between negative and  positive frequencics, 8o the
carrier frequency can be reduced to zero, the lower
sideband to negative frequencies and the upper side
hand to lesser positive frequencies. Likewise, the un
symmetrical filters of Fig. 6 can be formulated around
a carrier frequency fo of zero value. The fact that this
is not a physical filter does not interfere with its use in
theoretical derivations. If a real signal, with its con
jugate sidebands, is put through such a filter, it comes
out with an imaginary component from the sum of
nonconjugate sidehbands. This shows the effect of an
unsymmetrical filter on the vector envelope.

The filters of FFig. 6 decrease one sideband in ampli-
tude and increase the other. This tends to impart to a
signal some of the propertics of a single-sideband sig-
nal, especially the composite modulation of bhoth am
plitude and angle. This happens in the usual applica
tions of thesce filters, namely, an amplitude-modulated
signal through the filter of Fig. 6(a) or a frequency-
modulated signal through that of Fig. 6(b). In the
former case, no use is made of the frequency modula-
tion. In the latter case, in a frequency detector, the
resulting amplitude modulation is rectificd to recover
the signal carried by the frequency modulation.

The preceding examples are given to illustrate the
identity of the vector envelope of a modulated carrier
and the vector of a modulated zero-frequency carrier.
The latter concept simplifies the formulation of any
problem involving modulation of a carrier because the
carrier frequency does not enter. The next section
gives a generalized treatment of this concept and its
limitations, its validity and its application, with spe-
cial reference to transient signals.

HI. Twe GeNeraLiziep ProBLEM @F CARRIER
AND SIDEBANDS2?

For practical purposes, a modulated-carrier signal
has all of its sidebands within the band width bounded
by 1/2and 3/2 the nominal carrier frequency. This al-
lows modulation frequencies not exceeding 1/2 the car-
rier frequency, so the modulation signal and the modu-
lated-carrier signal occupy mutually exclusive fre
quency bands. This permits (heir scparation by filters
in modulators and dctectors.

AT 'lhli poing; it seems desirable to list the various subscripts,
with their meanings:
+ denote the positive frequency and negative-frequency com
ponents of a signal E(t), or frequency ranges of a
filter F(f).
¢, r, s denote carrier, lower sideband, and upper-sideband compo-
nents.
0, m denote carrier and modulation frequencies.
0 also denotes vector envelope of carrier, or the low -pass
- analog of a band-pass filier.

%, v denote the real and imaginary parts of a complex quantity.
1, 2 denote the input and output signal:

e E———
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Another way of stating the same condition is to say
that the carrier frequency must be greater than twice
the highest frequency of modulation, preferably much
greater. In the case of transient modulation, a large
sideband width is required, but it is always possible to
make the carrier frequency still greater. Therefore this
requirement is consistent with any practical conditions.

For theoretical purposes, it is convenient to deal
with rotating vectors rather than sinusoidal oscilla-
tions. Any real sinusoidal wave is mathematically the
sum of a pair of oppositely rotating vectors, one of
positive frequency and the other of negative frequency.
This convention is shown in Fig. 7(a). The modulated-
carrier signal is separated into its positive-frequency
and negative-frequency vector components. This ap-
plies to both carrier and sidebands. The expressed
limitation of sideband width prevents overlapping of
the sidebands of the positive-frequency carrier with
those of the negative-frequency carrier. This simplifies
the problem by preventing the interaction of sidebands
from affecting the modulation envelope. Such an effect
cannot occur in practice but does creep into theoretical
derivations and tends to obscure the desired solution.

The modulated-carrier input signal of Fig. 7(a) is
put through the band-pass filter of Fig. 7(b) to give
the output signal of Fig. 7(c). One or both of the input
and output signals may have unsymmetrical side-
bands. The band-pass filter is a physical one, so its
transmission at negative frequencies is equal in magni-
tude to that at positive frequencies. Its transmission is
not necessarily symmetrical about the carrier fre-
quency fo. If not, it has a physical low-pass analog
only in special cases.

For mathematical purposes, it is desirable that the
positive-frequency modulated-carrier vector be not
just one of two component vectors, but rather the vec-
tor conventionally used to represent the phase and
amplitude of alternating voltages. Only half the ampli-
tude would be had in one of the two component vec-
tors. Instead, the signal is here regarded as the aver-
age of two oppositely rotating vectors, so each vector
has the same amplitude as the signal and the positive-
frequency vector has the same phase angle. In these
terms, the input signal voltage, as a function of time, is

E\(t) = 3Eu+ + 3E- (23)

in which E;; and E,_ are the positive- and negative-
frequency rotating vectors, represented by conjugate
complex numbers.

The frequency spectrum of each voltage E(¢) is here
represented by F(f) with the same subscript. That of
the input voltage is

Fi(f) = 3P + 40 = f E\(t) exp—i2mft dt

Fyy = f E,; exp—i2nft di. (24)

Strictly, the frequency spectrum is expressible only
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for transient signals or transient components of the
signals, but it is also used loosely to represent any
kind of signal. In the use of the Fourier integral for
transient components of the signal, all steady com-
ponents must be separated, then put through the filter
individually, and finally recombined with transient
components in the output.

The frequency spectrum, in order to include both
amplitude and phase, has a real part for cosine coeffi-
cients and an imaginary part for sine coefficients. The
magnitude of F is the resultant amplitude coefficient.
For any real signal, the complex spectrum has only an
even-real part symmetrical about zero frequency and
an odd-imaginary part skew-symmetrical. This re-
sults from the physical identity of positive and nega-
tive frequencies. ‘

Likewise it is desirable to express the filter trans-
mission ratio in two parts, one for the positive-fre-
quency pass band and the other for the negative. The
positive-frequency band is the one conventionally used
to represent the filter characteristics. In these terms,
the filter transmission ratio, as a function of frequency,
is

F(f) = Fy + F_
in which F, and F_ are the positive and negative-
frequency band-pass characteristics. The filter ratio F
has only even-real and odd-imaginary parts; that is,
the real part is symmetrical about zero frequency and
the imaginary part skew-symmetrical. The even part
is representable by an even-power series and the odd
part by an odd-power series. A physical filter can have
only even-real and odd-imaginary parts, this limita-
tion being related with its inability to distinguish be-
tween equal positive and negative frequencies. The
positive- and negative-frequency parts F, and F_ have
equal real parts and opposite imaginary parts.

Each part of the filter ratio, F, or F_, may or may
not be symmetrical about its carrier frequency *fo. It
does not have a physical low-pass analog unless it
complies with the same conditions about the carrier
frequency, as any physical filter does about zero fre-
quency.

The output signal is derived from its frequency
spectrum both expressed the same as the input except
for a change of subscript:

(25)

Fo(f) = $Foy + §Fe = KiF; Fox = Figl's (26)
Ez(t) . %E“. + %Ez_ . f 1'1(/) exp i21|'ﬂ df;
Ly = f Fay exp i2nft df;
0
0
E, = f Fa_ exp i2nft df. (27)

—00

It is here noted that since Fz and Fi. are respec-
tively confined to the positive- and negative-frequency
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regions, the integration for E,, and E,_ nced cover only
these regions.

In a simple case like pure amplitude modulation, the
carrier frequency is uniquely determined in the signal.
Even if the carrier is absent, its frequency is the one
about which the sidebands are symmetrical. In un-
symmetrical frequency modulation, the sidebands may
be unsymmetrical in such a way that the carrier fre-
quency loses its identity during modulation, but is
identified with its unmodulated value. In single-sidc¢-
band transmission with carrier suppression, the carrier
frequency loses its identity in the signal but must he
communicated to the receiver or otherwise ascertained
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performance of all operations with the zero-frequency
carrier. The actual carrier frequency fo does not even
appear in the procedure or the final solution, but only
in the proof of its validity.

The theoretical proof of this procedure is based on
one of the well-known theorems of the Fourier inte-
gral.? Equation (23) mav be restated in the form of a
modulated-carrier signal:

) = 1B, exp+ pot + 3 Ew exp—pol  (28)

in which £, and £, are the modulating voltages, in
vector form, applied to the positive- and negative-fre-
quencey carrier vectors, In the present treatment, the

. . Modulation . : .
Sidebond Frequencies. Frquncues, Sideband Frequencies.
’_—g ” - A N
F Flo+
Fi- ' Fi+
(a) _ﬂmllw, m 1l f
_fo (o} +f° f () 0 f
F Fos+
N /]
(b) } 4
F.
Fo- & Fo+ o+
(C) M " , f o , ’
_fo 0 + fO (¢) 0 f
Fig. 7—The generalized problem of carrier and sidebands, Fig. 8 ~The concept of zero-frequency
carrier.

(a) The input-signal spectrum.
(b) The filter.
(¢) The output-signal spectrun.

by the receiver operator. In the present trecatment, the
assignment of a carrier frequency f, is arbitrary as far
as the mathematical procedure is concerned. Therefore
it is assigned in accordance with the physical condi-
tions in any given problem. These usually give a logi-
cal basis for the assignment of a carrier frequency,
even if one is not present in the modulated signal,

IV. Tue CONCEPT OF THE ZERO-
FREQUENCY CARRIER

The frequency spectrum of a real modulated-carrier
signal, or the band-pass character of a physical filter, is
completely determined by its positive-frequency term,
Fiy, Fy, or Fpyin (24), (25), or (26). Therefore a com-
plete solution of the problem can be obtained without
reference to the negative-frequency terms.

The positive-frequency terms are regarded as shifted
along the frequency axis until the carricr frequency is
zero, as shown in the transition from Fig. 7 to Fig. 8.
The procedure to be described and verified permits the

(2) The input-signal spectrum,
(b) The filter.
(¢) The output-signal spectrum.

various forms of the frequency variable are used inter-
changeably:
P = 1w = i2nf, (29)

asin the tables of Camphell and Foster. The mentioned
theorem yiclds the corresponding restatement of the
frequency spectrum of (24):

I"l(f) = A}I'“w»r(f = fo) + 310 (f + fo);

w = 2rf

I"lOt(f) - j ]ilﬂt(l) ('Xl)“il?l’f( dt (3())

in which Fio, and Fyo_ are the frequency spectrums of
the modulating voltages as functions of f+fo. Each of
th'(-sc spectra occupies a region around zero frequency,
within £1/2 the carrier frequency. Referring to the
positi\’c-fn-quoncy carrier terms,

. (. A. Ca_mpbf:ll and R. M. Foster, “Fourier integrals for prac-
icil applieations,” Bel) Telephone System Monograph B-584,

September, 193], Abridgment, Bell S+ Tech NV
639-707; October, 1928. (See Table |, Np, 206 Jours: vol. 7, pp.
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EH.(t) = E10+ exp pot
F1+(f) = F:o+(f - fo)-

The output signal is
changed subcripts.

(31
(32)

expressed in like terms with
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symmetrical sidebands or band-pass filters in terms of
the zero-frequency carrier without reference to the
carrier frequency. The zero-frequency carrier has real
and imaginary parts which determine both its ampli-
tude and its phase. These are analogous to the ampli-

— ULATOR I CARRIER 2 E20
s
OF CARRER FILTER %Ne\é%lgzg —
fo F
(a) The carrier-frequency signais and filter.
( Positive — Frequency Channel )
Ewo+ MODULATOR Ei+ Ej» | FREQUENCY Ew+ ZERO- E20+| FREQUENCY E
D— oF CARRIER REDUCER TO FREQUENCY RESTORER |
A . ZERO L_FILTER 10 +fo = —
"0 | g _Fos Ex | GARRIER | Epp
— ENVELOPE
R RECTIFIER
FREQUENCY ERO- FREQUENCY
B o REDUCER TO FREQUENCY RESTORER
E'o. -fo E|_ E|.. ZERO ElO' FILFTER an. T0 -fo Ea-
o | o=

( Negative —Frequency Channel)

(b) The theoretical adaptation of the zero-frequency carrier concept.

pEor

FILTER

(E)

) The procedure with zero-frequency carrier.

l—ze 0

R
\ FREQUENCY

(R ()

E20+

£20,,

RECTIFIER

lezl

Fo+

Fig. 9—The processes involved in the problem and its solution.
(a) The carrier-frequency signals and filter.

(b) The theoretical
(c) The procedure wi

The character of the filter in general and in the posi-
tive-frequency pass band is expressed in the same man-
ner:

F(f) = Foi(f = fo) + Fo(f + fo)
Ff) = Fo (f — fo)

in which Fo, and Fo_ arc the low-pass analogs of the
band-pass filter.

Expressions (28) to (34) arc the same in form as
might be used in simple amplitude modulation. In the
present more general treatment, however, special at-
tention is required because the modulating voltages
such as E,o4 need not be real, and the frequency spec-
tra and filter characters such as Fioy and Foy need not
be physical. This is the generalization involved in the
treatment of unsymmetrical sidebands. There is ade-
parture from rcality in the zero-frequency carrier
analog.

A few simple rules enable the formulation and solu-
tion to be made of any problems of symmetrical or un-

(33)
(34)

adaptation of the zero-frequency carrier concept.
th zero-frequency carrier.

tude and phase of the actual carrier. The envelope is
determined only by the amplitude, the quadratic sum
of the real and imaginary parts. With respect to the
steady terms, special care is taken to retain the iden-
tity of positive and negative frequencies about the zero-
frequency carrier, because they are not mathematically
distinct. For example, the relation sin —wl= —sin wi
must not be used.

The rules regarding_the zero-frequency carrier con-
cept are here to be derived. Their use, however, is sim-
ple and does not require familiarity with their rigorous
derivation.

V. THE MATHEMATICAL DERIVATION

The problem is formulated in Fig. 9(a). A modulat-
ing signal E,o is applied to a carrier of frequency fo to
give the modulated-carrier input voltage E,. This is
put through the band-pass carrier filter F to give the
output voltage E,. A rectifier is used to determine the
envelope Eagg of the output voltage. The generalized
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problem is complicated by the fact that mutually in-
dependent amplitude and phase modulation cannot be
produced by a real modulating signal E,,.

The mathematical steps in the proof are outlined in
Fig. 9(1), while the derived procedure is given in Fig,
9(c). The assumptions and conditions are outlined in
the preceding sections,

The generalized input signal E, is rcal. It is regarded
as the product of a complex modulator capable of com-
bined amplitude and phase modulation, determined by
the respective real and imaginary components of the
modulating signals E,o; and E,o_. The former of these
signals is applied to the positive-frequency carrier vee-
tor and the latter to the negative, as indicated in (28)
and Fig. 9(b). The average of these two signals deter-
mines the amplitude modulation and their differential
average?? the phase modulation,

It is casy to show that Eyo, and E,y_ arc conjugate
because the input signal E, is real. The real and imagi-
nary parts arce denoted respectively by the subscripts
# and v:

Eywy = Ewur + Eiouy; (35)
Substituting in (28) and expanding the exponential
terms representing the rotating carrier vectors,

Ey = 3(Eyouy + Eyo,.)(cos wot + 7 sin wol) 0

+ 3(Eyou- + Fyo,-)(cos wet — 1 sin wol). (30)

Elo - = 1:‘1014» + ElOu»--

Equating to zero the imaginary coefficients of cos wo!
and the real coefficients of 7 sin w,

Eipuy — Eyou = 0; Erwur = Eyq.
ElOv+ + 1':109— = U; (37)

Since their real parts are cqual and their imaginary
parts are opposite, /0, and E,o_ are conjugate. There-
fore a knowledge of Eyo, is sufficient to determine any
real signal E,. This signal has the form

1£l0|v+ - - 1£l0|'-~-

El = 1':l0u+ COS wol + i[':lo..+ sin wol (38)
and its envelope is
£y = \/l Evut |2+ | Ergus f'z = ' Eyo, i (39)

This is a proof that the complex modulating voltage
Eyos is a representation of combined amplitude and
phase modulation.

Passing the input signal E, through the filter multi-
plies its frequency spectrum by the filter factor to yield
the frequency spectrum of the output signal FE,:

Fa=FF = (Fy + F)(F, + 1),
But, since these positive-frequency terms are zero in

the negative-frequency region and vice versa, the prod-
uct is simply

Fo=FuF, +F\ F_=F, +/,

(40)

(41)

# The “differential average” of two quantitics is half their dif-
ference, just as their average is half the sum. If the two quantities
are conjugate complex numbers, their average is the real part of
either and their differential average is the imaginary part of the one
‘taken as positive.
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and the parts of the product are

Fap =1 Fy; Fy Ihr )

Expressing the positive-frequency spectrum of the
output signal in the manner of (32),

Iy (f) = Fa, (f — fo). (43)
From (32), (34), and (42),
I"2+(f) = I"l(n(f - fn)l"(n(f— fo) (44)

Therefore, changing the variable from St f+fo, and
cquating (43) and (44),

Iy, (f) = /’1|0+(f)/"u+(f).

