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THE APPLICATION OF ELECTRONICS
TO THE PIANO

By

Benjamin F. Meissner

INTRODUCTION

The music of Nature, in her rippling brooks, her
sighing breezes, her crashing surfs or howling gales,
is as old as earth itself; the rhythm of electrons, of
solar systems and galaxies proceeded from the begin-
ning, 1f any there was, and goes on and on to the end --
if any there be. Of man-made music, the numan voice
1S without doubt the oldest instrument of them all.
Whether the twanged bow string, the wind-blown reed,
the fall of a stick or stone, or the thump of a tom~tom
cane next 1n instrumental music, no one really knows.
All bave been handed down through the ages, with a new
touch now and then, and all are to be seen in the modern
orchestra. There we find plucked strings, bowed strings,
struck strings; wind instrumentsof wood and brass; per-
cussion instruments of stretched skin, tuned bars of
wood and steel; untuned cymbals and gongs.

In the great music of large orchestras we find
them all weaving together in a magnificent moving tap-
estry their variegated colors and barmonies and
rhythms. Here, like actors in a play, whether sweet or
blatant, dull or grotesque, soothing or barsh, agile
or ponderous, they enact their parts on the musical
stage.

Of all these instruments, thereare some much more
expressive than others, capableof a wider rangeof tone
color, or character, or power, and thus better able to
portray a wider range of mood or teeling. The violin
tamily, for example, is extremely expressive; the art-
1st has a degree of intimacy with it perhaps unequalled
in any other instrument. He has control of pitch, pow-
er, duration, and timbre also, to a considerable extent;
he can start or stop a tone, pass from one to another,
and from one power L0 another, pluck or bow his strings
in many different ways. He can produce tremolo, glis-
sando or vibrato effects; he can even play two tones at
once --- thus exceeding 1n this respect the abilities
of the human voice.

Berlioz, discussing the great value of the bowed
strings in an orchestra, says: "From them is evolved
the greatest power of expression and an 1ncoptestabl.e
variety of qualities of tone; violins, particularly,
are capable of a host of apparently inconsistent shades
of expression. They possess, as a whole, force, light-
ness, grace; accemts, both gloomy aand gay; thought and
passion. The only point is 10 know how to make them
speak."

However, as Berlioz suggests, this very intimacy
between the artist and his instrument makes it a very
difficult one to play well. No instrument can sound
so unpleasant as a violin or cello when imexpertly
played. Further, their inability to sound more than
two tones together 1s a severe limitation for unaccom-
panied performance. In melody they are superbly versa-
tile; in bar.sony they are severely limited. The dif-
ficultiesof bowing and fingering, for quality and pitch
control of siring instrumenls, was met by the introduc~
tion ot 1pstruments with many strings, like the harp
and cymballum. Here the pitch intervals were exactly
predetermined by tuning ome string for each pitch, and
the tone quality was also largely predetermined by de-
sign characteristics. Later, keyboards and actions
were introduced which provided an easier playing tech-
nique. A great variety of these keyboard string in-
struments were introduced, a goodly collection of which
may be found at the Metropolitan Museum in New York.
Probably the best collection in the world is at the
Deutches Museum in Munich.

The earliest string instruments with keyboards
used the plucking or scraping typeof action mechanism.
Of these the Clavichord and Spinet came into extensive
use. The more elaborate Harpsichord followed with mul-
tipedal control, for octave shifting- coupling arrange-
ments, etc. These instruments used very small strings
at relatively low tension, as in zithers, barps, etc.
Their tones may be characterized as thin, delicate, and
low in power. Dynamic control was not possible.

THE PIANO

When, in the year 1709, the Italian, Cristofori,
inveuted the hammer action, a greatly superior control
was provided, enabling the player to regulate tone
power by the stremgth of key blow. The Italiaps and
French called this instrument a "pianoforte,” meaning
soft-loud; the Germans called it a "Hammer Klavier."

The bistory of the instrumeais which preceded the
piano shows plainly that the invention of the hammer
action was merely the culmisation of a long series of
efforts on the part of magsy great crattsmen through
three centuries, looking towards the production of a
musical stringed inStrument capableof doing for domes-
tic use what the organ had always done in the church,
namely, to furnish complete command over all existing
resources of harmony as well as melody. I may add that
the modern organ, and toalesser exteat, the piano, do
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a great deal more than this. While the piano bas no
true sostenuto like the organ, it does provide individ-
ual tone power control which organs do not have. The
"touch-responsive” piano action greatly expands the
player's control. The organist, however, has control
of a great variety of tone colors, available at the
touch of a stop, which he can use singly or in combi-
nation, by couplers, or by use of several keyboards.
This is the real source of the beauty of organ music;
without changes in registration, its performance be-
comes quite monotonous. The organist also bas the swell
pedal for mass power control over all tones together;
this compensates to some degree for bhis lack of power
control over individual tones provided by Cristofori
for the pianist. The piano's touch-responsive keyboard
does a great deal more than provide piano to forte con-
trol of volume. It provides the very important change
of tone quality with volume possessed by all of the
very expressive instruments, such as the bowed string
types, or the human voice. These, when played piano,
are soothing, sonorous, pleasing. At forte they become
strident, even unpleasant. The physicist would describe
this as a shift of energy trom the lower to the higher
partials. The radio engineer would compare it to over-
loading an amplifying tube.

The touch responsive piano, therefore, provides
simultaneous, not separate, control of tone power and
quality together, a decided 1mprovement over the organ,
which bhas control over power alone, and that only a
mass control. The piano, particularly in the lower and
middle registers, like the lion, will sigh or snarl or
shriek, depending on whether you pet or punch or pound it.

COMPARISON OF PIANO WITH 1TS PREDECESSORS

In Figure 1 are shown the various barmonic compo-
sitions of the piano and some of its predecessors. In
all of these spectrograms the fundamental frequency
was 128 cycles, an octave below middle C. The ampli-
tudes have all been reduced to a common level so that
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Fig. 1. Spectra of older pianoforte-like instruments,

Flg. 1
SPECTROGRAMS SHOWING LINE AND CONTINUOUS SPECTRA OF THE
PIANO AND ITS PREDECESSORS.

this factor does not appear. The Clavichord, with a
combined striking and scraping action mechanism, ex-
hibits the thinnest, most delicate tone; today however,
it might be termed "tinny." Next, the Cembalo, in the
spinet - harpsichord family, with quill-plucked strings,
bas a tone less bright or thin than the Clavichord. The
Hammer-flavier, such as Chopin and Beethoven used a
hundred years ago, gavea tone somewhat duller or darker
still in quality. The modern grand toneis still darker,
less strident or thin than the others.

In Figure 2 are shown seven spectrograms giving
the bharmonic composition of & grand pPiano On Seven tones
in octave intervals; notice the increase in barmonic
richness from highto low tones; notice also the strong,

continuous, or noise spectrums, shown by the continuous
lines, produced by the bammer blow at the bigher fre-
quencies.
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Fig. 2 . Spectra of a grand pianoforte.

Fie. 2
SPECTRA OF P1ANO TONES IN OCTAVE INTERVALS.

EFFECT OF KEY BLOW
In Figure 3,1 show the influence, on barmonic com~

position, of bammer velocity, as governed by strength
of key blow, on the modern grand piano.
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Fig. 3.Influence of the strength of stroke upon the spectrum.

Fig. 3
VARIATION OF HARMONIC COMPOSITION OF A PI1ANO TONE WITH
FORCE OF Kev BLOw.

The top spectrum was produced playing softly, the
middle, moderately loud; the botiom very loudly. Notice
how the partials come in at higher and bigher frequencies
with increasing key blow; not shown again is the ac-
companying increase in gemeral loudness, all three
spectrograms having been reduced to a common amplitude
level. The curves show the continuous frequency bands
and relative amplitudes of the noises produced by the
bammer blow, and the broad resonance effects of the
soundboard. These sounds are induced in the soundboard
by the shock excitationof the bammer blow and continue,
with quite rapid damping, (fading) after the shock has
passed. Those partials lying within these resonant
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ranges are, of course, amplified, as shown by their
greater amplitudesat the peaks of the continuous curves.