This is the frequency spectrum of the modulating volt-
age Eag, of the positive-frequency veetor representing
the output signal:

(45)

1':2.. = 1':2(;+ ('X]) I)o’. (4())

This process is essentially that outlined in the upper
channel of Fig. 9(1). The input signal vector Iy, is
shifted along the frequency scale to zero carrier fre-
quency, and likewise the filter factor F.. These are
combined to give the modulating voltage E,,, after
which the carrier frequency is restored from zero to
So, yielding the output signal vector E,,. In the lower
channel, a similar procedure is conccived. It does not
have to be followed heeause the output E; is the con-
jugate of sy, since their average I7 is real.

The envelope amplitude 9 of the output voltage /7,
is the magnitude of Ezo,, as shown for E, in (38) and
(39) above:

I':Z = I':'Z()uq» COs w(,[ + il':zn,+ Sin wot (47)
Iy =\ Lozouy | + Egy | = 1 1520+l- (48)

This is the output of the envelope rectifier,

The essential procedure for computations is very
simple, as outlined in Iig. 9(c¢). The input modulating
signal is put through the low-pass analog of the ‘filter
to yicld the output modulating signal. The magnitude
of this signal is the envelope obtained by rectifying the
output. There remains only to summarize this pro-
cedure for practical use.

VL Tue Procenure WITH THE ZERO-
FREQUENCY CARRIER

In the solution of unsymmetrical-sideband problems
with the zero-frequency carrier, there is no reference to
the actual carrier frequency. The operations are per-
formed on the modulating vectors. The filter is present
in the form of jts low-pass analog. In general, the
modulating vectors are unreal and the low-pass filter
un'physicnl, but the procedure is straightforward.

I'o reduce the number of subscripts, the 0 denoting
“about Ehc zero-frequency carrior” and the 4 denoting
thc. posnti\'c-froquvncy channel in Fig. 9(b) are both
omitted in all expressions to follow, The simplified
symbols are noted under the diagram of Fig. 9(c).
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The first step is the expression of the input modulat-
ing vector E,. Its amplitude is the carrier amplitude.
Its phase angle is that of the signal relative to the
phase angle of the reference carrier. It has real and
imaginary components as in (35).

The first step involves setting up the problem rela-
tive to a chosen carrier frequency. This is not a ques-
tion of validity of the solution, but rather one of con-
venience. The proper expression relative to the nom-
inal carrier frequency of zero is that which yields great-
est simplification of the solution. If the carrier is iden-
tified in the signal, the problem is set up around this
carrier frequency. In a balanced frequency detector,
the nominal carrier frequency is most logically the
frequency of balance. This step yields the vector E,; as
a complex number denoting the amplitude and phase
modulation.

The second step is to separate the steady from the
transient components, which may be denoted by sub-
scripts s and ¢. These subscripts are here omitted and
the steady terms are just mentioned in passing. They
are scparately passed through the filter F and are held
until needed for recombination.

In all steps affecting stcady components, it is essen-
tial to maintain the separate identity of equal positive
and negative frequencies, because they are not alike in
unsymmetrical sidebands and filters. Terms of equal
positive and negative frequencies must not be com-
bined in any manner which might losc their identity,
until they emerge from the last unphysical filter.

The third step is to express the frequency spectrum
of the transicnt signal E,. This is done by mcans of the
Fourier integral

Fi(f) =f Ey(f) exp—i2nft dt. (49)
Many pairs of cocfficients F(f) and E(f) are found in
tables,® but some cases are better integrated directly.

The fourth step is to multiply the input frequency
spectrum by the filter factor to obtain the output fre-
quency spectrum

Fo = IF. (50)

The filter factor F is expressed relative to zero fre-
quency instead of the carrier frequency.

The fifth step is to compute the output signal tran-
sient from the output frequency spectrum by means of
the other form of the Fourier integral

E(t) = f w/f,(/) exp i2xft df. (51)

This may be obtained from the tables or integrated as
needed.

The sixth step is to recombine the steady output
terms with the transient terms obtained by the Fourier

B Refer to Campbell and Foster®, In these tables, G(g) corre-
sponds to the time function E(f) ured herein.
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integral. This gives the complete modulating vector of
the output signal. Therefore it is no longer necessary to
avoid combination of positive- and negative-frequency
terms.

If the modulation envelope is desired it is computed
as the magnitude of E,. The phase angle of the output
modulation, which is the phase angle of E,, may also
be used in some problems.

Since many terms may be involved in this solution,
it is sometimes useful to break it into parts which have
physical significance, to facilitate manipulation and
checking. Some useful divisions are here to be outlined.

The most useful line of division is between real and
imaginary signal components, and between physical
and unphysical terms of the frequency spectrum. Imag-
inary signal components correspond to unphysical
terms of the frequency spectrum or filter factor, be-
cause real signals and physical filters can yield only
real signals. A physical filter or frequency spectrum has
only even-recal and odd-imaginary terms. Therefore
odd-real and even-imaginary terms are unphysical.
The subscripts # and v are used respectively to denote
the real and imaginary components of a signal or the
physical and unphysical parts of a frequency spectrum
or a filter factor.

In the first step, as in (35), the input voltage is di-
vided into real and imaginary parts:

E, = Ey, + E,,. (52)

These are carried separately in the steady and transient
components.

In the third step, the corresponding two parts of the
input frequency spectrum may be obtained by sepa-
rate integration in the same formula (49). The result-

- ing physical and unphysical parts are

Fy=Fy + Fy,. (53)

In the fourth step, the filter factor is separated into
its physical and unphysical parts:

F=r,+4Fr, (54)

The physical part (subscript #) contains all even-real
and odd-imaginary terms, while the unphysical part
(subscript v) contains all odd-real and even-imaginary
terms. It is noted that even terms are symmetrical
while odd terms are skew-symmetrical about zero fre-

quency. The resulting ogtput frequency spectrum is
then

Fo= (Fru+ F)Fy + F). (55)

It is casily shown that its physical and unphysical
parts are respectively

Fauw = Iy + Flv"‘v; Fa, = 1IN0, + Flvl"u- (5())

In the fifth step, the physical and unphysical parts
can be integrated separately to give the real part Ey,
and imaginary part ;. Their quadratic sum is the
output envelope,




There are many useful rules in the handling of the
frequency spectrum in relation to the signal. For exam-
ple, the factor p applied to the frequency spectrum cor-
responds to a time differentiation of the signal, and
1/p to integration. These rules are best Icarned by
experience and by reference to the tables of paired
coefficients.

VII. CoNCLUSION

The concept of the zero-frequency carrier is shown
to be useful in unsymmetrical-sideband problems, just
as it has been in the simple case of amplitude modula-

* Refer to Campbell and Foster®, Table 1, Nos. 208 and 210.

tion with symmetrical sidehands. This concept, with
suitable adaptation, is adequate for the solution of
problems with combined amplitude and phase modu-
lation. The solution is independent of the actual carrier
frequency and yicelds directly the modulation envelope
of the output signal.

The full appreciation of this method requires some
experience with practical examples. These have not
been included here because it is planned to have them
appear soon in special trcatments of single-sideband
and frequency-modulation problems.?

% [, A. Wheeler, “Common-channel interference from two fre-

quency-modulated signals.” Presented, Rochester Fall Meeting,
November 12, 1940,

The Approximate Representation of the Distant
Field of Linear Radiators®

RONOLD KINGT, ASSOCIATE, IL.R.E.

Summary—Afler a brief résumé of the general theory of the distant
Sield of arrays of linear radiators in terms of the vector potential (in-
cluding the definition of a radiation function, radiation resistance, and
directivily), approximate representations in terms of a sine dz'?ribu-
tion of current and in terms of an “equivalent” uniform distribution
with an “effective length” are considered. It is shown that the conven-
tional definition of an “effective height or length” 2h. for a symmetrical,
center-driven antenna of length 2h, viz., 21h.=f_:l,dz, does not give
the best approximation. This is oblained by expanding the Sfield char-
acteristic in a Fourier series and defining a new “effective length” lo be
the coefficient of the leading term. 1t is shown thal a reasonably good
approximale representation in lerms of an “effective length” is possible
for antenna half lengths h which are less than N/=, bul not for longer
ones. The case of two crossed antennas is discussed as an illustration
of the simplification obtuined using the approximate formulas.

Tue GENERAL THEORY OF THE DISTANT FIELD

YHE clectromagnetic field of an antenna array
consisting of onc or more lincar radiators of
small radius @ is conveniently calculated from

the vector potential. At points in empty space this is
given in volt-seconds per meter by

11 e 18R
A= f 1. - ds’. (1)
4r J, R

Here 1,” is the complex-current amplitude in amperes
flowing in the element ds’ (primed co-ordinates); R is
the distance in meters from the point (unprimed co-
ordinates) at which 4 is calculated to the element
ds’; B(=w+/114) is the propagation constant in radians
per meter; I is the magnetic constant of space given
numerically by H=47-10"7 henry per meter: A is the
clectric constant of space given numerically by
A=10"%/367 farad per meter; the velocity ¢ is defined
by ¢=1/4/11A4=310® meters per second. The clectric
and maguetic ficlds may be calculated in general from

* Decimal classification: R125, Original manuscripf received by
the Institute, April 11, 1941,

t Cruft Laboratory, Harvard University, Cambridge, Massa-
chusetts.
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(1) using the relations

E = (— j/wllA)(grad div A + B2A) (2)
R =curl A (3)

E is mcasured in volts per meter; B in volt-scconds per
meter squared.

Expressions (1), (2), and (3) become simpler if the
conditions defining the distant or radiation zone arc
imposed. These are

BR, > 1 ) (4)
Ro >> maximum dimension of array. (5)
Ry is the distance from the point of calculation to a

convenient reference origin 0 at the center of the array.
Subject to (4) and (5) one has,

Il ¢—i8Ro .
A = -i” X j: 1. e (Ro.a)gg! (6)
Er = — jwloidy + @,.107) (7)
B = — jBl®,dy — 0,.007). (%)

The superseript » denotes quantities valid only in the
radiation zone defined by (4) and (5). Ro, 8, and & form
a set of spherical co-ordinates with origin at 0. If there
isonly a single antenna (with center at 0) erected along
the vertical axis z from which is measured, one has

Il ¢=i0ke
A' = 21/1,'; A l' = -

ir R,

= jwds” = jw.d,” sin 6.

f [letretds’;  (9)
(10)

It ls.onsﬂy shown that the time-average Poynting
vector in the radiation zone, 87 is given by

]':a' = le‘b' =

S = (wB/211) (g Ay + Ag"A )R, 48))

e s 0 N . .
STisin watts per meter squared and R, is o unit vector.
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A convenient radiation function! K,*(8, ®), referred to
an arbitrary reference current I,, may be defined as
follows:

K28, &) = (37RoB/ 11X MAAgAs* + Ay Ae™). (12)

Symbols with an asterisk are complex conjugates of
the corresponding symbols without asterisks. The total
power transferred over a time average from the moving
charges within a great sphere of radius R, containing
only the antenna array, to the moving charges in the
rest of the universe outside the great sphere, is given
by

2r T
T = (cIIl,I,*/SZw’)f f K,2(6, ®) sin 0d0d®. (13)
0 ]

The quantity
R, =2T/I.1,*

= (15/27) f - f K26, @) sin 0d6d®  (14)
0 0

is the radiation resistance in ohms referred to the cur-
rent I,. (Use has been made of the numerical values of
¢ and II in obtaining (14).) The directivity? in a direc-

tion specified by 8., $» may be defined to be
" D = 30K,%(8, ®)/R,-. (15)

In the simpler special case of a single antenna as de-
scribed for (9), one has

Krz(o) = (47rR03/[rlr*ll)(/'O'AO'*); (1())
R, = ISI'K,Z(ﬁ) sin 0d8; (17)

0
D = 30K,2(6)/R.. (18)

THE FIELD OF A CONDUCTING THREAD

The current-amplitude distribution along an in-
finitely thin conducting thread (a=0) which is driven
at the center is?

I. = Iysin (I — B z]|)/sin II. (19)

The abbreviation II=fh is used. If, instead of being
driven at the center, the thread is immersed in an elec-
tric field of uniform amplitude along its length, the cur-
rent distribution is?

cos Bz — cos 111
[==1J, . 20
Vt—costr (20)

The two distributions reduce to the same form in the

. ! The radiation function as here defined is closely related to a
similar function due to S. A. Schelkunoff as reported by Donald
Foster, “Radiation from rhombic antennas,” Proc. 1.R.E., vol. 25,
p- 1329, footnote §; October, 1937.

* This definition of directivity is equivalent to that of P. S.
Carter, C. W. Hansell, and N. E. Lindenblad, “Development of
directive transmitting antennas by R.C.A. Communications,”

PROC.‘I.R.E., vol. 19, p. 1802; October, 1931,

IE, l_la_llén, “T_hgoretical invostigations into the transmitting
and receiving qualities of antennas,” Nova Acta Upsaliensis, ser.

1V, vol. 11, no. 4, 1938,
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important special case of half-wave units for which
II=7/2. In this case

I, =1, cos Bz

in both (19) and (20).

In all practical cases the radius a of the antenna dif-
fers sufficiently from zero to affect appreciably the
current distribution, and through it the vector po-
tential and the electromagnetic field.*# The distribu-
tions (19) and (20) are the limiting forms of a more
general case as the radius approaches zero and the
conductivity becomes infinite. They are moderately
good approximations for copper if the following in-
equalities are satisfied:

2 log (2h/a) > 1
sin I > 0.

(21)

(22)
(23)
Upon substituting the distribution function (19) in

(9), and carrying out the integration, one obtains the
following well-known relation for the distant field:

= ijo' = Ey" = cBe’

. e #Ro ( cos (I cos ) — cos Il

= j6UI, - { = - - —fw—f} . (29)
sin @ sin H /

The reference current Ip is the input current. Fre-

quently the maximum amplitude defined by

I = Io/sin Il (25)

is used as the reference current. With this choice the
radiation resistance referred to maximum current,
viz., RS, is not the input resistance unless In is also
I,. It is, rather, a fictitious resistance which, when
multiplied by the square of the current at the reference
point, gives the total power radiated.

The radiation function referred to the input current
amplitude is

_ 2
J cos (/I cos 8) cosl{ } ‘ (26)

Ko%0) = 4 -

D l sin @ sin 11
The radiation resistance referred to the input current
is obtained by a rather intricate direct integration
using (17) and (26). It is expressed by the familiar
formula

30 - -
Ryt = { — cos 211 Ci 411 + 2(1 + cos 2INCi 211
sin? If

-
+ sin 201(Si 411 — 2Si 2ID)}. (27)

Functions St x=f: sin u/udu, Ci x=f: (1-cos u)/u du
are tabulated in reference 4. Ci x can also be evalu-
ated from Ci x=0.5772+log x— Ci x. It is perhaps
well to repeat that (24), (26), and (27) are moderately
good approximations for practical antennas that
satisfy (22) and (23).

+1.. V. King, “On the radiation field of a perfectly conducting
base insulated cylindrical antenna over a perfectly conducting plane
earth, and the calculation of radiation resistance and reactance,”

Phil. Trans. Royal Soc., London, vol. 236, pp. 381 422; November
2, 1937,
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The condition (23) is actually satisfied by a large
class of linear radiators commonly used as clements in
composite arrays. Usually they fall within the range

0< Il <. (28)
The isolated half-wave clement with
II = =x/2 (29)
is of particular importance. For it, one has
I, =1y sin Il = 1 (30)
— Jwds” = Eym = ¢By’
™
) cos ( cos 0)
e~ iBRo 2
= jOO/ — ;o (31)
. Ro sin 8
( T
[ cos? ( cos 0)
K,%6) = 4 2 b (32)
( sin? § J
R.¢ = 30Ci2r = 73.13 ohms. (33)

It can be shown from the rigorous analysis of Hal-
len®* that for practical antennas of cylindrical form
for which the following limiting values obtain:

150 < 2h/a £ 109, (34)

the radiation resistance for II=7/2 falls within the

range
58 £ Ry* £ 67 ohms.

(35)

The value 73.13 is obtained from the rigorous analysis
in the limit as the radius @ approaches zero.

.

THE EQUIVALENT LENGTH OF A CONDUCTING THREAD

Many composite antenna arrays are constructed
of elements with I in the range specified by (28). In
determining the distant field, the radiation function,
the radiation resistance, and the directivity of such
arrays, extremely intricate expressions are frequently
encountered, especially if the elements are not parallel.
In order to simplify the analysis, it is common practice®
to replace the actual clements by “cquivalent” ones
with shorter so-called “effective lengths” and with
uniform current-amplitude distributions. The con-
ventional “effective length” 24, of such an “equivalent”
clement is defined by?

+h
20k, = f 1.dz.

~h

(36)

(For an antenna of length h on a perfeetly conducting

plane one has
h
Ioh, =f 1.dz.)
0

* Ronold King, “The input impedance of a symmetrical an-
tenna,” Presented, American Physical Society, February 21, 1941,

® The curves in Fig. 383, p. 665, and Fig. 386, p. 667. of F. E.
Terman, “Radio Engincering,” McGraw-Hill Publishing Co., New
York, N. Y., 1937, for example, are computed using this simplifica-
tion.

" LR.E. Standards on Transmitter and Antennas, 1938, p. 28.
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For a center-driven unit with current distribution
given by (19), the “cffective length” as defined by (36)
is obtained from

IO » +h
2/0h, = j sin (/] — BI z| Ydz. 37
sin /7

A
Upon carrying out the integration, one obtains directly

1 — cos Il
BllcEII: = =

tan (/1/2).
sin /1

(38)

For a receiving antenna in a uniform electrie field
parallel to its axis and with the current distribution
specified in (20), the “effective length” is calculated
from

I + A
210k, = ’ f (cos Bz — cos I)dz.  (39)
1 —cosilJ_,
The integration leads to
sin Il — Il cos I
Bh. =11, = : (40)

1 — cos II
For II=7/2 both (38) and (40) reduce to the same
expression.® It is

Bhe =11, = 1. (41)

The distant field of a center-driven element of length
he and with a uniform current-amplitude distribution
1o is readily obtained using (9). It is

e—iBRo
= Jule’ = Ey" = cB" = j60l, —— II,sin 0. (42)
0
The radiation function is
R*8) = 41/ .2 sin? 9. 43)
The radiation resistance is
Re = 8011 2. (44)

If the antenna is end-loaded and sufficiently short to
satisfy the condition,

nm«i, (43)

the expressions (42) to (44) are correct with 77 written for
11.. If the antenna ts not end-loaded, these expressions
are more or less good approximations of (24), (26), and
(27), respectively, depending upon the accuracy of a
representation in terms of an “cffective length” of
antenna with uniform current-amplitude distribution.
If the conventional definition of “effective length™ as
given in (37) and (38) s used, the approximation
actually is not particularly good except for small
values of I as defined by (45). In this casc (38)
simplifics to

he = h/2 (46)

® In reference 7 the statement is made: “The effective height of
a given antenna is the same for transmission as for reception in

the usual case in which the current distributions are similar,” This
statement is vague and misleading.
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and (42) to (44) become precisely the same as (24),
(26), and (27), respectively, when only the leading
terms are retained according to (45). For larger values
of II, on the other hand, the situation is different.
For example, with II==/2, (38) leads to II.=1 or
h.=1/8=\/2r. Equations (42) to (44) then give

jwAe” = Eq" = ¢B" = j60I sin fe~ 78R/ R, €Y
K2(8) = 4sin% 0 (48)
R¢ = 80 ohms. (49)

These expressions do not agree particularly well with
(31) to (33). Thus, in the most obvious case, there is an
error of practically 10 per cent in the radiation resist-
ance. The explanation for this large difference is not
that given, for example, by Vilbig® who states that the
forms (31) to (33) are based “on a more exact determi-
nation of the effective height which takes into account
the not perfectly sinusoidal current distribution.”
Since (31) to (33) are calculated on the assumption of
an exactly sinusoidal current distribution, this state-
ment is erroneous. The large discrepancy between
(47) to (49) and (31) to (33) is due to two things. In
the first place, an antenna with a nonuniform current-
amplitude distribution cannot be represented exactly
by a fictitious antenna of different “effective” length
with a physically impossible uniform distribution of
current. In the second place, the definition of an
“effective length” by (36) depends upon wishful think-
ing rather than upon any mathematical theorem to as-
sure that the best possible approximation is obtained.
Only in the case of a receiving antenna in a sensibly
uniform electric field parallel to its axis is the choice
of definition of “cffective length” by (36) a really good
one. In this case the time-average power reccived from
a transmitter setting up a field E, is given by

+h
T = f I.I.dz.
A

If E, is essentially constant in amplitude over the
length of the conductor (as is true in the distant zone),
it may be removed from under the sign of integration.
Then, with (36), one can write

(50)

) +h
T = lf,f l1.dz = E.2h,. (51)

A

Here h. is properly defined to be an “effective length or
height.” No similar argument can be advanced for
defining the “effective length” of a driven antenna by
(36), nor does the reciprocity theorem apply.

Tue EFFECTIVE LENGTIH OF A DRIVEN ANTENNA

In order to define an “cffective length” h. for a
driven antenna which will make the simple expressions
(42) 1o (44) the best possible approximations of the
general forms (24), (26), and (27) for a sine distribution

* F. Vilbig, “Hochfrequenztechnik,” Akademische Verlagsgesell-
schaft, Leipzig, Germany, 1937, p. 168.
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of current, one can make use of the method of Fourier.
This provides an analytical mechanism for represent-
ing any function in terms of a series of simple trigono-
metric functions in a given interval. In the present
instance, one wishes to represent the function
cos (II cos 8) — cos If

Vo) = o (52)

sin [ sin 8
by the leading term in a simple sine series. That is, one
wishes to write,

V() = b, sin 8 (53)

where the coefficient b, is a differently defined I/,. The
value of b, which involves the smallest error is specified
by the familiar definition of the Fourier coefficients.
The magnitude of the error involved is most readily
estimated by evaluating the coefficient of the next
term in the Fourier series representing (52). That is,
one must determine both b, and b3 in the series

V(@) = bysinf + bzsin30+---, (54)

defined in the interval, 0L£60= 7. So long as b, satisfies
the condition,

by >> by, (55)

(53) is a good approximation of (52). (Cosine terms
and even sine terms obviously have zero coefficients,
so they have been omitted from (54).)

The coefficients b, of the series (54) are defined by
Fourier. They are

) - )f tj cos (II cos ) — cos 111 in nddo. (56)
= T - — - ¢ sin n6d9.
0 l sin II sin @ f
Using the well-known relations,
sin 30 = 3sin @ — 4 sin*4,1° (57)
/2 = f sin? 6d46,'° (58)
0
nJo(Il) = f cos (I cos 8)de," (59)
0
(m/IDJ (1) = f cos (II cos 6) sin? 846,'*  (60)
0
one readily obtains
by = 2[Jo(I) = cos HYsin Il (61)
by = 2[3J4(11) = (4/11)J\(IT) — cos I ]/sin 1I.  (62)

Subject to (55), the best “cffective length” ho=11./8
is obtained from

by = I, = 2[Jo(I) = cos II]/sin II. (63)

v 3, O, Peirce, “Table of Integrals,” Ginn and Company, New
York, N.Y., 1929,

10 Ibhid., formula 261,

1 N, W. McLachlan, “Bessel Functions for Engincers,” Oxford
University Press, New York, N.Y., 1934, p. 44, formula 22,

W Ihid., p. 52, example 22,
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For an antenna which is sufficiently short to satisfy
(45), this reduces to

bl- Ilu-Z(l —II’/~'+ C
- 11)2.

This agrees with (46). On the other hand, for 11 =17/2,
(63) gives

Y/
(64)

C =4 111)2 —

by = Il, = (.945, (65)

while (62) leads to
(60)

Since (55) is moderately well satistied (by/by = 0.055),

by = — 0.052.

Bl b« 2[d(H)- cos H]/sirv H

3 —
__b,- 2[34m)- 3./,(//)- cos //]/sm H

 H=ph-2mh/2 ‘
|_|bys,
2 / 0.2
Y,
b/}
/ A L 0.1
1/
// 1/
— A %
= _1 b,
”/ /
0 =1 0
0 / 2 H

Fig. 1 —Fouricr coefficients b and b; as functions of 1.

one concludes that a representation in terms of sin
alone is a good approximation. One then has

e 18k
Jwle” = Iy = ¢B = j56.71ysin@ (07)
KoX6) = 3.37 sin? 0 o (ox)
Ry = 71.6 ohms. (69)

It is to be noted that these values are a very much het-
ter approximation of (31) to (33) than are (42) to (44).
In particular, the radiation resistance differs from the
correct value (33) for a sine distribution by only 2 per
cent instead of 10. Moreover, since it is slightly less,
rather than considerably more than this value, it is
actually in even better agreement with the range of
values of (35) for antennas of nonvanishing radius than
is the exact value for an antenna of vanishing radius.
Accordingly, the relations (67) to (69) are very satis-
factory approximations for cylindrical antennas of
small radius, whereas the formulas (47) to (49), which
are derived from the conventional definition of “¢fiec-
tive length,” are poor approximations.
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The functions b, and by defined by (01) and (62),
respectively, together with the ratio by/hy, are plotted
as functions of 1/ in lig. 1. Tt is clear that (55), and
hence a representation using only the leading term in
the Fourier series (54), is possible only for 1152, At
11=2, the ratio by/by hecomes as large as 0.1, Lor
larger ratios the second term in the series could not
he neglected without appreciable error. One may
conclude, therefore, that the general function (52) for
the field of an antenna with a sinusoidal current din-
tribution may be represented with reasonable ac
curacy by the simple sine function (53) in the range

O I/l <2 (70)

The fickd function 1°(8), and all others deris ed from i,
such as the radiation function and the radiation re-
sistance, then have the same form as the corresponding
functions (42) to (44) of 4 fictiticus antenna of length
he with a uniform current distribution. The length #,,
which may legitimately he called an “effective length,”
is related to the Fourier coefficient of the leading term
in the series according 1o

ho = 11./8 = b,/8. (71)

From the properties of the Fourier coefficients on
knows that this is the hest possible definition of an
“cffective length.” Morcover, it is elear that a repre
sentation of the fcld function by the leading term in
the series, and the definition of an “cflective length,”
arc useful only subject to (58) or (70).

Tue DIsTaNT Frinn or Two CRossED ANTENNAS

An imstructive example of the application of the
simpler formulas obtained by using the leading term

z

zZYy'y
B 7 e 2ZXX

I
XY’
Fig. 2—Oricntation of aves.

of the Fourier series is the case of two identical center-
driven antennas crossed at right angles. This arrange-
ment constitutes one clement of the type used in the
turnstile antenna* p practice the individual an-
tennas casily fall within the limits of length contained
in (70), so that if the condition (22) is satisfied, one
may express the field functions of the two units in the
simple I:()rm (42) instead of (24) and readily combine

6. H. Brown,

“The turnstile antenna,” Electronics vol, 0
PP, 15-18; April, 1930, - o




1941

them. Let antenna “prime” lie along the z axis of a
primed system of co-ordinates shown in Fig. 2, while
antenna “double-prime” lies along the z axisof a double-
primed system. The vector potentials due to the
two units are

A =FIy, A =FI). (72)
Here
— 60/], e #BRo
rF = - (73)
wsin II R,
since with (10),
V(@) /sin ¢ = V(") /sin¢" = II.. (79

If the two vector potentials are now referred to an
unprimed set of rectangular co-ordinates as shown in
Fig. 2, the resultant field of both units may be ex-
pressed in the following simple form:

Ay =Fl, Ayg=F1, A7 =0. (75)

The spherical components of the vector potential, viz.,
Ay and Ay, (Ag" does not contribute to the distant
E and B fields, to the radiation function, or to the
radiation resistance) are obtained using the standard
formulas:

Ag = A, cosfcos ®+ .1, cosfsin P (76)

Ay =71, cos & — .1, sin P (77)
After writing

Iy = Ioke 7% I/ =1, (78)

and performing some simple algebraic manipulations,
one readily obtains the following general formulas for
the distant field

Ag"=F1I4 cos6(cos b+ k cos b sin &—jksind sin $)
Ar=F1o(k cos § cos ®—sin &— jk cos P sin 5).

(79)
(80)

E" and Br may be calculated from these expressions
using (7) and (8). The radiation function as defined in
(12) reduces to

41 2
K0, ) =— {cos2 6(cos? +2k cos b sin P cos P
sin? JI

+ k2 sin? &)+ (k? cos? ®

—2k cos 6 sin & cos ®+sin? b) } (81)
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The radiation resistance defined by (14) is obtained by
direct integration of (81). It is

Ryt = 80H 2(1 + k?*)/sin? H. (82)

For half-wave units each carrying a current of the
same amplitude, this simplifics to

Ro¢ = 143.2 ohms. (83)

This is just double the value (69) obtained for a single
unit.

The most impotant special case of the horizontal
crossed antennas is that used in the turnstile array.
Here,

k=1, &=n1/2 (84)

In this case,

Agm = Flgcos e,  Aym = — Fleei®.  (85)

Along the horizontal plane containing the antennas,
§=r/2, Ay =0. The field is thus horizontally polarized,
and its amplitude is independent of ®. Subject to (84)
the radiation function is

Ko, ®) = 4 *(cos® § + 1)/sin® 1. (86)
The radiation resistance is the same as (82). The value
of IT,= b, may be taken from the curve of Fig. 1, using
the given value of I =k for the antennas.

Other special cases of the crossed antennas derived
from different phase and amplitude relations may be
discussed as well as a stacked array forming the com-
plete turnstile and many other arrays. The present
purpose of illustrating the usefulness of the approxi-
mate formulas obtained from the leading term in the
Fourier series has, however, been served. The mathe-
matical simplification obtained by approximating
(53) by (52) is clearly very great. Moreover, by using
the Fourier coefficient rather than the conventional
“effective length,” one obtains not only the approxi-
mate shape of the field pattern of a composite array,
but also good approximations of the magnitude of the
radiation function, of the total power radiated, and
of the radiation resistance for all antennas falling with-
in the limits imposed by (22) and (70).




On the Energy Equation in Electronics at
Ultra-High Frequencies

C. K. JENt, ASSOCIATE, IR.E.

Sumumary
electronic devices at ultra-hig
classical eleclmmagnm'c theory, as an extension of a previous resull.
This provides the link between the direct! 'y observable quantities external
lo the electrodes and the dynamic quantities in the interelectrode space,
logether with radiations to remote regions. A part of these radiations is
dsrectly produced by space charges in accelerated molion. A qualitative
discussion is given for the imporlant role of the field propagation time
within an electron-tube system at frequencies whose corresponding wave-
lengths are comparable with the tube dimensions.

A general ezualion Jor the rates of energy change in

INTRODUCTION

N A recent paper by the author,' it was proved

that the spatial quantities in an clectron-tube Sys-

tem are related to the observable quantities on the
clectrodes through clectrostatic induction. lomphasis
was there laid on the neeessity of revising the con-
ventional concept of current, particularly at ultra-high
frequencies. The derivation was limited to time-vary-
ing clectrostatic fields (i.c., they could be functions of
time but must always be derivable from scalar poten-
tials) and also to infinite velocities for the propagation
of ficlds. These assumptions are of course not rigot-
ously true for gencral clectromagnetic ficlds. It seems
desirable to remove these limitations and at the same
time point out some new aspects of the problem.

GENERAL ENERGY EQUATION

We assume, as before, N clectrodes at specified po-
tentials &, b, - - . | Py referred to a common
ground potential. Each clectrode is to be an cquipo-
tential at any instant. In the space the charge density
p and the velocity vV functions are supposed to be given
and they always obey the fundamental equations of
continuity and motion.

We now require that all quantities must satisfy Max-
well's equations in space and at the same time they
must be consistent with our specified boundary values
on the clectrode surfaces. Writing only the relevant
equations in the usual notation, we have

4w 1 .
-pV+ — E =curlH (1a)
¢ ¢
1.
— —H =curl E (1b)
¢
and
E, = (nE), (2)

where E, is the magnitude of the electric intensity at
any point on the surface of the kth electrode and » js
the unit normal drawn from the space to the clectrode.