MODERN PIANOS NOT MUCH IMPROVED

The piano of todayis, with improvements in detail
ouly, the pianoforte of a hundred years ago; no really
significant change in priuciple has been made. Chief
among the improvements is the perfection of steel wire
with regard to tensile strength. Higher and higher
tensile strengths have provided two significant improve-
ments. First, the change from stretched string plus
bar-like vibrational characteristics, to almost wholly
string characteristics, and thus gradually wiping out
the inharmonic partials of the former; and second, the
increase of storage capacity for kinetic energy, which
permits transfer of more and moreof the energy imparted
by the key blow, through the action and hammer, to the
string. This improves both the beauty and the power
of the tone. It permits, according to the choice of
string to soundboard coupling, either a much louder
tone, a wmuch longer tome, or, as utilized in modern in-
struments, a moderate increase in both loudness and
duration.

ADVANTAGES OF PIANO OVER OTHER INSTRUMENTS

To summarize then, the great popularity of the pi-
ano is due, first, to the ease with which perfect pitch
intervals and perfect tone quality may be secured. The
veriest tyro can play a series of pitch intervals just
as precisely as the greatest artist; second, without
the slightest difficulty, he can produce just as beau-
tiful a quality in each tone; third, he can control the
power and qualityof each tone With the touch-responsive
string vibrating mechanism; fourth, he canplay, unaided
by others, harmony as well as melody; this factor alone
accounts for the great popularity of the piano.

bhile the piano is, undoubtedly, a great and beau-
tiful musical i1nstrument, thereare many signs of long-
desired improvements in various directions. Chief
among these is control over the character or qualities
of its tone.

TONE CHARACTER

Tone character, that is, the characteristics which
so markedly distinguish the tones of different musical
instruments, one from the other, may be separated into
several groups. The most important of these are:-

1} Harmonic Composition: This may be expressed
as the amplitude ratiosof the various harmopically re-
lated partial or component simple tounes in the complex
sound. It determines tone quality or timbre, as was
illustrated in Figure 1. In many instruments this
changes with the amplitude of the driving force. This
was shown for the piano in Figure 3. It may also vary
during the tome productionat constant amplitude in some
instruments, depending on the manner of excitation, as
in the bowed strings. In the pianoit changes constantly
from beginning to end of the tone. There may also be
inharmonically related partial tomes present --- as in
bells, or bars held at one end, or strings under insut-
ficient tenmsion.

2) Dynamic Characteristics: This refers to the
power characteristics of the tone generally, but also
more particularly to its relative power from beginning
to end. The clarinet or oboe stops of a great organ
may produce very close approximations to the true tim-
bres of those instruments, but there is a very marked
difference in power. But, more significantly, the shape
of the tone wave train envelope may take on many dif-
ferent variations and result in many different tone
characters. For example, the chief difference in char-
acter between a piano tone and that of a saxopbone or
clarinet is that the former starts loud and dies away
rapidly, while the latter starts at zero, builds up
rapidly, and continues, ordiparily at unitorm loudness,

except as modified by the player's blowiny technique.
In Figure 4 are shown two oscillograms representing
these two types of dynamic inception character.

Fie. 4
ENVELOPE SHAPE IS A STRONG DETERMINANT OF TONE CHARAC—

TeR. (A) P1ano TONE; (8) W!ND INSTRUMENT TONE.

A showsa pr1ano tone with abrupt inception and. im-
mediate logarithmic decay; this character1s typical of
all percussion and plucked string tones. B shows the
gradual inceptionof the letter a as spoken 1n the name
Raleigh; this is typical of all’ wind instruments, of
which the human voice is a perfect example.. A banjo
tone may have very nearly the same harmonic composition
as apiano tone but differs very noticeably from it be-
cause of a much higher rate of damping, that is, rate
of tone power dimipution. The early phonograph records
of pianos sounded a great deal like banjos and guitars
principally because the high audibility threshold of
the phonographic apparatus brought out only that part
of the piano touwe occuring in the first few seconds,
and thus greatly increasing its apparent damping; and
also, of course, because of the omission principally,
of lower frequencies. The dynamic envelopesof the many
partials may all have different forms. For example,
in the piano, the higher partials die out much quicker
than the lower.

3) Incidental KNoises: In the percussion and
plucked string instruments, 1n addition to the always
falling dynamic characteristic of the tone, there are
also significant incidental noises at the beginning of
the tone. In bowed string tones, the bow-scrape noises
are always present more or less and are as much a part
of the tone character as the distribution of energy in
its component partials, or as the shape of 1ts dysamic
envelope. In Figures, I show an oscillogram of aviolin
tone. Here is plainly a high frequency tone, superim-
posed upon one of low trequency. Clearly, the low fre-
quency is the rate at which the string clings to and
releases from the bow. The high frequency is that of
the string itself. Both, of course, are complex 1n
composition.

s

Fie. 5
0SCILLOGRAM OF A ViOLIN TONE
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CHANGES IN FREQUENCY AND AMPLITUDE

4) There are also other distinguishing character-
istics such as tremolo and vibrato, kmown to the radio
engineer respectively as frequency and amplitude modu-
lation. Another is frequency or pitch range; with re-
gard to the latter, a flute and a tuba might have very
simrlar characteristics 1n every respect yet no one
could fail to distinguish them owing to their very dif-
ferent frequency ranges.

These are the principal elements found in the make
up of tone character. I will make no attempt to break
them down into finer subdivisions, combinations or sub-
combinations.

With such a set of ingredients it is possible to
set together musical tones of practically any desired
character;
of these characters, it is further possible to construct
and correlate them in the various melodic, harmonic,
dynamic, and rhythmic patterns, which we call Music.

DESIRABLE PIANO IMPROVEMENTS

As 1 have previously stated, there are many di-
rections in which the piano may be greatly improved.
In the first place, its single type of tone quality,
when compared with the many tone qualities of the organ
or the orchestra, presents a very great limitation;
secondly, the piano is always a percussion instrument;
its tone always starts witha crash of percussion tran-
sients and then dies rather rapidly away, logarithamic
fashion, with moreor less continuous chauge in harmonic
composition. The strong percussion noise and rapid
fading out is especially noticeablein tne upper regis-
ters. In all the wind instruments, and, witA% control,
on the bowed string instruments, the tone S8tarts with
low amplitude and quickly builds up to gormal. Here is
a complete reversal of the dypamic inception cnaracter—
istic of the piano tonme; and this reversal, even without
the percussion transients, is sufficient to produce, out
of a given harmonic composition, two tonesof decidedly
different character. A very great improvement, then,
would be provided with the ability to control the dy-
namic inception characteristic of the towe, thus pro-
ducing tomes characteristic of percussion or ot wind
instruments at will,

Just as important as the dynamic lnception of the
tone, is its dynamic nature after inception. The piano
always has a falling tone power characteristic while the
organ quickly reaches a steady state and holds it so
long as the key is held. Both may be brought to an end
with a rapid, though not snarp, falling characteristic
by key release. In the piano the damper acts quickly
though not instantaneously. In the organand other wind
1nstruments the vibrating air column continues apace un-
til its stored energy also is dissipated. The ability
to predetermine the tone damping, that is, the ability
to make it sustain indefinitely, without damping, and to
provide any desired degreeof damping, constitutes also
a very important control of tone characier. Waile I
nave not incorporated im this instrument arrangemeuts
for produciug indefinitely sustainable or undamped tones,
that, with some increased complication, is possible.
However, I do have arrangements for increasing the normal-
ly quite low damping rate of ihe tlones.