* Decimal classification: R149, Original manuscript received by
the Institute, April 18, 1941,

t Radio Research Institute, National Tsing lua University,
Kunming, China.

! C. K. Jen, “On the induced current and energy balance in e¢lec-
tronics,” Proc. I.LR.E., vol. 29, pp. 345-349; June, 1941,
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Jrequencies is derived on the basis of
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Multiplying scalarly (1a) by E and (1b) by H and
subtracting the one product from the other ,we get

1 d
— “div|EXH] = oVE + (F2 4 117 (3)
ir &r dt

T
where [EXH] is the usual notation for the veetor
product of E and H (in the absence of this special
sign, all multiplications are considered to be scalar).
We now integrate (3) throughout a finite space,
hounded on one hand by the single surface .S consisting
of all the cleetrode surfaces and their connections to a
common zero-potential point and on the other a closed
imaginary surface Q enclosing the whole of S Inte-
grating in this way we have, by transforming the left-
hand volume integral into a surface integral,

C C
- f |[E X H).dS — f |[E X H|.d
ir ir

11
=fpVEtlr 4+ j (2 + Iar. (4)
dt 8

The left-hand integrals are the surface integrations of
the well-known Povnting's vector clEXH]/4r. Each
represents the rate of flow of energy through the cor-
responding closed surface.

Consider the first integral on the left-hand side of
(4). Since [EXH]| LE and by (2) E is perpendicular
to the clectrode surface, therefore, [EXH],=0. Thus
the integration on the electrode surfaces vanishes
everywhere. On the other hand, the integration for the
portion of surface from any clectrode to the common
junction is in general not cqual to zero. Consider any
one of such surfaces, sav the kth. Without loss of
generality, we can consider this surface as being repre-
sented by a lincar circuit element with a potential
difference & between its terminals and a uniform cur-
rent i flowing through (assuming that the capacitive
cffects are negligible for these “leads.”) Let dS=ds dl,
where ds is the infinitesimal length along the cur-
rent and dl is the infinitesimal length along the pe-
riphery of the cross section perpendicular to ds. Since
¢lldl=4mi/cand &= — [E.ds, we thus have for the kth
contribution to the integral as Piix. The final result is
accordingly ’

N

Z bl (5)

A=1

C
- f[ExH],.dS:
4r

where 4 is the external current flowing to the kth
clectrode and according to the cquation of continuity
is related to the change of charge and the space current
flowing to the clectrode as follows: '
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Jen: Energy Equation in Electronics

iv= g = [ 1S, (©)
k
Combining (4) and (5), we finally get

Yoo d 1
> iy = f pVEdr + f (E? + IY)dr
ke [t T

C
+ 4:[ |E X H].d2. (N

Equation (7) represents a general equation of energy
change in electronic devices. Let the surface Q recede
to infinity in the limit. We now interpret the term on
the left-hand side of (7) as the net instantancous
power supplied to the space by all the sources external
to the clectrodes. The first terth on the right-hand
side is the rate of change of kinetic energy for all the
space charges. The second term represents the rate of
change of clectromagnetic field energy. The last term is
the power radiated out to infinite regions. It will be
noted the result obtained in the previous paper?is a
special case of this, with the difference that the change
of magnetic-ficld energy and the radiation terms are
neglected in the quasi-clectrostatic treatment. The
special case holds true for many purposes, even at
ultra-high frequencies, but our present generalization
adds certain other important features particularly con-
cerning radiation.

RETARDED FIELDS AND RADIATIONS DUE TO SPACE-
AND SURFACE-CHARGE DISTRIBUTIONS

The clectric and magnetic fields in (7) are derivable
from a scalar potential ¢ and a vector potential A ac-
cording to the relations

1 .
— grad ¢ — A 1 d¢
e s div.t = — (8)
curl A ¢ ot

E=
H =

where the quantities ¢ and A must separately satisfy
d’Alembert’s differential equations if they are to be
consistent with Maxwell’s equations. It is well known
that the solution for ¢ or A consists essentially of two
parts, onc due to the space distributions and the other
due to surface distributions. We thus have

f by, & [ 1)y
[pVI i
Larx

where o f

o =surface-charge-density function on the kth clec-
trode (related to g¢x through the relation
qi = fO’AdSk).

1, =conduction current leading to the kth electrode,
and

(%a)

A= -
[

(9b)

* Equation (7) can be derived equally well from Green’s theorem
in much the same way as has been carried through in the previous

paper, footnote 1, but the present derivation offers perhaps a
simpler alternative.
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r=distance from the field to the point of integra-
tion. The quantities in the square brackets (this
is not to be confused with the notation for vec-
tor products) must all be evaluated at a time
t—r/c, while ¢ is the instant at which the field is
under consideration.

Equations (7), (8), and (9) give a consistent set of
cquations for the solution for our problem in clec-
tronics. A general solution for this is of course very
complicated. However, onc of the most interesting
things is concerned with the possibility of radiation
from the system. Ordinarily, an electron-tube system
is not designed to radiate all by itself, the radiation
being accomplished by an antenna network, which
somchow absorbs power from the clectron-tube system.
This may be very accurately the case at low or moder-
ately high frequencies. But at ultra-high frequencies,
an clectron-tube system must radiate energy to a cer-
tain extent. The radiation is brought about not only
by the oscillating charges on conductors (as usually is
the case) but also by the space charges in accelerated
motion. It is on this account that the radiated energy
(either intentional or unintentional) forms a non-
negligible component in the balance of energies.

The theory of radiation from accelerated space
charges is essentially the same as that of oscillating
charges on conductors. The simplest and most typical
example for this is that of a moving point charge, say
an clectron of charge e. If the clectron velocity v is
small as compared with ¢, we can obtain from (8) and
simplified expressions for (9) the electric and magnetic
ficld intensitics at very large distances. They turn out
to be H=e[VXr)/r*c* and E=[HXr]/r. The last term
of (7) will then yield for a spherc of infinite radius
cfl EX H|.dQ/4r = 2¢?/33, which is the classical re-
sult for the radiation of a single moving clectron.? For
a distribution of space charges with a spread which is
much smaller than one oscillation wavelength the re-
sults are not much more complicated than a point
charge and we can interpret the results on the same
qualitative basis. If this is not the case, the situation is
naturally very much complicated. In what follows
we shall discuss only its qualitative bearing on our
problem.

FiELp PropaGaTION TYME \WITHIN A TUBE SYSTEM
AT QuasI-OpTICAL FREQUENCIES

Let R=representative linear dimension of an elec-
tron-tube system, A = oscillation wavelength, T, = prop-
agation time of a field variation across R, and T = pe-
riod of oscillation. We have R/A=T,/T. Thus the
above-mentioned comparability of R with A means the
same thing for T, with T. This could be the case if fre-
quencies higher than the present ultra-high range are
used, temporarily designated here as the quasi-optical

3 See for instance, W. Heitler, “The Quantum Theory of Radia-
tion,” Oxford Press, New York, N. Y., 1936, pp. 21 to 26.
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frequencies. Under such conditions the signal of a
ficld change in the space of the electron-tube-sys-
tem could reach the electrodes (thereby calling forth a
change in surface charges and hence also the external
currents—the “induced” currents) with a time interval
comparable with the period of oscillation. The same
thing is true for the signal of a ficld change on the
electrodes to reach charges in space. But according to
(7) the instantancous flow of currents together with
the instantancous values of potentials constitues an
exact measure of the transfer of power between the
clectrodes and the space. Thus the amount of power
transfer (net as well as instantancous) is dependent on
the field propagation times of the distributed space
charges and field variations. As a part of the same bal-
ance of powers, the rate of radiation energy must also
be dependent on the same factors. Hence the field
propagation time is cxpected to play an important
role in such considerations.

We recall that in the development of ultra-high
frequencies, the transit time of clectrons has been of

Proceedings of the 1.R.I.

great importance, Let 77, =clectron transit time across
R. Since R,/T;=c/V. (V.=average velocity of an clee-
tron), T is gencrally very much larger than 7' for the
usual manner of operation (in the order of 50 times at
400 volts). We see that T2 7,77 is characteristic of
low or moderately high frequencies and T'~7.> 77 is
characteristic of ultra-high frequencies. The negligibil-
ity of Ty has in these cases heen very accurately true.
The importance of 7%, at ultra-high frequencies comes
from the fact that there would be at any instant a
“space-modulated” current, which introduces a rather
harmful departure of phase for the conventional modes
of operation. It is well known that numerous attempts
have been made to remedy such an effect. For the
forementioned  quasi-optical frequencies  the  situa-
tion is 7.7, ~7. This suggests the fact that, while
the ficld propagation time is now very important, the
clectron transit time drops to a minor role. This paper,
however, does not presume to go further than this sug-
gestion.




High-Frequency Radio Transmission Conditions,
July, 1941, with Predictions for October, 1941”

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C.

VHE radio transmission data herein are based on
observations at Washington, D. C., of long-dis-
tance reception and of the ionosphere. Fig. 1

gives the July average values of maximum usable fre-
quencies, for undisturbed days, for radio transmission

TABLE |
TONOSPHERIC STORMS

Minimum Magnetic
hp be- 5 fono-
Day and fore be{gre I‘;zo;l. chafactcn spheric
hour E.S.T. sunrise | sunrise (ME) | 00-12 | 12-24 | Shar
(Mc) G.M.T. GM.T.
July
S (from 0100) 3 3 1 6.6 6.5 7
6 420 1.6 4.7 3.1 4.1 6
7 346 1.8 <4.5 4.8 3.0 5
8 (through 1900) 325 2.7 5.2 2.6 2.6 3
{10 (from 1400) = = 2.5 3.1 5
1 370 <1.6 <4.5 2.9 1.1 5
12 (through 0500) 332 1.9 = 2.0 2.1 3
16 (from 2200) 2.2 2.5 3
17 (through 1800) 316 1.8 <4.7 2.5 1.4 4
21 (from 0300) 308 1.6 <4.4 4.4 3.0 5
22 (through 1700) 328 2.0 5.4 2.8 2.8 3
For comparison:
average for undis-
turbed days - 296 2.92 5.78 1.9 1.9 .23

1 Average for 12 hours of American magnetic K figure determined by seven
observatories, on an arbitrary scale of 0 to 9, 9 representing the most severe dis-
turbance.

2 An estimate of the ionospheric storminess at Washington, on an arbitrary scale
of 0 to 9, 9 representing the greatest disturbance.

1 Noreflections obser ved above 1.7 Megacycles.
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\
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Fig. 1—Maximum usable frequencies for dependable radio trans-
mission via the regular layers, average for undisturbed days, for
July, 1941, The values shown were considerably exceeded during
frequent irregular periods by reflections from clouds of spor-
adic £ layer (see Table 1), These curves and those of Fig. 2
also give skip distances, since the maximum usable frequency
for a given distance is the frequency for which that distance is
the skip distance.

by way of the regular layers of the ionosphere. The
maximum usable frequencies were determined by the
F layer at night and by the £, Iy, and F; layers during

* Decimal classification: R113.61. Original manuscript reccived

by the Institute, August 11, 1941. Report prepared by N. Smith
and C, 0. Marsh. port prepa )y
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the day. Fig. 2 gives the expected values of the maxi-
mum usable frequencies for radio transmission by
way of the regular layers, average for undisturbed days,
for October, 1941. Average critical frequencies and
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Fig. 2—Predicted maximum usable frequencies for dependable
radio transmission via the regular layers, average for undis-
turbed days, for October, 1941. For information on use in prac-
tical radio transmission problems, sce the pamphlets “Radio
transmission and the ionosphere” and “Distance ranges of radio
waves,” obtainable from the National Bureau of Standards,
Washington, D. C., on request.

TABLE 11
SUDDEN [ONOSPHERIC DISTURBANCES

G.M.T. : Relative
Day v Loc:(l)t"lona intenisil.y hOther
ne,?:: End transmitters! atntlll‘ll'l"l DHCHOMERA
July
1 2219 2250 Ontario 0.02
3 1606 1940 | Ohio. Ontario, D.C. 0.01
s 2185 | 2225 | Ohio, Ontario 0.0 |
9 1323 1342 Ohio, Ontario, D.C. 0.0 Terr. Mag. Pulse
{ | 1322-1345
9 1420 | 1440 Ohio, Ontario, D.C. 0.02
9 | 2255 | 2312 | Ohio, Onario, D.C. | 0.01
20 | 1757 | 1806 | Ohio, Onturio, D.C. | 0.02
26 2108 2140 Ohijo, Ontario, D.C. | 0.0 Terr. Mag. Pulse?
{ | . | 2108 2122

| W8XAL, Mason, Ohio, was not recorded regularly until July 10

s Ratlo of received field intensity during fade-out to average ficld intensity be-
fore and after, for station CFRX, 6070 kilocycles, 600 kilometers distant.

3 As observed on the Cheltenham magnetogram of the United States Coast and
Geodetic Survey.

virtual heights of the ionosphere layers as observed at
Washington, D. C., during July are given in Iyig. 3.
Critical frequencies for each day of the month arce
given in Fig. 4.

lonospheric storms are listed in Table 1. The iono-
spheric storm beginning at 0100 E.S.T., July 5 was the
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most severe since that of March 30, 1941, and was
characterized by a complete cessation of reflections
between 0130 and 1500 E.S.T., due in part to a sharp
decrease in ionization density and in part, especially
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Fig. 3—Virtual heights and critical frequencies of the ionospheric
layers, observed at Washington, D. C., July, 1941,

during the daytime, to a great increase in absorption
in the lower ionosphere. The details of the ionospheric
storm day of July 21 are shown in Fig. 3. The open
circles in Fig. 4 indicate the noon and midnight critical
frequencics observed during the ionospheric storms
listed in Table 1. The sizes of the circles roughly repre-
sent the severity of the storms.

Sudden ionospheric disturbances are listed in Table
I1. Table 11 gives the approximate maximum usable
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frequencies for good radio transmission via sporadic- | |

reflections.

TABLE 111

ArPROXIMAIE MAXIMUM UsabLE FREQUENCIES IN MEGACYCLES, ¥OR RaADIO
TRANSMISSION ViA STRONG S1roraDIC-E REVLECTIONS

Hour, ES.T,

Day
00 01 0203 040506070809 1011 12 13 14/15/16 17 1% 19 20(2122 23
uly ‘
J 1 ‘ 2224'22, 191919 1615
2 sl | | [ {2317 |28 2%
3 23232643 (212118 19
4 [2534 (4012124 82 37,34 38
s 139118 | 43
6 44 23 23125 23 45 33132 |
7 ‘ (31 1%/50 50/34/23
8 181715 1619 2440 15 20
9 ‘ ‘ 18 34 34 24
10 20 16!
11 2021341815 2234 a2 2 18 122 34 32 83
12 2321 18 | 201821 18/17 16 16
13 24'20 14 14118 2t 161181
14| TS 162319 17
15 129'36'40 1821 19,22 23 35 116 19 18
16 [ 2835 50 40 38 28 23 44
17 25 2222123 20 22 :
18 18 181923322334 2221 3728 20 35 |
19 20 [18 18 2317 |
20 2124 36 39 3323 37 |
21 17
22 1342023182119 19
23 141719 18 2317
24 161818 2123 2017
25 15171715 23232223 23128 23
26 s | 2239 23 22
27 14 38 19 2823 .
29 18 18 |50 35 24 50'50 50 34
30 1619 128 18 20 23
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Institute News and Radio Notes

It is believed that the member-
ship of the Institute will be inter-
ested in learning of the necessarily
somewhat complicated normal pro-
cedure through which it is neces-
sary that every paper shall pass
while under consideration for publi-
cation in the ProceepinGs. These
steps have been developed from
experience through the years and
are intended to ensure a high
standard of papers and at the same
time provide reasonable speed of
editing and publication.

When the paper is received by
the office of the Institute, its receipt
is first acknowledged to the author,
to whom a number of relevant ques-
tions as to previous nonpublication
and the like are then addressed.

The subject matter of the paper
then determines the selection of a
particular member of the Papers
Committee active in that field who
is designated to read the paper and
comment on it. The reader fills
out an extensive and searching
form concerning the paper.

The paper is also referred to a
member of the Board of Editors
who is regarded as especially com-
petent in the field treated by the
paper. The Editorial reader is re-
quired to consider not only the suit-
ability of the paper for publication
but also to suggest in detail all
requisite editorial changes.

In the event that the author
initially submits three copies of the
paper, the paper can be considered
simultaneously by three members
of the Papers Committee, thus as-
suring that any abnormal delay by
one of these reviewers will not

COMING MEETING

Rochester Fall Meeting
November 10, 11, and 12, 1941

August, 1941

EDITORIAL PROCEDURE

prevent early initiation of the next
editorial process. About sixty mem-
bers serve on our Papers Commit-
tee and Board of Editors, con-
tributing their technical abilities
and time to a sound publication.
Under the exigencies of business
they cannot always give as prompt
consideration to a paper as might
be desirable.

In the case that serious or major
criticisms of the paper are re-
ceived, additional members of the
Papers Committee and of the Board
of Editors may be asked similarly
to comment on the paper. It is the
determined aim of the Institute
editorial procedure to avoid any
arbitrary or unduly limited judg-
ment of the quality or contents of a
submitted paper.

After the readings of the paper
have then been completed, it is
submitted to the Editor, the Co-
ordinating Committee, or both. The
Co-ordinating Committee is a nu-
merically limited group, of circulat-
ing membership drawn from the
Board of Editors to ensure reason-
able policy uniformity in the deci-
sions on the acceptability of all
submitted manuscripts. Final ap-
provals for publication originate
either from the Co-ordinating Com-
mittee or the Editor. In every
instance, the author of a submitted
paper is given a clear analysis of
his paper as it appears to the read-
ers, and is afforded an cpportunity
to modify his paper along appro-
priately suggested lines if it appears
that it may thus become acceptable
for publication.

Accepted papers then pass to the

Board of Directors

A special meeting of the Board of Di-
rectors was held in the Hotel Statler,
Detroit, Michigan, on Junc 24, 1941, Those
present were . E. Terman, president;
fiaraden Pratt, treasurer; Austin Bailey,
A. B. Chamberlain, 1. S. Coggeshall, Virgil
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assistant editor who puts the manu-
script into proper condition to be
sent to the printer. From this point,
the setting up of galley proof, the
reading of such proof, the prepara-
tion of page proof, and the reading
of page proof follow as routine
steps.

From the foregoing, authors will
gather that the prompt and effective
handling of manuscripts is furthered
by carrying out the following sug-
gestions. The length of the paper
should be kept at the minimum
consistent with an exposition of the
subject matter with clarity. The
illustrations should be appropriate
for reproduction (information on
this point being obtainable from
the Institute). Three copies of the
paper complete with illustrations
should preferably be furnished.
The original illustrations may be
held by the author until the paper
has been accepted for publication,
so avoiding extensive handling and
the dangers of successive mailings
to the editorial reviewers, Care
should be taken not to offer the
same material for publication else-
where prior to its appearance in the
ProceepiNGs. Any other publica-
tion plans should be stated by the
author in his letter of transmittal
of the manuscript.

The high standards of the Pro-
CEEDINGS are the necessary conse-
quence of the painstaking routine
which has been described above.
Accordingly it is hoped that it will
be of irfterest to prospective authors
and others.

Alfred N. Goldsmith, Editor

M. Graham, O. B. Hanson, R. A. llcising,
.. C. F. Horle, F. B. Llewellyn, B. J.
Thompson, H. M. Turner, A. F. Van
Dyck, H. A. Wheeler, L. P. Wheeler, and
H. P. Westman, secretary.

Action was taken at a previous meet-
ing, approving the formation of a Twin
Cities section on the completion of cer-
tain minimum requirements. The secretary
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reported these requirements had been met
and that the section was now established
and in operation.

It was reported that the Rochester Fall
Meeting would be held on November 10,
11, and 12, 1941,

The Secretary was instructed to have
ballots mailed to the voting members of
the Institute on several proposed changes
in the Constitution.

A statement concerning the Institute's
participation in regulatory and legislative
matters in the United States was prepared
to be read by President Terman at the
banquet.

Harold R. Zeamans was appointed Gen-
cral Counsel to the Institute.

Sections

Atlanta

The meeting was devoted to a tour of
the State Police radio facilities under the
guidance of Captain llarris and Mr. Sim-
mons of the Georgia State ’atrol.

Captain arris demonstrated the use of
the fixed station transmitter. A general
explanation of the operation of the system
was presented. The meeting then ad-
journed to a parking lot where the mobile
transmitter was located. The 25-watt low-
frequency composite transmitters used for
this purpose were then demonstrated. Re-
liable operation of these transmitters was
stated to be ten miles and no dead spots
are cvident within the operating area of a
mobile unit. The system provides two-way
communication between the moble station
and the fixed station.

April 18, 1941, A. \W. Shropshire,
chairman, presiding.

“Broadcast Antenna Measurements”
was the subject of a paper by Ben Aker-
man, chief engincer of WGST. The desir-
ability of such measurements was first
considered. Four methods were discussed
and included the use of a radio-frequency
bridge, resistance-variation, series-reso-
nance, and the voltmeter-ammeter meth-
ods. These various methods were outlined
in detail and compared.

The remainder of the paper was de-
voted to a discussion of the radio-frequency
bridge method. Some sources of errors en-
countered in the bridge method were listed
as poor shielding, long lcads, and false
nulls.

Descriptions were given of a pcrtable
radio receiver and a radio-frequency oscil-
lator which are used in making antenna
resistance measurements. The recciver has
had the automatic-volume-control action
removed. The oscillator must possess sufhi-
cient stability to be unaffected by changes
in load caused by the radio-frequency
bridge.

Antenna resistance curves were shown,
Numerous problems encountered in mak-
ing the measurements from which the
curves were drawn were discussed. In one
case, a large percentage change in antenna
resistance was noticed when the tower-
lighting chokes were changed.

June 20, 1941, A. W. Shropshire, chair-
man, presiding.
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Boston

I1. J. Brown, president of the Engineer-
ing Socicties of New England, discussed
briefly the broad activities of that organi-
zation and the advantages which they
bring to the Boston Section of the Institute
which is a member of it. Among its ac-
tivities are the work of committees dealing
with the controversial question of engineer-
ing registration and the problem of provid-
ing an interesting program for the younger
engineers fresh from their schooling.

“Atoms, Cyclotrons, and Radio” was
the subject of a group of presentations by
M. S. Livingston and J. I} Cook of Massa-
chusetts Institute of Technology and J. J.
Livingood and R. W. llickman of 1larvard
University.

Professor Livingston described the type
of reaction which goes on within the
exhausted chamber of the cyclotron. He
listed the rather extensive number of dif-
ferent kinds of particles and types of radia-
tion which are involved. He then gave a
few examples of the new types of chemical
reactions which described successive stages
of the process by which a cyclotron accom-
plishes the transmutation of clements.
These equations require an additional type
of notation in which subscripts before the
chemical symbol denote the electric charge
and superscripts following the symbol indi-
cate the mass of each particle.

Professor Livingood showed his ani-
mated moving pictures which illustrate
very clearly for the uninitiated the method
of operation of the cyclotron and the
mechanism of the reactions of transmuta-
tion,

Professor Hickman described the radio-
frequency circuits which provide the 35
kilowatts of power used in the cyclotron
at Harvard. The radio-frequency energy is
fed to the dees over parallel tines. This
method requires that the cantilever-type
supports of the dees be insulated from
ground. The comparatively high power
used and the small distances involved
make the problem of insulation not a sim-
ple one.

Mr. Cook described the radio-fre-
quency circuit arrangements of the cyclo-
tron at Massachusetts Institute of Tech-
nology. Here somewhat more power s
used than at Harvard, and it is fed to the
dees over large concentric lines. This
obviates the necessity of using insulators
at the accelerating-clectrode supports as
are required with parallel feed hines since
the circuits may be conductively grounded
at a node.

After the meeting everyone was invited
to inspect the cyclotron at Massachusetts
Institute of Technology.

October 25, 1940, \V. L.. Barrow, chair-
man, presiding, :

A. B. Chamberlain, chief engincer of
the Columbia Broadcasting System, pre-
sented the paper on “CBS International
Broadcast Facilities” which he presented
at the Washington Scction. This paper was
summarized in the May, 1941, issue of the
PROCEEDINGS. .

March 28, 1941, W. L. Barrow, chair-
man, presiding.

August

A. W. Friend of Cruft Laboratory and
Blue 11ill Meteorological observatory of
Harvard University, presented a paper on
“Tropospheric Reflections.”

The results of tests made in co-opera-
tion with the United States Weather
Burcau using records obtained with the
new Simmonds-Lange radiometeorograph
at liast Boston Airport were compared
with simultancous tropospheric  radio-
wave-echo records taken at East Lexing-
ton, Massachusetts. It was shown that a
calculated plot of the rate of change of
dielectric constant of the air versus alti-
tude closely matched the oscillographic
pattern  of radio-pulse-echo amplitude
versus time,

The heights of even, very thin, cloud
formations and the base of the stratosphere
were measured quite accurately by the
radio-wave echoes. Aircraft, meteorolog-
ical, and wave-propagation-prediction ap-
plications were proposed.

J. A. Pierce of Cruft Laboratory, llar-
vard University, described the “Harvard
lonosphere Eclipse Expedition to South
Africa.” The ficld work and the preliminary
results of the expedition to Queenstown,
South Africa, were discussed. Observations
of the ionospheric eflects were also carried
out by expeditions from the Australian
Radio Research Board and the Bernard
Price Institute of Geophysics of the Uni-
versity of the Witwatersrand of Johannes-
buryg.

In general, the results of previous ex-
peditions were confirmed, although the
changes in the ion density of the F, layer
were of a larger magnitude than had been
reported before. Evidence was obtained of
the differences in the intensity of the
ionizing radiation from various parts of the
surface of the sun.

May 2, 1941, W, L. Barrow, chairman,
presiding.

Buenos Aires

P. J. Noizceux, chairman of the Buenos
Aires Section, described his “Impressions
of a Recent Trip to the United States.”

The recent technical progress in the
United States in the fields of aviation,
television, frequency modulation, and com-
munications in general were discussed. The
technique employed in airport control
towers for supervising the movement of
many airplanes was described. Special
reference was made to the air traffic be-
tween New York City and Washington,
D. C.

The present status and public accept-
ance of frequency modulation were de-
scribed. Brief comments were then given
on a demonstration of color television and
on the applications of television,

June 11, 1941, P, J. Noizeux, chairman,
presiding,

Cleveland

“Vibrators and Vibrator-Operated
Power Supplics” was the subject of a paper
by Allen Nace of the Radiart Corporation,

The first “all-electric " automobile radio
rt;-ceivcrs came into use in 1932 when
v.lbblrator power supplies made them pos-
sible,
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Poor voltage regulation was a problem
with the early types and the methods used
for improving this situation were de-
scribed. By the use of suitable circuits,
which reduce the residual magnetismin the
core of the transformer, almost unlimited
power output can be obtained.

The vibrator is essentially a low-power
device, useful for powers up to 50 watts.
Manufacturers recommend that for maxi-
mum life they should not deliver more
than 18 watts continuously. For practical
purposes, they are limited to operation at
temperatures not exceeding 300 degrees
Fahrenheit. It was stated that vibrators
are more easily serviced than motor gen-
erators and are less expensive.

Synchronous vibrators, their circuits,
advantages, and breakdown problems were
discussed. Commutating vibrators were
mentioned and reasons given as to why
they are not generally used.

Tungsten has been found to be the
only practical material for vibrator con-
tacts. )

As evidence of their practicability, it
was stated that some of the airlinesare
beginning to accept vibrator power sup-
plies.

Mary 22, 1941, C. E. Smith, chairman,
presiding.

Connecticut Valley

“Frequency Modulation for Com-
munication Purposes” was the subject of
a paper by Fred Budelman, chief engineer
of the F. M. Link Company. A brief
history of the Connecticut State Police
radio system was first given.

The phase-shift oscillator with crystal
control proved eflective for the trans-
mitters. The use of class C operation
throughout permits the filament emission
to drop to 25 per cent of normal in most
cases before any considerable difficulty is
encountered. This simplifies service prob-
lems.

The receiver is more complicated than
one for amplitude modulation. It provides
higher gain, requires a limiter, and uses
more tubes. The limiter contributes defi-
nitely to the stability of operation.

The car antennas are located on top of
the car roof. They provide a circular field-
strength pattern whereas if mounted at the
read of the car a power gain of 10 to 1
would result. Such a pattern would be un-
desirable.

When signals are being received at low
levels, the signal-to-noise ratio for fre-
quency modulation is comparable with
that for amplitude modulation. The noise
level is improved when the signal is strong
enough to result in limiter action.

Band width and stability requirements
dictated a deviation frequency of 15 kilo-
cycles. The male voice contains most of
its important components in a frequency
band below 3 kilocycles and by cutting off
all upper frequencies, a deviation ratio of
5 may be used. This is about the same as is
used for broadcast services.

Phase-¢hift modulation is basically a
pre-emphasis system which reduces noise
to a rurprising degree. The narrower re-
ceiver band width, 40 kilocycles, will per-
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mit a weaker signal to suppress the noise.
This is largely controlled by tolerances in
design.

The advantages of frequency modula-
tion in military services was then dis-
cussed. Because the stronger of two signals
blankets the weaker, if few channels are
available in aesmall area, the stronger
signal will always be received. Thus, the
interference of the enemy will be reduced.
The transmitter power may be reduced till
the signal is satisfactory at the place
where reception is desired but falls off so
rapidly beyond that an intelligible signal
cannot be picked up. This has the added
advantage of reducing interdivision inter-
ference and would permit a superior officer
to control the reception to several divisions
simultaneously by ‘using a transmitter of
far greater power than that used by any
other station. The ignition interference
which predominates in motor vehicles is
much more easily eliminated in frequency
modulation than in amplitude modulation.
When employed in the high-frequency
region, critical adjustments do not result.
Transmitter design is considerably simpli-
fied.

This was the annual meeting of the Sec-
tion and in the election of officers F. G.
Webber of the F. W. Sickles Company was
named chairman; W. M. Smith of the
F. W. Sickles Company was elected vice
chairman; and C. . Bradford of the Rem-
ington Arms Company, Inc., became secre-
tary-treasurer.

May 6, 1941, K. A. Mcl.eod, chairman,
presiding.

Dallas-Fort Worth

A paper on “Relays” was presented by
J. E. Mossman, sales engineer for C. P.
Clair and Company.

Relays were divided into five general
classes depending on the size of the load
they control. Supersensitive relays control
currents of microampere magnitude, sensi-
tive types have contacts tocarry up to § to
10 amperes of alternating current, light-
duty power relays handle around 15 to 20
amperes, the heavy-duty types operate
with loads from 20 to 50 amperes, and con-
tactors are used for heavy loads such as
large motors.

The basic parts of a relay are the coil,
magnetic structure, and the contacts. The
size and shape of the magnetic structure
governs the timing and quick-acting relays
have long slim structures. The type of iron
used is important and some information
was given on anncaling processes.

The size of the contacts do not neces-
sarily indicate the current-carrying capac-
ity. Consideration must be given to the use
to which the relay will be put. The amount
of contact area is not as important as the
amount of metal attached to the contacts
to carry away the heat. A wiping action is
not as important as having the proper
amount of pressure.

If was pointed out that the teletype
machine has stimulated the development
of relays. Relays having as many as twenty-
two springs are used in these machines
and operate more in a month than a dial-
phone relay does in two ycars.
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The need for a satisfactory relay for
use with vacuum tubes has encouraged a
great deal of competition. Whereas only
ten manufacturers were in existence in the
United States fifteen years ago, there are
now eighty-seven companies makingrelays.

The use of 400-cycle power supplies in
aircraft has made necessary the designing
of new relays.

Numerous applications of relays were
then described. The paper was concluded
with a brief history of the Leach relay
which was developed as a keying relay for
radio transmitters.

During the business part of the meet-
ing, the Constitution for Sections was
adopted and the annual meeting of the
Section was designated to occur during the
month of December.

June 19, 1941, D. A. Peterson, chair-
man, presiding.

Emporium

A. L. Schoen of the Eastman Kodak
Company, presented a paper on “The
Electron Microscope.”

The subject was introduced with a de-
scription of an optical microscope. The
theory of resolution of lens systems was
considered especially in regard to the
resolution that could be expected from
using different wavelengths of light. The
work of de Broglie, Davisson, and Germer
on the theory of particle wavelengths and
particularly on the electron wavelengths
for various voltages was mentioned.