The ability to 1nject certain incidental woises,
to provide tremolo and vibrato eitects, at will, further
adds to our control over tone character,

Here then you have my conceptionol the advantages,
the limitations, aud the very desirable improvements
for tume most popular ot all home musical instruments,
the piano. To keep the most important advantages, to
efface the worst limitations, and to add the best im-
provemeuts then, was the problem which, some years agv,
1 set myself to solve. The instrument to be demon-
strated later, represents in a general way the results

with suitable control over the utterances '

of my efforts to date, It is not a commercial design,
nor does it embody all of the many improvements de~
veloped in my laboratory. My efforts thus far have
been devoted rather to an exploration ot the possibil-
ities and the development of a variety of solutions
for the many individual problems than to a combination
of them suitable for commerce. It is an operating model,
in which some very significant improvements are in-
cluded; in which some, perhaps equally important, are
not yet included. While some of you might be inter-
ested in following the course of 1ts technical develop-
ment, that, obviously, time does not permit.

THE ELECTRONIC P1ANO

Now I will proceed with a technical explanation of
the operating principles and the instrument itself.
What you see here in Figure § is essentially although
not quite a piano. It has a conventional bodyor case,

FiGc. 6
THE MIESSNER ELECTRONIC PlaNO

an 1nuer iron plate strung with strings over a vibratile
bridge; tuning pins for tuning the striugs; a keyboard
and hammer and damper action for selectively setting
the strings into vibration, and for stopping that vi-
bration. However, it bas undergone some rather impor-
tant changes. You note a number of control knobs and
buttons above the keyboard; a swell pedal in place of
the unicorde or soft pedal; an additional cabinet con~
taining an amplifier and reproducers.

In Figure 7, showing the interior of the piano, you

Fig. v
INTERIOR OF ELECTRONIC P1aNO
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see many more changes. You see through the strings, in
the right middleof tke picture, that the soundboard has
been cut away, leaving the reinforcing ribs; you see a
small amplifier, and additional apparatus, whichI will
later describe more 1p detail. The soundboard has been
cut away from 1ts supporting ribs 1n order to retain
the benefits of inter-string coupling, and to greatly
reduce their coupling, through the soundboard, to the
atmosphere. Wnile often called a resonator the sound-
board is, of course, reallyno such thing. It is simply
a coupling device, with its action only very broadly
resonant. It 1s certainly no more a resonator than the
diaphragm of a loud speaker. The piano string has al-
together too small a surface for efficient transfer of
its vibratory enmergy into motions Of the surrounding
air. This purely mechanical soundboard deviceis there-
fore used between the two, and incidentally with a step-
down action of about 1,000 to 1, so that the large
motion of the small surface string 1s converted into a
small motion of the large soundboard.

Since we wish to usea different, far more flexible
and controllable system for trapslating string vibra-
tions into sound waves, and since we wish practically
complete control of all translation, we have cut away
the soundboard. If this had not been done many of the
effects we wish tvo secure would be blauketed by the
normal piano sound sent out from this board. Further,
the small residual sound emanating from the coupling
between air and strings and ribs, and other vibratory
parts of the structure as a whole, 1s ahsorbed by in-
ternal padding, or nindered in its escape by closed
bottom and top. A careful, wholly new design would
permit a still greater reduction in this purely mechan-
ico-acoustic coupling. On the other hand, this weak
direct sound is useful for certain tonal effects or for
practise at low volume.

These changes are merely preparatory to the in-
troduction of the new electru-acoustic trapslation sys-
tem. They have not materially affected the rest of the
instrument, except to reduce the rate at which the
string declines in its vibration amplitude, because of
the diminished hysterisis and radiation losses of the
vibratile systen.

MECHANICO-ELECTRO TRANSLATING SYSTEMS

There are numerous principles upon wnich a me-
chanico-electro vibration-conversion system may be
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F‘lg.a
TYPES OF TRANSLATING APPARATUS.

Yy

based, for replacement of the soundboard. Among these
may be mentioped modulations by the vibrating string of
a magpeticor an electrostatic field, or a resistance; or
operation of a piezo-electric, electro dynamic, magpeto-
striction, or other such device. Tn Figure 8,1 show
schematic representations of these string vibration
conversion devices,

In fa) the magnetic field of the magnet threading
the coil ismodulated by vibrations of the steel string,
thus producing a voltage vibration in the coil; if the
string is magnetized the coil core need not be. In (b)
the string vibration modulatesits capacity to the pick-
up conductor, and thus modulates either a steady voltage
or a high frequency current. In (c) the string bears
down with some pressureon a resistanceor piezo-electric
device and, asit vibrates, this pressure is modulated,
thus varying the resistance, or generating a voltage
in the piezo crystal. In(d) the string 1s a conductor
vibrating in a magnetic fieldand thus has voltage gen-
erated in itself. In {e) the string is magnetized and
1ts longitudinal extensions so disturbits maguetic field
that a voltage is generated in the coil.

Of these the electrostatic principle appears sim-
plest and most generally useful for the particular re-
guirements at hand. As applied t0 my piano, a thin,
narrow conductor is mounted near and underpneath the
strings, on a well-insulated support, as shown 1n Fig-
ure 9. You see three of these, a, b and c. Its insu-
lation resistance should be of the order of 100 meg
omms, In general itis just far enough tromthe strings

Fie. 9
DETAILS OF P1CKUPS, VOICING SCREWS, AND STRING |NSULATION

1o prevent contacton the most violent vibrations which
the strings undergo. When a voltage is applied thru
a high resistance, between the strings and this con-
ductor, vibratory variation of the distance modulates
the capacity; since the total charge is fixed, by the
high resistance, except for extremely low frequency
modulations, the voltage across the capacity is modu-
lated also; 1n its electrical operation here it resembles
the tamiliar condenser microphone, or perhaps numerous
condenser microphones counected in parallel, each with
a tuned diaphragm. Note the cut-away soundboard again,
the insulation between strings and plate, the voiciug
screws on the bridge for loweringor raising the strings
with respect to the pick-ups.

TYPES AND ARRANGEMENT OF ELECTROSTATIC PICKUPS

The shape, the position, and manner of mounting of
this "pick-up” are of considerable importance. In Figure
10, ] show some of these possible arrangements. In gen-
eral, it shouldbe very narrow along the string, unless
very high partials are not to be translated. If, for
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example, it were as wide as the string is long, only
the fundamental and a few low-numbered, odd partials
would be translated.

® | °® |
PU (B)

(A)

PU

@PUI D@I

(C) (D)

Fig. 10
ELECTROSTATIC PICKUP TYPES.

The deptu of the conductor perpendicularly to the
string axis, as well as the separation, affects the
shape of the translated voliage wave torm. The position
of the pick-up along the string will affect the harmonic
composition of the translated vibration. If at the
string middle, only odd-numbered partials will trams-
late, because there the even partials all have nodes of
amplitude. At the string ends the higher partials have
more nearly equal, or strong, amplitudes compared to
the lower; this is reversed toward the mid position. A
shows our normal pick-up. It two pick-ups be set 1n
complementary positions about the middleof the string,
either the oddor the even partials may be made to neu-
tralize, depending on the relative phases of the pick-
up outputs. If pick-ups be placed alongside a striug,
as shownat B, strong frequency-doubling action is pro-
vided; assymetric pick-up, providing a sometimes de-
sirable distortion, is secured by two pick-ups on 0ppo-
site sides of the string as shown at C; here, 1f the
two spacings are equal, all frequencies will again be
doubled; if assymetric, varying degrees of uon-linear-
ity in translation may be secured; if a single pick-up
be placed obliguely to one side, as 1ndicated at D, a
combination of simple and doubling action occurs.

Another matter is concerned with the rigidity of
the pick-up device. Itmay introduce spurious, unwanted
frequencies or noises, 1f 1t, itself, can vibrate, or
if it is attached to some part of the instrument which
vibrates Jifferently than the string-bridge system.