There was then presented a description
of the electron microscope designed and
built in the Eastman Kodak l.aboratories.
The component parts, such as the lens
system, plate holder, and voltage regu-
lators, were clearly shown.

Following the discussion of the instru-
ment, numerous slides of germs and
crystals were shown. Since the Eastman
Kodak Company is primarily interested in
silver salt crystals and their changes dur-
ing development, this phase was stressed.
The photographs showed the changes in
the crystals during development and illus-
trated clearly the formation of a “sea-
weed” structure after development. The
effects of different developers and different
times of development and the resulting
change in crystal shape were shown.

It is anticipated that the use of the
electron microscope in the study of germs,
cells, and crystals will bring about out-
standing discoveries in these ficlds.

The meeting was closed with the show-
ing of a~potion-picture film entitled “This
Changing World” which was furnished by
the International Nickel Company.

June 27, 1941, R. K. Gessford, chair-
man, presiding.

Four technical papers were presented
at the Fifth Annual Summer Seminar
which was held on August 1 and 2.

“Extending the Range of Q-Meter
Measurements to 1ligher Frequencies” was
the subject of a paper by C. J. Franks of
the Boonton Radio Corporation. A bricf
review of the Q meter was first presented.
The ordinary meter is limited to measure-
ments below 30 megacycles because of
high-frequency-resistance effects.
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A new instrument has been designed
for accurate measurements at frequencies
up to 150 megacycles. The design features
were described in detail. The many in-
genious methods used 1o extend the range
of the instrument illustrated effectively
the differences in technique required for
ultra-high-frequency work as contrasted
with the lower frequencics.

L. E. Packard of the General Radio
Company, gave a paper on “Impedance
Measurements Over a Wide Frequeney
Range.”

A brief review was first presented of
the methods used for measuring impedance.
In some work being done by the author,
the dielectric properties of materials are
of particular interest. A susceptance-varia-
tion circuit was described and its mechan-
ical features discussed in detail. The instru-
ment operates at frequencies between 0.5
megacycle and 100 megacycles.

Curves were shown of typical measure-
ments on materials such as phenol fiber,
phenol fabric, hard rubber, mycalex, and
plasticized polystyrene. Graphs were also
given of the dissipation factor versus fre-
quency and of the capacitance versus fre-
quency for the same materials.

A study of the dielectric properties of
matter provides information about the
atomic rharacter of the substance and on
the basis of these data, a theory can be
formulated to explain the behavior of the
matcrial at low and at high frequencies.

“The Megacyele Meter” was described
by Jerry Minter of Measurements Corpo-
ration. A grid-dip meter is a low-power
oscillator with a meter in the grid circuit
to indicate the strength of oscillation. The
LC meter now on the market is a form of
this instrument,

The megacycle meter is a form of grid-
dip meter especially designed for operation
between 10 megacycles and 400 mega-
cycles. The mechanical features of the
particular design were described, Its com-
pact form and methods used to obtain
continuous coverage of the frequency band
were stressed.

The paper was closed with a discussion
of the uses of the instrument which in-
cluded adjusting and aligning ultra-high-
frequency superheterodyne receivers and
the locating of parasitic oscillations in
ultra-high-frequency circuits.

M. A. Acheson, of the Hygrade Syl-
vania Corporation, presented a paper on
“lligh-Frequency Tube Phenomena.”™

Some observations of tubes now in use
were made first. 1n a brief review, some of
the potential and current effects in the
ordinary type of tubes were described. The
capacitance ¢ffects in tubes with and with-
out electron-current low werce considered.
At high frequencies, the transit time of the
clectrons become important and a phase
shift results.

The radiation of power and its relation
to tube-clement configurations and current
flow as well as to frequency was discussed,
It was pointed out that reduction in size
of elements is not the most effective solu-
tion for high-frequency tubes but proper
loading and coupling provides the answer.

The advantages of the lock-in tube for
ultra-high-frequency work were pointed
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out. In addition to the element design,
proper consideration must also be given to
the manufacturing aspects

In balancing all of the factors in ultra
high-frequency tubes, it is found that some
design features that are not usually used
must be incorporated in tubes while oth
ers which are usually observed are elimi
nated.

During these mcetings, two sound
motion pictures were projected, One “The
Hurricane's  Challenge”  described  the
restoration of telephone service after the
1938 New England hurricane, and the
other on “Nickel Highlights” showed the
processes uscd in separating pure nickel
from the ore as well as the treatment of
the metal in the forming of finished prod-
ucts, The films were provided ghrough the
courtesy of the Bell System and the Inter-
national Nicke! Company, respectively .

Indianapolis

“The General Engincering Aspects in
Regard to the Production of “*Fantasia'”
was the subject of a series of papers by
M. C. Batsel, chief engincer, and J. E.
Volkman, J. L. Underhill, and P. W, Wil-
dow, engineers of the RCA Manufactur-
ing Company (Indianapolis).

The desire to take full advantage of
the possibilities in the pickup and ampli-
fication by elwwtrical means of orchestral
music led Leopold Stokow ski to collaborate
with Walt Disney on the production of 4
“short,” “The Sorcerer’s Apprentice.” Be-
fore it was completed, it was decided to en-
large the idea into a full length feature pic-
ture, The pictorial effeets and music were
designed to complement each other, The
RCA Manufacturing Company  hindled
the recording, which was done by the
variable-area method, and designed the
special recording, printing, and projection
cquipment required.,

Mr. Volkman, then discussed the
“Acoustical ’roblems”™ The music was re-
corded at the Philadelphia Academy of
Music. Five microphone channels were
used for recording or controlling the dif-
ferent sections of the orchestra, such as the
violins and violas, the brass, the percus-
sion, the wood winds, and the bass, The
microphone placement and group separa-
tions used to prevent overlapping were
described.

The control channcls and amplifiers for
reproduction were then considered. A spe-
cial loud-speaker system is used in the
presentation of the picture. Three speaker
assemblies are used on the stage, ecach
assembly combining high-frequency and
bass-response speakers in proper propor-
tion. The assemblies are located at the left,
center, and right of the stage to provide
projection of special sound cffects from the
proper angles. In addition, a large number
of loud speakers are arranged throughou
the theater for added special effects and
are controlled by the left and right chan-
nels respectively,

“The Optical Problems” were deseribed
by J. L. Underhill. To provide the greatest
latitude in sound projection and control, 3
separate film was used to carry the sound.
This required a synchronized drive be-
tween the sound and picture filins, Four
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sound tracks were used, cach of which was
more than 1wice as wide as the standard.
This peritted the use of so called “push
pull” tracks, photooetls, and amphfiers,

Three of the sound tracks were used for
the three acoustie channels and the fourth
wdn uned for automatic gain control of the
other three, For gain control, three dif
ferent audio frequencies were used with
suitable filters and rectifiers which pro
vided grid biasfor the respective amplihers,

A speaial printer was developed 1o
permit positioning of cach sound track in
its proper place on the film and in syn
chronization with the other sound tracks
The optical system of the printer provided
an expansion of slightly over 2 to 110 the
width of the track across the film while
maintaining a 1-to-1 ratio along its length.
In the production of this 4-track film, use
was made of cylindrical lenses to provide
a shit of light, The surfaces of the lenses
were coated to improve their transmission
of light and the sharpness of the images
throughout the system. The images of the
sound tracks are spread horizontally by
means of a lens system w hich projects them
on oylindrical denses which concentrate
them on dual-plate  photoelectric cells
From there on, the amplification and con
trol is accomplished electrically .

In the presentation of this feature pic
ture, two special sound projectors, two
special film projectors, and nine complete
riacks of cquipment are required in addi-
tion to the great number of special speak
crs, This accounts for the lack of duplicate
showings in many eities and the adoption
of a “road-show " policy of presentation,

. W, Wildow presented “The Prob
lems of Electrical Design.” He discussed
brietly the electrical circuits involved in the
apparatus deseribed by the other speakers
and enlarged upon their observations.

Prior to the meeting, an inspection trip
was taken through the RCA Manufactur-
ing Company  record-processing plant.
The complete manufacture of phonograph
records was observed. Although the orig-
inal master record comes from a recording
studio, all other “negative” records are
processed in this plant aqd used for mould-
ing purposes. The mixing of the compound,
the pressing into final form, inspection
and test, and shipping were discussed.,

June 20,1941, AU N, Curtiss, chairman,
presiding.

Los Angeles

This was the annual amateur meeting
and various speakers were introduced by
D. C. Wallace. “Amateur Radio Prepara-
tion for National Defense”™ was discussed
by Ralph Click, WOMOM and section
communication manager for the American
Radio Relay League. The Amateur Emer-
gency Corps which was formed by the
American Radio Relay Leagne has resulted
in the organization of a series of networks
throughout Southern California. This work
was outlined.

Don Shugg, WOET], of Western Air
Express, discussed “The Army Network.”
He outlined the work that s done in
the handling of (raffic at a maximum
speed. b was pointed out that these nets
operate principally  on continuous-wave
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transmission but lately have expanded into
the phone bands.

“Ultra-High-Frequency in Air Trans-
ports” was the subject of Earl Kiernan of
the Bendix Aviation Company. The work
of amateurs and their contribution to the
successful application of many high-fre-
quency circuits was outlined.

W. A. Adam~, W6ANN, has been inter-
ested in “Five-Meter DX.” Located at
Palos Verdes Hills, he has “worked”
twenty-one states on five meters. He de-
scribed various receiving systems and dis-
cussed the correlation of temperature-
inversion weather conditions and radio
wave propagation.

“Army Aircraft Radio” was presented
by Vearn Warne of the Radio-Television
Supply Company. He outlined the dif-
ferent systems being used and in construc-
tion in the vicinity of Southern California.

May 27, 1941, J. N. A, Hawkins, vice
chairman, presiding.

The section was invited to the annual
dinner meeting of the Founder Engineer-
ing Societies which was sponsored by the
Los Angeles Engineering Council. At it a
paper on “Science and the Rational Ani-
mal” was presented by Max Mason, chair-
man of the Observatory Council of the
California Institute of Technology.

June 5, 1941.

Portland -

“The Portland Communication Sys-
tem” was the subject of a paper by T. V.
Ehmsen, radio technician for the Portland
Police Department.

He discussed the development of the
Portland Police Department communica-
tion system and described the features of
the present equipment. A visit was then
made to the dispatchers control room, the
radio shop where most of the equipment is
constructed, and to the transmitter which
is also one of the three remote receiving
locations.

June 26, 1941, E. R. Meissner, chair-
man, presiding.

Membership

The following admissions to Associate
grade were approved by the Board of Di-
rectors.

Contributors
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Adams, I. D., 822 N. Mills St., Orlando,
Fla.

Alley, C. L., 806 S. Church St., Belleville,
1.

Ayres, W. R., 415 S. Charles, Belleville,
I,

Balog, M., 22 W. Fifth St,, Emporium,
Pa.

Basu, S. K., 92 Upper Circular Rd., Cal-
cutta, India

Beers, R. F., Box M, Lincoln, Mass.

Bellamy, R. S., 2063 Stanley St., Mon-
treal, Que., Canada

Boyd, D. L., The General Industries
Company, Elyria, Ohio

Brown, R. A., 911 Oneida St., Joliet, I1l.

Bullock, R. E., 1827 Campus Rd., Los
Angeles, Calif.

Cambre, A. C., Monroe 4951, Buenos

Aires, Argentina

A. A., Massachusetts State

Police, Radio Division. WMP,

Framingham, Mass.

Corenthal, R., 2 Hinckley Pl., Brooklyn,
N. Y.

Cox, F., 39 Warwick Crescent, Hayes,
Middx., England

Dachin, N. V., Guemes Torino 84, Vicente
I.opez, Buenos Aires, Argentina

Dutt, N. L., 33/2 Beadon St., Calcutta,

Combie,

India

Eckner, W. W., 15 Garden St., Ridgefield
Park, N. J.

Ferguson, E. S., 171 W. 79th St., New
York, N. Y.

Forest, H. W., 1515 Bernal Ave., Bur-
lingame, Calif.

Frost, F. N., 611 E. Ninth, Port Angeles,
Wash.

Green, J. E., 7509 Durocher, Montreal,
Que., Canada

Hastings, C. L., 5124 W. Moncrieg, Den-
ver, Colo.

Hills, E. G., 3001 W. Main St., Belleville,
.

Horn, L. H., 207 E. Ohio St., Chicago,
111

Hornby, R: H., 525 E. Lewis St., Fort

Wayne, Ind.

Hunt, G., R. Gutierrez 4667, Buenos Aires,
Argentina

Ingling, T. M., 300 N. Jackson St., Belle-
ville, 111

Intiso, J. F., 1730 Fillmore St., New
York, N. Y.
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Jackson, J. E., RCA Victor Company,
Ltd., Montreal, Que., Canada

Kelly, J. J., c/o Station CKGB, Timmins,
Ont., Canada

Knights, S. F., 1435 St. Matthew St.,
Montreal, Que., Canada

Langhoff, R., 248 Steuben St., Pittsburgh,
Pa.

Leonard, C. G., 13th School Squadron,
Scott Field, Ill.

Lincoln, R. B., RCA Manufacturing Com-
pany, Inc., Harrison, N. J.

Litton, F., 1507 N. La Brea, Inglewood,

Calif.
Marriott, B., 4031 Cartier St., Montreal,
Que., Canada

Narayanan, P., Radio Electric Institute,
Bombay 4, India

Peale, A. H., California-Arabian Standard
Oil Company, Bahrein Island,
Persian Gulf

Ragazzini, J. R., 515 W. 122nd St., New
York, N. Y.

Respondek, A. M., Box 47, Belleville, Ind.

Rudnick, P., RCA Manufacturing Com-
pany, Inc., Camden, N. J.

Singh, G., Box 150, Delhi, India

Soper, L. M., 2334 Beverly Blvd., Los
Angeles, Calif.

Striker, G. O., 3612 Franklin Blvd.,
Chicago, Il

Thomson, B., Jr., 733 Soldano Ave.,
Azusa, Calif.

Thukaram, Y. A., 56/A Big St., Triplicane,
Madras, India

Van Campen, M., 632 Catherine Ave.,
Muskegon, Mich.

Vergason, D. L., Hygrade Sylvania Cor-
poration, Emporium, Pa.
Waddington, J. K., “St. Mungo,” Ist

Beach, Clifton, Cape Town,
South Africa
Wallace, R. B., 3 Wireless School, RCAF,
Winnipeg, Manit., Canada
Webb, R. C., Elec. Eng. Bldg., Purdue
University, Lafayette, Ind.
Weiler, G. W., 1001 Olive, Belleville, Il

Whitaker, G. C. F., c/o H. M. Naval Base,
Singapore, Malaya

Williamson, L. C., 16509 Manor Ave.,
Detroit, Mich.

Wolf, H., 114-01-86th Ave., Richmond
Hill, L. I.,, N. Y.

S. J. Begun was born in the free city of
Danzig on December 2, 1905. Ile reccived
his Master’s degree in electrical engineer-
ing in 1929 from the Institute of Tech-
nology in Berlin, and in 1933 he received
the Doctor's degree. During 1928-29 he
was with the Automatische Telephon, Ber-
lin, where he designed circuits for automatic
long-distance telephone systems; from 1929
to 1930 with Ferdinand Schuchhardt, work-

ing with magnetic, disk, and film sound-
recording equipment; from 1930 to 1932
with the Echophon Maschinen working
with development and sales of recording
and dictating machines; from 1932 to 1935
with C. Lorenz, where he had charge of
the Electro-Acoustic Laboratory and su-
pervised production of technical special-
ties; from 1935 to 1937 as chief of the
Development laboratory of Guided Radio

e —————————

where he developed emergency communi-
cation systems for ships; from 1937 to 1938,
associated with Acoustic Consultants,
where he did consulting work in connec
tion with room acoustics, public-address
systems, and other acoustic problems.
Since 1938 Dr. Begun has been with the
Brush Development Company supervising
the design and production of magnetic disk
systems.
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Charles M. Burrill (A'24-M'30) stud-
ied electrical engineering at the University
of Minnesota, graduating in 1923. He then
went with the General Electrical Com-
pany. Following three years of general
training in the General Electric advanced
course in engineering, he joined the radio
engineering department, and in 1927 was
placed in charge of tuned-radio-frequency
receiver development. Since 1930 Mr.
Burrill has been with RCA at Camden,
N. J., with the exception of a year and a
half in 1931-1932 spent with the Rogers-
Majestic Corporation of Toronto, Canada,
in charge of research. Since returning to
Camden he has been engaged in general
research, first in sound recording, and
more recently in interference and noise
suppression and in ultra-short-wave propa-
gation. He is a member of Tau Beta Pi,
Eta Kappa Nu, Sigma Xi, and the Frank-
lin Institute,

[X3

Alan M. Glover (A’39) was born in
Rochester, New York, on September 26,
1909. He received the B.A. degree in 1930
from the University of Rochester; the
M.A. degree in 1932, and the Ph.D. degree
in Physics in 1935, also at the University
of Rochester. In 1935 and 1936, he was
on the staff of the Institute of Paper
Chemistry, Lawrence College, Appleton,
Wisconsin. Since 1936, he has been with

CHARLES M. BURRILL
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the research and enginecring department
of the RCA Manufacturing Company,
engaged in the development of phototubes
and other special tube activities of the
company.

EX3

Lloyd M. 1lershey (M'39) was born on
March 24, 1908, at lafayette, Indiana.
He received the B.S. degree in clectrical

Stechbardt Studios
Arax M. GLOVER

engineering from Purdue University in
1930. From 1930 to 1932 he was employed
by the Bell Telephone Laboratories. Mr.
Hershey did production and design work
for several different radio manufacturersin
New York City between 1933 and 1936,
Since 1936 he has been an engineer in the
New York laboratory of the Iiazeltine
Service Corporation.

Lroyp M. HERSHEY

Ronold King (A’30) was born on
September 19, 1905, at Williamstown, *
Massachusetts. He received the B.A. de
gree in 1927 and the M.S. degree 1n 1929
from the University of Rochester and the
Ph.D. degree from the University of
Wisconsin in 1932. He was an American
German exchange student at Munich
from 1928 to 1929; a White Fellow in
physics at Cornell University from 1929 {o
1930; a Fellow in electrical engincering at
the University of Wisconsin from 1930 to
1932. He continued at Wisconsin as a

Rov~oLp King

research assistant from 1932 to 1934
From 1934 to 1936 he was an instructor in
physics at Lafayette College, serving as an
assistant professor in 1937. During 1937
and 1938 Dr. King was a Guggenheim
Fellow at Berlin, In 1938 he became in
structor in physics and communication
engincering at Ilarvard University, ad
vancing to assistant professor in 1939,

03
o

Harold Alden Wheeler (A'27, M'28,
F’'35) was born at St. Paul, Minnesota,
on May 10, 1903, He received his B.S.
degree in physics at George Washington
University in 1925, From 1925 to 1928 he
took postgraduate work in the physics de-
partment of Johns Hopkins University and
was a lecturer there from 1926 to 1927.
From 1921 10 1922 he was an assistant in
the Radio Section of the National Bureau
of Standards. In 1923 Mr. Wheeler became
an assistant to Professor Hazeltine and in
1924 he entered the Hazeltine Corpora-
tion and the Hazeltine Service Corporation
z\i;an enginecr. He is a member of Sigma
Al

(X3

For a biographical sketch of C. K, Jen,
ste the PROCEEDINGS for June, 1941,

H. A, WHEELER
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7 sizes; 1/2 to 20 Wofts.

%

INSULATED METALLIZED

METALLIZED
CONTROLS

Volume-Tone-Poten-
tiometer, Mefallized &
Wire Wound.

WIRE WOUND RESISTORS ‘
Cement Coated—53 sizes, 3 FREQUEN(Y

fixed and variable types. ‘\ Metallized type. 4 sizes.

Oue COMPANY THAT

FREQUENCY
POWER RESISTORS

i Metallized fype. 10 sizes
] 113 16 130 wotte

~—~

LL-METAL
RHEOSTATS

- g 2 to 100 Watts.
SN

POWER

ULTRA HIGH

MEETS ALL RESISTANCE NEEDS

With so much depending upon the selection of the
one right resistor for any job, the importance of having
a single, specialized source of supply for all of the
many fixed and variable resistance types becomes
plainly evident. You gain full benefit of IRC’s many
years of experience in supplying the right resistors—in
the right shapes—with the right terminals—protected
by the right coatings—and selected with a full under-
standing of the specific problems involved. Above all,
you are assured of dependability—the natural result
of years of intense specialization on the develop-
ment and production of quality resistance units only.

INTERNATIONAL RESISTANCE COMPANY

N. BROAD ST., PHILADELPHIA, PA.
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)

Makers of Resistance Units of
Mare Types, in Mare Shopes,
for More Applications Thon
Any Other Manuvfacturer
in the Warld. Catalog of any
type on request.




Q&QWQ

CARBONYL
IRON
POWDER

We are now supplying
numerous iron core
manufacturers with
G.A.W. CARBONYL IRON
POWDER. * This remark-
able iron product, with
each individual particle a
frue spheroid averaging
four microns, yields
performance warranting

your early investigation.

FOR INFORMATION
ADDRESS
THE MANUFACTURER

GENERAL
ANILINE WORKS

435 Hudson Street, N.Y.C.
OR THE DISTRIBUTOR

ADVANCE SOLVENTS
& CHEMICAL
CORPORATION

245 Fifth Avenue, N. Y. C.

!
{ S b 3] ...
. |
! ’ '
4 g AT AT I )
4 { | '
; e ‘ |
' A N T 4 e e
. T, V- ]
Whether it’'s 1 VA for an Instrument or 10 KVA
Ask For ~ =) for a production line—here's constant, stable volt-
age for you at all times, even though the line voltage varies as much a#
BULLETIN thirty percent

They nre fully automatic and instantaneous In operation—have no moving
D‘artai -require no maintenance—and are self-protecting agalinst short
circuit.

You can build a SOLA CONSTANT VOLTAGE TRANSFORMER into your
product, or incorporate it in your production line or laboratory and know
that every test will be made under identical line conditions. Compact—
economical. Standard designs are avallable, or units can be built to your
speclal specifications

KCV-74

\ SOLA ELECTRIC COMPANY, 2525 Clybourn Ave., Chicago, IlI.

Nobody “bosses” Cliff Elliou chief
;),f llhc ‘Trlplell inspection line.
roduction i . )
ol fc(:roll:l is lll'pl way up, .l»ul nobody puts the heat on “Inspec-
i 1€ slightest variation from the most hardboiled ingpec.
!]I‘"'" Iscl:'ullmy in the Industry. For it is an axiom in the whole
riplett plaa » 1
““.' 5 : .llll ’rt;gardlc s of position or the pressure of orders
° & got 1o bhe right 1o he Triplen
Under 'e\pa.nde«l Industrial demuand there continues to be no
SR
compromise in those rigid Triplett tolerances and standards

:\:Ill(ihl have become the International Hallmark of Precision and
uality.

It’s Got to be Right to be T 2

FPor More Information
write Section 218
Harmon Avenue

THE TRIPLETT ELECTRICAL INSTRUMENT COMPANY
Blufften, Ohie

L August, 1941
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y business is not as usual”

My BUSINESS is not as usual—not
by a long sight.

I don’t usually have 600 or more
new Army and Navy and defense
plants to equip completely and
quickly.

And I don’t usually have the rush
of business that comes when every
one else is working on defense.

When a country starts to hurry,

Proceedings of the I. R, E. August, 1941

about the first thing it calls for is
more telephones.

It takes a lot of telephone calls to
make a tank or an airplane or a
cargo ship.

When a country goes all out to
produce, it uses plenty of telephone
service. We are all out for defense
too—doing our best to keep ahead of
the job.

‘“'HE TELEPHONE HOUR'’ IS
BROADCAST EVERY MONDAY
(N.B.C. RED NETWORK, 8 P.M,,
EASTERN DAYLIGHT SAVING TIME.)

BELL TELEPHONE
SYSTEM




CREI Training

Increases
Technical Efficiency

Alert Engineers are encourag-
ing CREI training for their
employees—for it means:

o Step-up of individual efficiency

o Increased personal worth to company |

o Additional technical ability

Yes, men who devote their own
money and spare-time toward im-
proving their knowledge and ability,
through CREI training, are an asset
to any technical organization.

During our entire 14 years the
CREI home study courses have been
written and planned exclusively for
the professional radioman, enabling
him to improve his technical ability
and be in a position to assume added
technical duties,

The remarkable achievements made |

by CREI men throughout the com-
mercial and manufacturing radio
fields are convincing testimony that
our efforts, properly confined to this
one important course in Practical
Radio Engineering, have been of real
value to the industry in training bet-
ter engineers.

Chief engineers fully recognize the
need for men with modern technical
training, and many welcome regular
reports concerning students’ progress.
(Reports of student’s enrollment and
progress are made to employers only
upon the direct request of the stu-
dent).

For example, a Chief Engineer of
a large organization acrites: “Thanks
for the letter concerning the work
which Mr. Fred Owens is doing with
you. I shall be glad to have you keep
me in touch awith his progress as he
seems to be very much interested and
it is a very worthwhile undertaking.”

We, at CREI are proud to add
our contribution to the radio in-
dustry by training men who are
equipped to fulfill your demands.
Perhaps a recommendation of our
home-study courses to your asso-

ciates might be as appreciated by |

them as it would be by us. May
we send you our booklet and com-
plete details?

“Serving the Radio Industry
Since 1927

CAPITOL RADIO
Engineering Institute

E. H. RIETZKE, Pres.
Dept. PR-8, 3224 Sixteenth St. N.W.
Washington, DC.

There IS a Reason WHY

Manufacturers SPECIFY “PRECISION”

INDUSTRIAL AND LABORATORY TESTERS
NEW SERIES 834 Zowncr' '

COMPACT CIRCUIT TESTER
6000 Volts e G600MA e 5 Megohms ® 70DB ¢ Ac 5 pCc s output volt-

6000 volts ® 4 current ranges to 600 MA e 3 self-
cag:t:ianl:!%“rezstance ranges to 5 megs ® 6 DB ranges to "—}-70 Dg
e All 1% multipliers and wire wound bobbins e Size 7" x 4}
x 3” overall. An incomparable value at only $19.95 net

Series 844J—All-Purpose AC-DC INDUSTRIAL
CIRCUIT TESTER

Combining the well-known PRE-
CISION Series 844 . . . 34.vqngt
AC-DC volt-ohm-decibel-milliam-
meter-ammeter and the new
Series “J” (8 range AC Am-
meter) in onec compact portable
unit,

¢ 6 AC and 6 DC voltage ranges
to 6000 volts at 1000 ohms/volt.

e 6 DC current ranges from
0 to 1.2 MA to 0-12 AMPERES.

e 4 internally powered resist-
ance ranges to 10 MEGOHMS. ¢ 6 DB ranges from—12 to --70 DB.

® 6 output ranges to 6000 volts, ® 8 AC Ammeter ranges from 0-300 MA to 0-60 AMPERES.
Series 844-J (illustrated) in hardwood portable case with dual tool compartment and removable
hinged cover—complete with batteries and extra high voltage test leads. Net Price

WRITE FOR “PRECISION’” CATALOG 42-1 describing more than 40 radio and electrical test
equipment models . . . Tube Testers, Combination Tube and Set Testers, AC-DC Multi-range
Testers, Vacuum Tube Multi-Range 'i‘esters, Signal Generators, Industrial Circuit Testers, etc.

PRECISTOR TEST EQDIRMETT

PRECISION APPARATUS COMPANY © 647 KENT AVENUE @ BROOKLYN, N.Y.
Export Division: 458 Broadway, New York City, U.S.A. Cable Address: Morhanex

(3 EFmm

Positive, dependable frequency control for radio trans-

O = e I == I
* M — D= = %

mitters in marine-craft (ship harbor servi i
itingrant aircraft (3105ke. an(l; 6210kec.) is ecielzor:’;gali;
gbtamed with the type MCS5 Crystal Unit. This unit, low
in cost yet precision-built, is made possible by the appli-
cation of quantity production methods to an essentially
custom manufactured product. wans FOR CATALOG 6-12

BLILEY ELECTRIC COMPANY

UNION STATION BUILDING

ERIE, PA.

Angust, 1941
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ELECTRICAL ENERGY

Converted to usefulness with Accuracy
by transformers that reflect their makers

integrity i 5 a

The new, completely modern Chicago Transformer plant with its
thoroughly equipped laboratories—experienced engineers, workmen
and large stock of parts are your assurance of speed, accuracy, and
versatility in obtaining the right transformers.
A The Chicago Transformer Corporation is geared to the most efficient
production of air-cooled and dry-type transformers, up to 12 KVAin
size . ..Given the application and the results expected, Chicago Trans-
former Corporation can give you transformers to fit almost any need.

"HICAGO TRANSFORMER

C ORPORATI ON

N\
A\
bl
>

<

\CAGX\

NRY
(N

wyO

|

3501 WEST ADDI1S ON STREET ¢« CHICAGDO

August, 1941




COMPLETE YOUR FILES OF

PROCEEDINGS

of
The Institute of Ravdio
Engineers

WHILE BACK ISSUES ARE STILL AVAILABLE

Now is the time to fill out the gaps on your Proceedings shelf and replace lost or
borrowed copies. Already, more than 25% of all back numbers are no longer avail-
able. The following issues were in stock on September 1, 1941 and are available
(subject, of course, to prior sale) :

1913-1915 Volumes 1-3 QUARTERLY $1.00 per copy
1913 Vol. 1 Jan. (a reprint).

1916-1926 Volumes 4-14 BI-MONTHLY $1.00 per copy
1916 Vol. 4 June, Aug. 1922 Vol. 10 All 6 issues

1917 Vol. 5 Apr., June, Aug,, Oct., Dec. 1923 Vol. 11 All 6 issues

1918 Vol. 6 Apr., June, Aug., Dec, 1924 Vol. 12 Aug, Oct., Dec.

1919 Vol. 7 Dec 1925 Vol. 13 Apr., June, Aug., Oct., Dec.
1920 Vol. 8 Apr., June, Aug., Oct., Dec. 1926 Vol. 14 All 6 issues

1921 Vol. 9 All 6 issues

1927-1941 Volumes 15.29 MONTHLY $1.00 per copy
1927 Vol. 15 Apr. to July, inc., Oct., Dec. 1935 Vol. 23 All 12 issues

1928 Vol. 16 Feb. to Dec., inc. 1936 Vol. 24 Jan. to April, inc., June

1929 Vol. 17 Apr. to June, inc., Aug., Nov. 1937 Vol. 25 Feb. to Dec., inc.

1930 Vol. 18 Jan, Feb., Apr. to Dec., inc. 1938 Vol. 26 All 12 issues

1931 Vol. 19 All 12 issues New Format—Large Sizge

1932 Vol. 20 Jan., March to Dec.,, inc. 1939 Vol. 27 Jan. to July, inc.

1933 Vol. 21 Al 12 issues. 1940 Vol. 28 Al 12 issues

1934 Vol. 22 All 12 issues 1941 Vol. 29 Jan, to date

LR.E. MEMBERS... PUBLIC AND POSTAGE
COLLEGE LIBRARIES

) . . i Prices include post in the United
LR.E. members in good standing are entitled to a discount of e in e nite

25% from the above prices. Information about discounts to ac-
credited public and college libraries will be supplied on request.

States and Canada. Postage to other

countries: 10 cents per copy.

Remittance should accompany your order

THE INSTITUTE OF RADIO ENGINEERS, Inc.
330 WEST 42nd STREET, NEW YORK, N. Y.

» Proceedings of the 1. R. E August, 1941
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CAPACITORS

® Yesterday, special or made to order; today, standard,

in regular production and at lower prices; available . s 3
for prompt delivery. That’s the story of Aerovox capaci- 2 = = ';.M
tors for transmitting, electronic and other extra-heavy- = M
duty services. ® The Aerovox Transmitting Capacitor

Catalog in loose-leaf form and kept right up to date with

new pages issued from time to time, lists these commer- i
cial-type capacitors in great detail, for your convenience. X vzt

- .

® So, before you go to the trouble, time and expense of
ordering special capacitors, be sure you check over the

Aerovox line.

Submit. Your Problem. ...