1 have found that, for general purposes, a pick-
up conductor, consisting oif flat, oune-sixteenth inch,
copper braid, glued to the parrow side of a strip of
bakelite one-eighth inch thick by one-half inch wide,
and securely fasteped, conductor-side up, to each ot
the wooden ribs, is a satisfactory type and mounting.
This selection has, however, been rather largely in-
iluenced by our desire to secure, among other types of
tone, one closely resembling that of the piano.

TONE QUALITY CONTROL BY SEVERAL PICKUPS

A plurality of pick-~ups of different form, posi-
tion along, or position around the string, may be used
singly or in combination, still further to change the
barmonic composition of the translated wave from that
of the string itself. An over-all control, known 1n
radio asa tone control, permitting tipping, about some

central region, of the irequency-gain characteristic of
the amplifier, provides still further conmtrol of bhar-
monic composition. The possibilities for control of
harmonic composition are thus seen to be almost limit-
less, at least for change of the harmonic structure
provided by the struck string; and I may say that the
string has a wealth of such material to work with., The
string 1tself 1s certainly a simple, cheap, and rugged
source of this barmonic material. Cristofori's mech-
apism for control of its vibration, while not simple,
is certainly rugged and time-tested. In the present
i1nstrument, all of these possibilities for tome quality
control are wot included, and 1t 1S possible that a
better selection and arrangement might have been made.
lowever, this selected arrangement 1s sinmple and ef-
fective.

Three pick-ups, of the type previously described
and already shown, are used. (ne of these 1s very close
to the back end of the strimg, at about one-sixteenth
string length, where the high partials are prominent;
another is placed at about the one-sixth-from-back po-
sition; a third is placed in a position about one-third
from the front end. To compensate to some degree for
the irregular frequency-response characteristics of
loud speakers, the stringsare provided with individual
pick-up spacing adjusiment screws; theseare mounted on
the bridge and raise or lower the 1individual sirings
with respect to the pick-up strip. This adjustment
operates much more effectively for the pick-up nearest
the bridge than for the otier two. A more perfect,
tiough more couplicated arrangement would provide fixed
position strings and adjustable pick-ups for each string
on each bar.

CIRCUITS OF THE ELECTRONIC P1ANO

Before proceeding to detailed description of the
various elementsol Lhe electronic system i1n the piano,
I show, in Figure 11,tue chief component partsaund their
arrangement. The piano key, K, thru the action, A, ham-
mer, H, and damper, D, controls tine mechamical vibra-
tions of the string,S. The string charging circuits,
codperatiug with switching devices iu the prano action
- -~ control the polarizing charges on the strings.
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Fig 1l GENERAL ARRANGEMENT OF
'3*% ELECTRONIC PIANO CIRCUITS .

Pick-ups 1, 2and 3, feed 1nto individual pre-amplifier
tubes T,, T,andT respectively. These tubes feed 1into
a mixing circuit wherein tue relative amplitudes of the
amplified pick-up voltages may be varied 1in aiding or
bucking phases. Following this 1s the tone coutrol
circuit for adjusting the frequency-amplification char-
acteristicof the first stageof the following two stage
amplifier. The second stage of this amplifier is a
push-pull driver for the power amplifier. Next we have
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a volume control operated by a swell pedal. All of the
preceding apparatusis in the piano. The remaining power
amplifier, power supply, low-pass filter and reproducers,
are in a separate cabinet, connected to the piawo by a
multicable and plug.

OPERATION OF MIXING CIRCUIT

Referring now to Figure 12, the three
pick-up sirips connect to the grids re-
spectively of three amplifier tubes.
These tubes have output transformers
14, 1ga and 1gb, with parallel md- La
tapped potentio-meters, all connected 277
in a series mixing circuit so that
any desired amplitude 1n either
aiding or opposing phase may be
used from either of the three
pick-up tubes. This mixing cir-
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TiIMBRE—CONTROL CIRCUITS,

control circuit, so arranged that tipping of the volt-
age-trequency characteristic is provided. By means of
this latter control the frequency characteristic may
be made rising, flat, or falling, as desired. For these
mixing and frequency-characteristic controls two ijnter-
changeable types are provided. One of these is a mapual,
or fine control, by continuously variable potentiometers;
the other, apreselected type using multiple push-button-
Jack-switches and step-by-stiep potentiometers. Either
manual or preselected control type may be switched in-
to operation by another multipole, button-operated,
jack switch. These switches are fitited with an inter-
locking mechanical arrangement so that only one nay be
set at a time; when a new button is pushed the old one
releases by this single motion. A simple comparison
will 1llustrate this arrangement perfectly. A painter
may mix any desired visual hue by proportioning his
three primary colors, red, yellow aud blue, and then
brightening or darkeming it by additional use of white
or black. Or he may use pre-mixed pigments 1n a great
variety ot hues. The primary acoustic color sources
here are the three pick-ups; the brightening or darken-
1ng is obtaiped with the tone control. For delicate,
1n-between shades both painter and pianist would use
the mapual mixing method; for oblaxnxug ordinary colors
they would use the easier pre-mixed metbod.

To make the operation of this toue mixing Syste.
clearer, [ show, in Figure 13, a schematlc representa-
tion of a strang vibrating with, for sake of simplicity,
only three components, namely the first, or {undamental,
the third, and the tenth, 1n amplitude ratios ot, say,
ten, five and two, respectively. [f we place a pick-
up at the string middle, A, and just beyond touching
distance, 1t 1s clear that tne translated amplitudes of
the odd numbered first and third components will be tie

same respectively as in the string itself. Notice tur-
ther, that the even numbered tenth does not tranmslate
at all owing to its vibrational node at that point. A
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pick-upat B, aboutone-sixth trom string end, will give
translated amplitude ratiosof about ten, nine, and two
for the three components. One at C, for the one-tenth
position, gives ratios of about one, one, one. Another
one-tenth position pick-up, placed on the same side of
the string but at the opposite end, D, will bave tuese
same ratios but the phaseof the even numbered partials
will be reversed, while that of the odd will still be
the same. If C and D are used 1in combipation, with
equal amplification, the odd numbered partials ten will
neutralize. Such complementary-~position pick-ups, uo
matter at what fractional string positions, may titus be
used to cancel all even or all odd-numbered partials
translated from a string, while a mid-point pick-up
translates only odd numbered partials.

Let us see now what happens if we combine, say A
with B. The fundamental componeat of A, with ampli-
tude 10, and of B, with amplitude 10, aid, making par-
t1al one of amplitude 20o0mn our scale; the translatious
of the third component, however, are 1n reverse phase
but diitering amplitudes. At A it has an amplitude of
minus live, while at B it 1s plus nine; tne algebraic
sum, therefore, 1s plus four.

The tenth partial at A 1s zero, and, at B, two.
The same numerical and tonal results are obtainable by
combining A and D. Of no consequence 1s the tact that
the relative phase of the tenth partial to the other
two would thus be reversed. This has no influence on
tone quality.

It we combine B and C together, again with equal
amplirication, we get apnother spectrum, as Shown in the
Figure; shown also 1s the combined tranmslatious of A
and C as well as A, B and C together.

Let us now take advantage of phase reversal and
of amplitude control of the translation of A, B aud €,
provided in our mixing system. Take, for example, A's
and B's translations at one half amplitude and of the
same pbase, and combine these with C's trauslation at
tull amplitude with reversed phase. We have now elimi-
nated the fundamental altogether, and turned the ampli-
tude distribution completely about with respect (o the
remaining two partials. There 1s an eudless variety
of such wmixtures possible with comtinuously variable
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control over the amplitudesof the translations of sev-
eral such pick-ups in difterent positions and with re-
versible phase.

OPERATION OF TONE-CONTROL CIRCUIT

But wego yet another step further by applyiug the
control over frequency-amplification characteristic 1n
the amplifier circuit following the mixing system.

In Figure 14,1 show two extremes and one mean ad-
justment of the coutinuously variable tome control.
hith it any of the tone spectrums obtainable from the
mixing system may be reproduced about as delivered by
the latter using A; may bé depressed in amplitude in
the lower and elevated 1u tne upper trequencies as in
C, or may be reduced somewhat in the lower without much
change 1n the higher frequencies as in B.
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Obviously, by meansof these various controls over -

haraonic composition, a great many varieties of tone
quality may be obtained fromthe relatively fixed qual-
ity present in the piano string.

The output of this tome control system, as pre-
viously shown, is fed into the first common tube of the
amplifier. Tuis tube tuen feeds 1nto a pair of s9 type
tubes in push-pull and used as turee-element tubes.
Controlling this input iS a master gain control poten-
tiometer, used to set the maximum output sound power.
These power-amplifier driver tubes teed 1nto a o0 ohm
matching transformer feeding 1nto the power amplifier.
In this <00 ohm line 1s placed a constant-impedance
attenuator controlled by a foot pedal. With this the
pianist has 1instantaneous control of tone power and
with 1l numerous importaut musical eflects may be se-
cured.

1 showthe power amplifier, speakers, power supply,
etc., 1n Figure 1s. Tne power amplifier uses push-pull
S4s tubes 1naClass A circuit. Between these tubes and
the speakers, in addition toamatching transformer, 1s
a low pass filter, cutting off at about 6,000 cycles.
This filter does mnot appreciably affect the desired
tone quality, but 1t very greatly reduces those trouble-
sowe and unpleasant noises rntroduced by av amplifier

10

at even subnormal output power. Two self-excited speak-
ers are used, with crossed sound beams, for better dis-
tribution of the high frequency portion of the output
souna spectrum. The entire amplifier is a.c. operated.

Fi16. 15
PowER AMPLIFIER, POWER SuPPLY, SPEAKERS, ETC.,
ARATE CABINET.

IN SEP-

Tnat part of 1t up to the power amplifier 1s included
in tne piano as a pre-amplifier, the remainder is in a
separate cabinet. Counection between them 1s made by
a multiconductor cable ana detachable multiple connect-
or. The entire piano 15 electro-statically shielded;
on the bottom by screening, and otherwise by comducting
paint made ol a solution of colloidal grapnite.

TONE CHARACTERK CONTROL BY ENVELOPE SHAPE
For control over the tome character by envelope

change a number of principles, as shown 1n Figure 16,
are available. For example: to change the dynamic

.

RESONANT  STRINGS .

BRIDGE

(A)

(B) OPPOSING DAMPED ¥ UNDAMPED STRINGS.

s0 I—’y
(C) DELAYED TRANSLATION - FLATTEND STRING.

H

Fig.16. TONE ENVELOPE CONTROL PRINCIPLES.

character from that of the piano, beginuing with per-
cussive traunsients aund falling logarithmically in am-
plitude, to one without percussive transients and with
an initial rising amplitude, like that of wind instru-
ments, we may usethe principle ol resonauce, as illus-
trated by A. If ome striug be struck, and 1f pick-up
be confined to acoupled resonant string, this complete
change of dynamic character will be provided. For per-
cussion, pirano-like, tone, translation may be from the
struck string; 1ntermediate eflects may be had by com-
bining the two strings’ vibrations.
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Or, we may strike two similar strings, dampone and
pick-up from the two with either mechanically or elec-
trically reversed phase, as shown at B, The initial
portions of both neutralize, due to reversed polarities
of charge; the undamped string, continuing, as the damped
one falls rapidiy in amplitude, provide together, the
rising amplitude character, devoid of percussion tran-
sients peculiar to the wind instruments. Again, other
tone-envelope shapes may be secured by translating from
the damped string, alonme, or from both, with aiding
phase.

Another method, illustratedby C, is to usea some-
what flattened string, strike it along the long axis of
its cross-section and apply pick-up normal to this
striking direction. Such a stiring is in a condition of
dynamic unbalance when first struck. It starts vibra-
ting inthe striking direction and tnen gradually swings
about 1in a direction at right angles. A pick-up ol
length greater than' the maximum over all vibration am-
plitude, positioned at right angle tothe string's axis,
and parallel to thestring's initial vibration direction,
will not tranmslate during this early part of the tone,
containing the percussion noises, but will translate
efficiently as the direction of the string's vibration
swings around normal to 1t. Thus the wind instirument
starting characteristic 1s again obtained.

We may, in other methods, shown in Figure 17, so in-
fluence the pick-up apparatus by delaying 1ts transla-
tion eificiency, that 1t 1s insensitive to the percus-
sion transients, and so that 1ts sensitivity builds up
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(B) DELAYED TRANSLATION (DAMPER SWITCH).

Fig. 17. TONE ENVELOPE CONTROL PRINCIPLES.

and continues 1n any desired manner. With the elec-
trostatic translation systems this delay may be secured
by use of a switch operated by the key, hammer, damper,
or other part of the action. If, as in A, the hammer
be used, a contact between it and its back-check will
close a circuit after the percussion transients have
subsided. If that circuit include a coudenser in paral-
lel with the string, necessarily now insulated, and a
resistance, in series to the switchand charging voltage
source, then the delay is secured by delay in the ap-
plication of the charging voltageon the striug and the
consequent delay in the building up of the translation
efficiency for that string; this delay may be made as
slow or fast as desired, by choice of the time constant
of the resistor condenser circuit. In order that the
operation may be repeated, the string and 1ts associated
condenser must be discharged wheu the key is released.
1t may be discharged, asin A, by a permapently connected
resistance, across which the charging current maintains
the charging voltage, so long as applied by the key-
controlled switch; or 1t may be discharged, as 1in B, by
use of a double-turow switch, which connectisthe string,
through its delay circuit, to the charging voltage, when
the key 1s down, and which, when tune key is released,

11

discharges the siring and condenser, again through the
delay circuit. The inclusion of the delay circuit also
1n the discharge pathis not so much for the purpose of
delaying the discharge as’to prevent reproduced click
noises resulting from too sudden a change in string
potential. A condenser across the switch contacls pre-
vents these noises when the switch opens. To further
prevent too rapid potential changes, at least ome of
the switch contacts should be of a type providing de-
crease of resistance with increase of pressure. A small
pad of soft leather impregnated with a dilute solution
of colloidal graphitevery simply provides this require-
nent.

Until very recently the present instrument had the
bammer and back check type of switch 1n operation

throughout. A detail view of this type of delay action
1s shown in Figure 18. Here the hammers and back checks,
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Fig. 18
HAMME R-BACK~CHECK TYPE OF DELAY-ACTION SwiTCH.

with aquadagged-leather contact surfaces, connecting
wires, and the condenser and resistors of the delay
circuits, are shown. This scheme is still in use 1n
the region above that provided with dampers, that is,
1n the top twenty-oue notes. In the restof the instru-
ment we have recently installed the improved damper type
switch. 1 show this, in detail, in Figure 19. Note tne
small rods on top of tne dampers. These push up the
rlexible switch poles, which coutact in up and down
positions, with aquadagged telt pads cemented to brass

Fia.
Dauper TyPE OF DELAY—=ACTION SwiTCH.
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strips. The spring switch poles connect, through two
section filters, to the strings. The brass strips are
connected to the main, multipole switch, for control of
their comnections to the polarizing potential source
or ground. Shown here also are the various control aud
switcning connections.

ARTIFICIALLY-IKCREASED TONE DAi4P ING

To reverse the delay action, that is, to permit
normal initial translationof the string vibration with
its percussion transients, but to artificially increase
its rate of decay to any desired degree, the string may
be normally fully charged but immediately start dis-
charging as soon as the key 1s pressed. The rate of
decay of transiation efticiency may be varied by coun-
necting this discharge circuit to some point on the
charging voltage, source lower than pormal, such as one
third, one half, zero, or even reverse voltage.