Werite on business letterhead for latest catalog. Submit your
capacitance problem for engineering collaboration, recommenda-
tions, specs., quotations.

°

TYPE 20 = Simgle, Boad, Tripie

TYPR 20
VPN 100
mevcw

Olllmpraqeeted, OlkFilng

1993 ade Y08 610
mesecw “.o 8w

AEROVOX CORPORATION
New BW, Maia,

Sales Oftices in All Principal Cities

August, 1941
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POPULAR DAVE N SERIES 750 DISPLAY ADVERTISERS

DECADE RESISTANCE BOX A
. 0 . - Advance Solvents & Chemical Corporation . .ii
. ‘\ &O(IO ¢ \ ; Acrovox Corporation vil

American Lava Corporation x

American Telephone & Telegraph Corpora-

tion ]
B

Bliley Electric Company v
C

Capitol Radio Engineering Institute iv

Chicago Transformer Corporation v

| Cornell-Dubilier Electric Corporation Cover {lI

D
Daven Company . il

‘ G
‘ General Electric Company i
| General Radié Company Cover IV

Designed for use as Laboratory Standards, as components in Bridge
Circuits, and in other types of precision measuring equipment . . , the ‘
Decade Resistance Boxes are complete assemblies consisting of two or I
more Type 225 DAVEN Decade Units mounted on an engraved metal panel
and enclosed in a shielded walnut cabinet.

International Resistance Company .

Three terminals are provided, two for the resistance circuit, and a third
as a ground connection. There is no electrical circuit between the resistance ,
elements and the metal panel. Available in 12 models with resistances from P
11 to 1,111,100 ohms, in from 0.10 to 10. ohm steps. Precision Apparatus Company v

DECADE RESISTOR UNITS

TYPE 225—FOR PRECISION S
LABORATORY STANDARDS | | Sola Electric Company )
These Decade Resistor Units are precision
type resistors and can be used individually in
equipment . . . when complete Decade Boxes |
(Series 750} are not required. Each unit is ! T

completely enclosed in an aluminum shield
and supplied with pointer-type knob and
alumilited dial plate. Seven standard models
covering the range from 0.10 to 100,000 ohms
per step or a total of 1.0 to 1,000,000 chms
in accuracies of from 1.0 to 0.10%.

Triplett Electrical Instrument Company i

v

THE DAVEN COMPANY |IEVE

158 SUMMIT STREET « NEWARK, NEW JERSEY

Vit



yOU MAY HAVE BEEN TOPS IN
1917, GRANDPA,BUT YOU COST 5 TIMES
WHAT | DO, AND | PUT OUT NEARLY
3 TIMES YOUR POWER..

DON'T BRAG,GL"-
A FEW MORE
YEARS OF
G-E RESEARCH
AND YOU WONT
KNOW YOURSELF
EITHER!/

Ziz%famzézw.@%‘ el GLI03A

Were you a tube buyer in 1917? Probably not—but those who were

\an on know that General Electric was a leader in the tuke business then, as
upow To Flan it is today. The progress that’s been made in “‘50-watters'’ is typical of
51:1'90“ the results achieved through G-E research.
by W. Rg\le)a:iii to any You can get G-E tubes promptly through any of our offices—located in
M:“;;:(\iua °'§::‘:\:;‘83e 80 principal cities. Get in touch with your G-E representative today.
t‘}}‘o‘t‘;‘if;:\f (c:ir.":d"i; General Electric, Schenectady, N. Y.
£}

E\eclnc
2! D

Genef
Telev ision
Schen““ Y
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The data below represents average rather than optimum values obtained on standard test pieces,
size, shape, and method of manufacture of the article in question and the uses to which put.

““g op
\cte
. co\o‘ I % “
& express &
to i \— avd

PROPERTIES OFV CERAMIC INSULATING MATERIALS

OF THE AMERICAN LAVA CORPORATION

While these data are typical, it is well to remember that they may vary sfightly depending upom
Values omitted in the table are of no importance considering the technical wse of the material

*2 Can also be obtained in brown (AISiMag 210) and in

SiMae

Trode Mork Reg. U.S. Pae OF.

[ @X I

.

(Al§iMa:

209

°4_ Te-value is the t

Can also be obtained in white—grey (AISiMag 178),
rature at which one centimeter cube has a resistance of one

o ROM CERAMIC HEADQUARTERS

S SIMAG RLSIMAG ALSIMAG ALSIMAG ALSIMA L A
ITEM UNIT ME‘IE’PSCED LS:;IsﬂAG L‘-gsm L?19M7461L2I|M'AG Ls7|5uc t~ \:A [ 303 322 190 192 RADE *'f RADE "M iy
) [} ing chiefly of ;I.G'\?‘ ol heat Al Titanium diczide materials, [
TYPE OF Dense !luhl‘tl Mm:"l:l::,:' “'““:‘ 9( Chlely 10 onsisting chiefly of cordierite icate, d‘m;’- Maqlmlmm wns-:lln:g‘:;:x of Nnml“:n:.:x‘ol:c :.L,:
st Il sihicate nl 1 al "
MATERIAL (Mg0.S10 ) (2Mg0 TALD, 55i0.) ‘0,"3“::,; (rioy Lo Y ~
oy e
] & 33 3 3 BT ies5% joal0 5= 3 3 £S =
X 3t 823 Y it L o Tasioy | 23 = £ M LE i
A.S.T.M. io 38 s 2iE [P P L E e g < 3 p !
METHOD %% 8= F_E .t 255- ££ E2 it S 3 £ 38 e
Numser | §£ cE 1 £ i L T ) 5 £ 3 £ '
PREDOMINANT mmmew | UNLESS v Bz, |Tsf £k Sify  [o%:.s [ == . = a g _!
CHARACTERISTICS OTHER. | 33 wiz g3 E T35 [zgii: 2 s P 3 5% 3k 1
WISE 3 $E: | Eé¢ 23 i3 j3ssgd | £ 52 e H $:2 254 | =
SPECI- EZ¢ £32 fses. 13} g, Tl 3 2f N T4 L3 FEEI Y
FIED g2 | 273 $i5 | EE. | Bg¥s |35l z ] H 2 SEE 5 |
gsf | 335 [siE | st |aiar (saib | B HEENERREER |
sz | 3E% Xo s wl2 3258 S33&l | <X TS x2 Sv3 s L
Specific Gravity | 2¢ | 27 | 26 [ 27 | a1 = & a1 —- | 21 20 40 40 28 28 2
Density Ibs ‘in 3 094 | o9 0M | B O T ) 72| 14 148 102 102 s
Volume in31b 1065 | 1026 1065 1026 1320 | 1320 | 1320 l 1385 693 | 693 976 976 s
ater Absorption % 0116-39 08-00 | 0500 Ll 0-00 | .08-00 [ 8050 | 5010 [150100 [ 180140 0500 0 [ 1s 10 T
- ———p—— — - - b — - — E———
hemical Resistance == - At room temperature resistant to all alkalies and acids (excepting hydrofluoric acid). For speg-’al problems consult American Lava Corporation.
e == -~ White*1 Cream White:2 White Yeliow-Tan ©-Browe'3 | white | LigntBrown | Tan Tan Light Brown Brown [
°C. 1450 1440 1445 1400 1410 1430 1650 1625 165 | 1650 1465 1475 10
c24.35
Softening Temperature °F 2642 2624 | 263 2552} 2570 2606 3002 2957 3002 3002 2669 2687 m
Resistance to Heat Gl 1000 1000 1000 1000 1250 1250 1350 1300 1000 1000 1200 1200 1
(safe limit for °F, e | St 1832 1832 1832 2282 2282 2462 2372 1832 | 1832 2192 2192 aw
constant temp.) l ¥
Mohs' Scale i
Hardness Tak =1 75 75 75 75 7 | 7 [ 6 8 8 ' 'y ]
Diamond = 10 | | |
" | } T
near
fcient | 20-100° C. - 69210 | 631100 | 77:10% | 73110 | 15110 ’ 13110~ ' 3510 | B0x10 | 71al0-¢ 731104 | 8310 | 890 | IhM
{ Thermal |20-600°C. (A 87a10% | 76:10% | 104110 | 92110~ | 2510~ | 28x10 | 4910 { 9810 | 86210 |87:10¢ | 105610 | 104110 | Lhitd
xpansion 4 1 | i d 4 ;
ensile Strength sinz | 0116-39 | 8500 | 10000 | 8500 | 7500 | 1500 f 350 | 200 | 2500 | 7500 | 7300 | 2000 2000 e
CompressiveStrength | s sinz 0116-39 | 75000 | 85000 | 75000 65000 | 30000 | 40000 [ 10000 25000 | soow | m0 ooo: 20 000 30000 | 3w
odulus of Rupture 1bs ‘in 2 0116-39 | 20000 | 22000 | 20000 | 18000 4000 | 8000 6000 | 8000 | 20000 | 20000 | 8000 9000
1 sl T
Charpy 2538 | 18 21 18 20 09 | a9 09 | o8 | ' [
esistance to Impact ft. Ibs.in2 o | : J | ‘ 24 | 24 13 13
mermal Conductivity cal./sec c"f_'; T [ o0 06 | o6 —.oos 03 003 _T 003 | oos [ 005 005 |
Approx. values) per °C. % | ] £ ] R~ | | L 1_
1
ielectric Strength, - 3 T ’
tep 60 cycles) Test discs 1a” thicw | VOISl < 0 T l_ 230 = i I Bl s | 100 00 | <100 < 100 <
' ’c TIF >0 | S0 s [ Saen | S0 >0t | >100 | >p00 ] a0 | 5 10-:_JL> 100¢ | 101 | pwe
3 100°C 212°F Ohms 2 1x1012 1:10'3_" 8.1x1013 | > 1004 1 40x1003 | 6101092 12n011 > 1014 B 98x1011 | 98x10! | —— 100!
oty %00°C 572°F per 60107 | 180100 | 2501010 10:1012 | 481109 | 821108 | 781107 | 18Ba10'1 | 1.0x10 | 10x100 | 142010 | 5702000 | 200
B Gy SIRGLC 199 ¢ e > [2ae | souos Teoo _J3sm00 [ 20000 | a8a05 | 73000 ] 95008 :I’__ 176106 | 17205 | 17a107 | 26a208 | LM
OIS SN S 2ore [ 23100 | s0n105 | 421108 _J'r_a 8105 | 15600 | 320105 | 5300 | 4lmer | 25x10¢ 1 254100 | 151100 13a07 | Lu¥
900° € 1652° F <10¢_| 700100 | 681105 [ 258107 | 22010 TOx104 | 10x104 | 50:108 | <1x10% | <1xl0s | 26x108 180108 | 2000
e e ‘C. | 440 | 640 840 > 1000 720 600 480 >1000 | S20 520 740 > 1000 w
€ .| 824 1184 1544 | >1832 | 1328 1112 8% | >183:2 98 %8 1364 >182 | ®
60 Cycles 1 65 4 63 63 ] I =
_ == =5 — = — - —4 =
Qielectric | o0 e — 62 60 60 58 41 T BT a3 | ss = 8s 56 s6 | 8
Constant 0150-39T - o - —4— 4+ ] 4 1 | . |
oM ec ‘ - 6.0 58 58 57 40 50 39 42 85 85 5s 55 53 |
1 ani
.14 : ?
Power SONCycles S Nawyspec |0 | 14 | 20 — —t = 4. [ - | - -t
Factor 11000 K. €. % E13A-317-F | -m_r_m__,_ 12 ) 02 | 0 | w 4 | o0 [ os 08 30 45 1
10M ¢ i and 18 06 10 01 30 30 20 | o | o 06 25 ) 4
60 Cycles S. Army Spec.| 195 88 126 | ] | -
o {1 iy % 290 [ ) n I MU NETRS) T mj’ — | — 1 1= 22 [EX
10 M ¢ st 108 35 58 06 120 10 1 117 | o0 | —1 — 137 220 [V
‘Capacity Change Per °C.
Between 20-80° C. ¥ + 16510 |+ 1 4x10~4 § + 1 6230~ | 41 2x10~4 +10x10~4 | —6 8210~ | —6 8210~
®1 Can also be oblained in brown (AISiMag 207) and in grey (AlSiMag 206), .3
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(apacitor performance

fine enough for a Llagship

" 'THERE’S EXTRA DEPENDABILITY IN LONGER LASTING C-D CAPACITORS

A gJoijftest of capacitor performance occurs along But not surprising. For back of today's Cornell-
Nites of the Flying Flagships. There's some Dubilier capacitor looms the longest engineering
Arence in altdtude and a great deal of tempera-- experience in the industry—more than 31 years of
nge between New York and Tucson . .. capacitor specialization. And out of this has come-
Toro Fort Worth. So it's significant that the capacitor "know how" that gives C-Ds theirex/ia

Amer ines use Cornell - Dubilier capacitors dependability—an important reason why, today "¢
throughout its aircraft and ground transmitting pays to FLY” .. .and pays you to specify Cornell-
and receiving communication equipment. Dubilier, whatever your capacitor requirements.

CAPACITORS MAY LOOK A LIKE BU T ... Thereis extra long life, extra uniformity and
ﬁ@’ dependability built into C-Ds. Next time you specify eapacitors look for the

| = /
@\ i ~ 4 Cornell-Dubilier seal of experienced engineering. And get the hidden extras
- 0 X

~ / at no extra cost. Send. for Catalog. Cornell-Dubilier Electric Corporation,

/ A \ -~
@@ [ ) N 1012 Hamilton Blyd., South Plainfield. New [ersey.
Z y X

: “ , ™

/ \

ORY ELECTROLYTVIC CAPACITORS SOUTH PLAINFIELD, N. 1

NEW BEDFORD, MASS.

«+«« MORE IN USE TODAY THAN ANY OTHER MAKE . ..



TYrE 688-0 RE@ISTOR

HIGH-FREQUENCY RESISTANCE STANDARDS

Accurate - Rugged

OR SOME TIME it has been recognized gener-

ally that the straightwire type of resistor for
high frequency measurements offers the most
practical construction. Up until now, no commer-
cially designed and constructed resistance units of
this type have been available. The “home-made”
units have several serious disadvantages, including
a comparatively low upper-frequency limit and ma-
terial inaccuracies from their high residual indue-
tance in comparison with the residual capacitance.
Several years ago General Radio undertook the
study of high-frequency resistance standards. The
Type 663 Resistors are the result. These units are
practical for almost all measurements up 10 at least
50 megacycles. They have very low inductance,
low skin effect and excellent temperature coeflici-
ents. Their imechanical construction is very rugged.

SPECIFICATIONS
Current for
T Renistance Inductanee > 5
Lt (Ohms) (Microhenrya) :?mc'w:‘::; Price
663-A 1 0.0065 1.4 $5.00
663-B 2 0.013 1.0 5.00
0663-( 5 0.015 0.5 5.00
663-1) 10 0.029 0.35 5.00
063-E 20 0.032 0.2 5.00
663-F 20 0.034 0.1 5.00
06063-G 100 0.039 0.06 5.00

- |nexpensive

FEATURES

LOW RESIDUAL INDUCTANCE—straight wire is clamped
down on a thin piece of mica backed up by a
metal plate which also serves as an eddy-eurrent
shield. This construction results in the very low
residual inductance shown in the 1able.

LOW RESIDUAL CAPACITANCE—also due to the fine,

straight-wire type of construction.

LOW SKIN EFFECT —less than 1% for frequencies he-
low 50 Me because of the use of manganin wire
of very small diameter.

ACCURATE ADJUSTMENT —. 1l units are adjusted within
1% of rated resistance.

LOW TEMPERATURE COEFFICIENT—at normal room tem.-
perature the temperature coeflicient is less than
* 0.002% per deg. C.

HIGH MAXIMUM POWER AND CURRENT—ullowable power
dissipation for a 40 deg. C. temperature rise
varies with resistance between 2 watis for the
l-ohm unit and 0.4 watt for the 100-ohm unir.
Allowable currents shown in the table. These rel-
tively high values are obtained through the good
head conduction from the wire to the metal plate.

RUGGED CONSTRUCTION—the whole unit is rigidly
clamped between two bakelite strips: the heavy
metal plates are both slotted and drilled for con-
venienj use

SEVEN CONVENIENT VALUES—standard resistances of 1,
2,5, 10, 20, 50 and 100 ohms

INEXPENSIVE—moderately priced at only £5.00 for
any unit
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