Taere are important musical advantages with this
artificial damping control. For example, with some
types ot music the normal dampingof our strings, with-
out a coupled soundboard, may be too low. The eftect
of this is a muddling or running together of tones in
rapid passages. In previous demonstrations of the
Flectrunic this muddling effect has been noticed by some
musicians. Mow it is possible to adjust this damping,
thus providing any desired degree of distinction of in-
dividual tones played in rapid succession. The exact
degree found in the best pianos can be obtaiuned.

An important additional advantage is obtained with
this scheme. The artificial damping control may be
made to operate onlyon the early portion of the tomes,
and thus leave the remainder to go on with the low damp-
ing of the string, thus obtaining the very much desired
sustaining power, without increase ot muddiness in rapid
playing. For special effects, sucu as harp, bamjo,
drum, etc., the bigher damping rates are used.

The time, translation-efficiency characteristic
obtainable with these delay circuits, may be adjusted
to different forms as shown in Figure 20. Here (a)
shows the zero voltage axis and, above it, the normal,
steady-voltiage impressed on the strings for full, un~
modified, translation of the string vibrations. At Ib)
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Fie. 20
0SCILLOGRAMS OF STRING—CHARGING VOLTAGE AS CONTROLLED
8y Decay CiRrcuiTs.

is shown first, normal charging voltage at the left,
then the decrease to a moderate degree of artificial
damping by decreased translation efficiency. At (¢)
a quite bigh artificial damping is provided by a quick
drop to a low charging voltage. At {d) is shown the
effect of two key blows in fairly rapid succession with
a moderate artificial damping adjuswtment. At (e) is
shown the rising characteristic adjustment for wind

12

instrument tones. Here the string voltage is zero un-
til its key is struck. Then the delay action switch
connects the string, thru 1ts delay circuit, to the
charging voltage source. The smooth rise of the volt-
age 10 a steady value in about one fifth second is here
shown. At (f) is shown the rise and fall of string
voltage, for this wind 1npstrument adjustment, when a
note is rapidly repeated by key blow. As soon as the
key 1s released its switch opens the charging circuit
and discharges the string and its associated condenser,
after which the next key blow repeats the charging
action. So long as the key is iield, the string voltage
remains constant.

In Figure 21,1 show some oscillograms of a vibrating
piano string (middle C-261.6 cycles) without and with
modificationsin its envelope shape, introduced by these
time-translation-efficiency controls.

Fig 2).

H

f

-
(1

1€
Fie. 21

0SCILLOGRAMS OF TRANSLATED STRING VIBRATIONS AS
FLUENCED BY DeLay CIRCUITS.

The pormal, unmodified envelope of this string
vibration, as it appears in voltage across the loud-
speakers of our electrical translation system, is shown
at (a). This does not show the whole tone, because it
continued too long for the one-second sweep period of
the oscillograph. Notice the abrupt inception and im=
mediate decaying of the vibration at a slow rate. In

{b) is shown the same tone with its envelope modified "

by a slowly-falling time-translation-efficiency charac-
teristic. Observe here the moderate increase in damp-
ing of the tone. In fc) a quite rapidly falling char-
acteristicwas used, producinga toneot markedly greater
damping. In (d) is shown the effect of an artificial
damping of moderate degree plus the mechanical damping
of the felt string-damper with a rapidly repeated tone.

WIND INSTRUMENY TONES FROM STRUCK STRINGS

In (a) is shown the delayed inception of the tone
caused by the rising voltage characteristic adjustment,
Comparing this with the upmodified string vibration
shown 1n (a) we see that the abrupt inception of (a)
bas been changed toa gradual inception in (e), requir~
ing about 1/sth second, thus changing the piano tone
into that of a wind instrument.

In (f) is shown a thrice-repeated tone with this
same delayed translation efficiency adjustment. The
decrease in amplitude at the moment of key release is
caused by both decreased translation efficiency and
mechanical damper action. In all of these oscillograms
showing separate tones the sweep circuit was timed to
one second; in those showing repetition action it was
adjusted to two seconds.
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OSCILLOGRAPHIC APPARATUS

In Figure 22, I show a view Of the oscillographic
apparatus used in making these Oscillograms. A Von
Ardenne Cathode Ray oscillograph, o, o, was used with
a Dumont Cathode Ray Tube, T, of the time delay type.

Fie. 22
OSCILLOGRAPHIC APPARATUS SETUP.

A Leica Camera, C, with an electromagnetic shutter-
operating arrangement, S, took the pictures. The switch,
SW, at left, served t0 close the shutter-Operating
magnet circuit, andto start the sweep circuit, when the
switch bhandle struck the piano key. The oscillograph
deflecting voltage was taken from a transformer across
the speaker voice coils -—- for the tone oscillograms
last shown in Figure »1; for the voltage graphsof Figure
20 the oscillograph deflecting voltage was obtained from
a high-resistance potentiometer between string and
ground.

LOCATION OF DELAY CIRCUIT SWITCHES

The most advantageous point in the action, for
operation of the delay circuit switch, is in the damper
mechanism., With the back-check switch, the organ or
wind i1nstrument tones could not be held, after key re-
lease, by use of the damper-control sostenut0 and sus-
taining pedals. The reason for this is, that key re-
lease opened the string-charging switch, thus discharg-
ing the string. Fven though the string was allowed to
continpue in vibration, after key release, by holding
the damper up with pedals, this vibration would not
translate, due to the lack of tramslating efficiency
caused by string discharge. The organ tonme, therefore,
could only be held by holding the key down, a technique
confusing and limiting to a piamist, who relies very
stroogly on his sustaining pedal, and, to some degree,
on his sostenuto pedal, for sustaining all or given
tones after his fingers have quit the keys. These same
objections apply equally to a switch located in any other
part of the key and hammer action. If however, the
switch is operated by some partof the damper mechanism
these difficulties are eliminated, for the reasoun that
the dampersare controllable by both keyboard and pedals.
When so operated, desired tones, only, may be held by
use of the sostenuto pedal, by depressing it after the
correspouding keys have been struck, and while they are
still held; or any and all tones, once started, may be
held by means of the damper, or so called, loud pedal.
By such a plan, which we bave incorporated in this in-
strument, the wind ilnstrument Or Organ tones may be
controlled with a pormal piano-playing technique re-
specting both keys and pedals.
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ORGAN-PLAYING TECHNIQUE WITH PEDAL

For varying the inception of single tonesor chords
played slowly, the foot volume control may be used ad-
vantageously tor introducing, merely by swell pedal con-
trol, groups or single tones Of wind instruments in an
otherwise piano performance. It also aids the hands in
building up crescendos or in diminuendo passages.

ENVELOPE-CONTROL MASTER SWITCH

By means of a main, multipolar switch, the indi-~
vidual string-charging switches may be so connected
that either percussion Or organ type tones are secured
throughout the keyboard range; or one half may be made
organ, the other percussion, Or the reverse Of this may
be secured. To prevent loud noises in the reproducers,
caused by the sudden and large voltage shifts in the
pick-up system, resulting from the operation of this
master switch, inter-positionand Overlapping segments
On this switch provide, with a contactor, for short
circulting the soo ohm line to the power amplifier as
the switch changes position.

CONTROLS

In Figure 23,1 show the various controls in a
close-up, front view of the Electronic. At the extreme
left isamaster volume control for setting the extreme
volume obtainable by the foot swell. Next comes the
three amplitude and phase reversing controls for the

Fig. 23
CLOSE—UP OF ELECTRONIC P1ANO CONTPOLS.

manual mixing of the three pick-up tube amplifier out-
puts. Next is the amplifier-frequency characteristic
control. In the middle is the preselected tone quality
switch group of six buttons. The extreme left button
is a red one and, when pushed in, serves to switch in
the manual mixing controls to its left, or, when out,
the other five buttons at its right, controlling pre-
selected, tone mixtures. If one of these be pushed,
with the red button already in Operation, the red one
springs out, disconnecting the manual controls, and
the new one takes effect; or if one of the other pre-
selected qualities be now desired, a push On its button
will release the last and give the new quality. Next
10 the right is the master polarizing voltage control
switch. This has four positions. One provides per-
cussion tones throughout the piano keyboard; the next,
wind 1nstruments throughout; the next percussion below
middle C and wind above; the last wind below middle C
and percussion above. With any of the adjustments Of
this switch all of the tone quality contrOls are ef-
fective. The last knob, at the right, controls the
artificial damping of percussion tones. Not shown in
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this pictureare the swell, damper, and sostenuto pedals
below On the lyre.

This completes, except for details, the descrip-
tion of what I have come to call my ELECTRONIC PIANO,
wherein are brought together a very new and a very old
art.

PATENT LITERATURE

For details of its construction, and for much
more complete explanation of its operation; for other
alternate methods and constructions, and improvements,
and for descriptions of some wholly new electronic
musical instruments, I refer you to our nineteen al-
ready issued patents, appearing as an appendix to my
pPaper; numerous other patents will issuein the future.

COMMERCIAL DEVELOPMENTS

With regard to Commercial developments, these may
be worked out in many ways.

No great skill is required in making an electro-
nic piano. With the removal of the acoustic principle
of its operation has gone practically all the artisan-
ship of 1its construction. Furthermore, since the
strings are no longer called upon to vibrate a large
soundboard, they need not be nearly so long, or so
large, or so high in tension. The iron plate on which
they are strung may then be made smaller and lighter;
the rim, and beams attached to it, no longer called
upon 10 restrain the outward push of the soundboard,
caused by the downward pressureof the strings, may now
be much lighter; there need be only one or two strings
where now there are three.

These changes in the piano itself make it much
smaller, much lighter and much cheaper t0o manufacture.
In fact the smallest baby grand provides more than suf-
ficient size, andmuch more strength and weight than is
required for our electronic design.

The electrical apparatus required to make it func-
tion 18 hardly more complicated than a good radio set.
As amatterof good judgment, the audio frequency ampli-
fier, reproducers, and power supply can serve, not only
for the piano, but very logically, foraradio frequency
amplifier and detector, and for a phonograph pick-up
also. Such a complete instrument, providing radio,
phonograph, and electronic piano performance, could
surely be manufactured as cheaply as a good piano of
moderate size. For very cheap instruments we may use
the entire amplifying and reproducing equipment of an
existing radio set, and provide in the piano, only a
small tube oscillator, whose input to the radio set
would be modulated by the vibrationof the piano strings
to and from the electrostatic pick-ups. Or, we may use
only the audio amplifier and reproducers of the radio
set, by providing a small preamplifier in the piano.
Another branch of commercial activities might concerp
itself with conversionof existing acoustic piamos into
Electronic pianos.

COMMERCIAL DESIGN

In Figure 24.1 show a commercial design of an
ELECTRONIC PIANO of this type, made under patent agree-
ments with my own company, Miessner Inventions, Inc.,
and with Oskar Vierling, of Berlin, by the well known
piano manufacturing company, August Forster, at Ldbau
Saxony, and in Czechoslovakia. These are now on the
market in numerous foreign countries, and are known by
the name "Flectrochord.”

SUMMARY OF IMPROVEMENTS

I have previously mentioned that all conceivable
or useful controls over tone character such, for example,
as feed back, to keep strings vibrating as long as keys
are held, are not included in the present inStrument.
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Among those included, in addition to those of a normal
pirano, are:-

1} A rather full control of harmonic composition,
within the limitsof the spectrum Of the struck
string.

2) Control of the tone envelope shape, except for
indefinitely sustained tones.

3) Mass dynamic control by foot swell.

— fv=-Elektrochord

DPas universelle Musikinstrument des
20, Jahrhunderts!

Horstoller: August Forster, Lobau i, Sa., Flugel- und Piano-Fabriken
Fra. 24
CoumercIAL DESIGN OF ELECTRONIC PIANO MADE IN GERMANY.

In addition, the divided keyboard permits, when
desired, simultaneous play, in different registers, of
tones differing in character by change of envelope shape.

CONCLUSION

In conclusion, and before beginning our demonstra-
tions, I wish to express my thanks to thbe Radio Club of
America, and t0 Columbia University and Doctor Dykenma,
for their kindness in arranging this meeting, and to
my audience for its attentiveness toalong, and arduous
technical paper.

I wish, turther, to thank my brother, Dr. W. Otto
Miessner, of Chicago, for his original suggestion some
ten years ago of the piano as a research problem, and
for his musical guidance from time to time; to Mr. Anton
Rovinsky, for hismany helpful suggestions; to Mr. Harold
Bauer, for his interest and criticisms; to Dr. Frwin
Meyer, of the Heinrich Hertz Institute, of Berlin, for
useof his Spectral analysesof Musical instrument tones,
shown in Figures 1, 2, 3 and 4; to Dr. Dayton C. Miller
for oscillograms of violin and voice tones in Figures g
and s, from his "Science of Musical Sounds"; to my
collaborator, Dr. Oskar Vierling, of the Heinrich Hertz
Institute, of Berlin, with whom I bave a cross-licensing
patent agreement; and finally to Mr. Charles T. Jacobs,
my technical collaborator and patent attorney, who has
made numerous important technical comtributions to tiis
work during the past three years.

APPENDIX
LIST OF ISSUED PATENTS IN U, S. A.

SUBJECT Number Issue Date

Photo Electric Organ 1,886,587 Nov. 8, 1933
Multiple Picl-up Tone Control 1,906,607 May 2, 1933
Bucking String Organ 1,912,203 May D, 1933
Sidewise Translation 1,915,868 June 27, 1933
Time Delay Organ 1,915,859 June 27, 1933
Translation-efficiency Variation 1,915,860 June 27, 1933
Multiple Translation 1,915,861 June 27, 1333
Tone Control By Sidewise Pick—up 1,929,027 Oct. 3, 1933
Amplifier Frequency Control 1,920,028 Oct. 3, 1933
Inter-vibrator Coupling 1,939,028 Oct. 3, 1933
Uncouplable Soundboard 1,909,000 Oct. 3, 1933
Sustained Tones by Feedback 1,928,031 Oct. 3, 1933
Tone Control Stop System 1,939,032 Oct. 3, 1932
Different Vibrators for Tone Types 1,933,294 Oct. 31, 1033
Resonant String Organ 1,933,205 Oct. 31, 1933
Non-linear Translation 1,933,296 Oct. 31, 1933
Longitudinally-vibrated Bars 1,933,297 Oct. 31, 1933
Flattened String Organ 1,933,208 Oct. 31, 1933
Timbre Control, Pormants, etc. 1,933,299 Oct. 31, 1933
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THE BEHAVIOR OF GASEOUS DISCHARGE
TELEVISION LAMPS AT HIGH FREQUENCIES

By

H. J. Brown*

Probably the most common source of light used
for the reception of television images is a gaseous
discharge known to the physicist as a glow. The
discharge is usually thru one of the noble gases as
argon or neon in a sealed glass envelope at a low
pressure. The light output of a lamp so comstituted
is capable ot rapid changes and while it is far from
ideal in color the simplicily and ease of comstruc-
tion of such lamps and the convenience of their ap-
plication has given them wide use 1nmechanical scan-
ning systems.

In discussing the elements .0of a mechanically
scanned television system it 1is relavent at the
start to mention one importaat feature of the system
as a whole.

While it is probably true that a mechanically
scanned television system cas only with great cost
and complication realize the same large number of
picture elements that are readily possible with the
cathode ray type of scanning system, the ease with
which precise spot placement and spot size may be
realized in the mechanical type of system off-sets
this advantage of the alternate type of system to a
degree that has been estimated tobe as high as fifty
per cent.

In view of these facts and in view also of the
fact that the mechanical difficulties in the mec-
hauical systems are probably not without their
counterparts in the electrical problems 1involved in
the cathode ray type of system, itis felt that there
1s still a considerable justification for the inves-
tigation of the properties of the glow lamp with
their application to the problems of television in
mind as is herein reported.

The glow lamps discussed in this paper were of
two distinct types. One, suitable for use with
aperture disc, included flat plate cathodes 12" square
while the other was of the "crater" type with a cir-
cular cathode 0.060" 1n diameter. The gaseous atmos-
phere of the lamps was neon in both cases, at pres-
sures giving a breakdown voltage of about 175 volts.
The current rating of both lamps was about 30 milli-
amperes so that the current density at the cathode
ot the crater lamnp was many times that of the other
lamp. The emitted light 1n both cases came irom

*Engineer New York Civy.
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‘the negative glow region of the discharge and was

1dentical in appearance.

In a glow discharge as employed in the lamps
here discussed the negative glow is a‘region char-
acterized by high ion density, small net space charge
and low electric field intensity. The dark regionm
between the glow and the cathode has a high space
charge, and a much greater field intemsity. In tact
substantially the entire voltage impressed upon the
lamp "appears across this cathode dark space, the
elecirons gaining velocity from this field toplunge
them into thenegatlive regiom with sufficient energy
10 create positive 10ns and to excite atoms with a
consequent production of light. Im Fig. 1 is shcwn
the static characteristics of the two types of glow
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lamps under test where it may be seen that the pro-
duction of light 1sa simple, direct function of the
current thru the lamp and is largely independent of
the voltage across the lamp, from which it is obvious
that the practical and important characteristic of
these lamps is their current-light relation par-
ticularly inso far as this characteristic isrelated
to the frequency of the current exciting the lamp.

When operating in a conventional television
system, the current thru the lamp is a modulated di-
rect current. This is equivalent, of course, to an
unvarying current with apalternating current super-
imposed. The alternating compoment of the current
should provide an alternating component of the
emitted light if the lamp is to be suitable for
television purposes, and a lamp of such characteris-
tic may then be considered as a tramsducer between
current and light and assuch requires that considera-
tion be given to the following important characteris-
tics.

Frequency Discrimination,

If the degree to which the light is modulated
for any degree of current modulation isnot substan-
tially the same at all useful frequencies of current
modulation the light output of the lamp will not
truly represent the wave form of the current and
will, of course, emphasize certain frequencies or
rapges of frequency and discriminate against other
ranges of frequencies.

Phase Shift,

If the light output of the lamp is not in pre-
cise time agreement with the current thru the lamp
thruout the cyclic variation of both, there is,
a8 phase difference between the light and the cur-
rent. Such a phase difference between current and
light output is obviously present in the filament
type of lamp as a result of its thermal inertia and
.in which the light lags behind the current 'in time
relationship. In the gaseous conduction lamp, how-
ever, the light will often lead the current as is
shown in what follows.

Harmonic Distortion.

The dynamic lighi-current characteristic may
depart fromstrict linearity inwhich event harmonics
in the light output will be present over and above
such barmonic content as may be present .in the lamp
curreat thus giving rise to harmonic distortion of
the light output.

If these characteristics of a current-light
transducer such as the lamps here considered are
known and found tobe satisfactory, only a knowledge
of the characteristic impedance of the lamp is re-
quired to serve as a basis for the rational choice
of the equipment to be associated with the lamp and
for the prediction of the general operating proper-
ties of the sysiem employing these several elements.

And if there isa reasonable degree of linearity
betweer voltage and current, and light and current,
a vector diagram may be drawn for any particular
frequency showing therelative magnitudes and phases
of these three variables. If any correlation exists
between these variables a series of diagrams for
different frequencies should tend to bring it out.

Measurement of Lamp as Transducer:

The obvious way to measure the light output of
a lamp whose color is nearly invariable is to use a
photo-cell. The electron emission from a photo-cell's
cathode is strictly proportional to the quantity of
light of fixed frequency impinging on it. Thus if
saturation voltage is applied to the cell anode a
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current will flow, the magnitude of which 1spropor-
tional to the light falling on the cell. In high
vacuum cells there will be few collisions between
electrons and gas molecules so that we need expect
no internal effects, other than those due to the
geometrical capacity between elements, tending to
prevent the space current of the cell from following
the comparatively slow flucuations of light encoun-
tered in these experiments. The external character-
istic of the cell (Fig. 2)

Current

Eaesumi Oxroe
S PHoTos e

73

: "™
Voltege

light shows a detinite Schottky effect but 1t hardly
suggests the presence of ionization by collision,
the curve being concave downward up to 13§ volts.
In our experiments we used a cell voltage of a0,
large enough to 1nsure saturation, and small enough
to prevent appreciable ionization current.

It 1s especially interesting to pote the dif-
ference between excitation by a line spectrum (neon
lamp) and a continuous spectrum (filament lamp) 1n
the sharpness of cutoff, as shown 1n Fig. 2.

The A.C. component of the photocell current
must of course bebuilt up to a value sufficient for
measurement of magnitude, of phase, and of wave
form. There must be no question of fact that this
transfer takes place with a known degree of accuracy,
and for this reason, the comparison method of mea-
surement was used as indicated in Fig. 3 and a.

LAMP DRIVING CIRCUIT

- %Sjl ﬁ(ﬁ:

S [ D l

&
€40 WL BFFECTIV CAPMLITY
™ AHUNT WITH DISCHARSR ‘@"‘
® Sunf 9
€y* TUDAL EPPRCTIVE cAMMEITIV
" BHUNT WITH R, = B8unf

Fic 9

The lamp driving circuit (Fig. 3) 1s arrapged
to superimpose an alternating current relatively
free from harmonics on the steady direct current
thru the lamp. This alternating current, flowing
thru R, actuates one pair of deflection plates of a
cathode ray tube and provides a calibrating voltage
for the amplifier shown in Fig. a4, the magnitude of
this current being measured by a thermocouple. The
attenvator (Fig. a) is so adjusted that the voliage
introduced at the input of the amplifier isapproxi-
mately the same as the A.C. voltage generated across
R by the photocell. The output voltage from the
amplifier actuates the volimeter V, and the second
pair of deflection plates of the cathode ray tube.
With the photo-cell hooded, the voltage Vac {pro-
portional to the A.C. component of the lamp current)

is introduced into the amplifier which is then ad-

for constant impressed
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justed for unit output and zero phase shift. Point
A is then disconnected and grounded and the cell is

unhooded. The resultant current-light excursion on
CALIBRATING CIRCUITS
R
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the cathode ray tube will show the phase shift and
any harmonics preseant. The volimeter reading will
tell the relative response.

In making these measurements a multistage wide
range amplifier was used. Altho the measured re-
sponse of the fundamental frequency in the light
output is independent of the amplifier characteris-
tics, to obtain a true current-light excursion the
amplifier and input circuit must be distortionless
thru the range of harmonics encountered in the light
output. It is a simple matter to extend the distor-
tionless range of the amplifier by increasing the
gdumber of stages while cutting down the gain per
stage. But to increase the range of the input cir-
cuit 1t is necessary toreduce the value of resistor
R. Random noises in the input circuit will tend to
encroach on the signal as R is reduced making the
measurements less satisfactory and for this reason
a minimum value of 20,000 ohms was chosen for R.
This gives a conservative upper limit of 160 k.c.
for the calibration for the fundamental frequeacy
and a lower value, depending on the harmonic coantent
in the light output, for an accurate excursion. As
it bappens, however, the harmonics in the lower re-
gion are not noticeable and in the upper region are
not qualitatively indicated on the excursion, so
their effect will be neglected in the measurements.

The resistors used in the calibrating circuits
and in the measurement of the lamp current are of
the metallic film type. These elements have only
easily calculable and measurable geometrical capaci-
tances to affect their impedance. It is, therefore,
a simple matter to choose values that will be sub-
stantially non-reactive. Only in the case of R
(Fig. 4) was. it necessary to supply especial mount-
ings to reduce and establish this capacitance as
represented by C,. In the attenuvator the effective
capacitance in shunt with the resistors 1s largely
negligible because of their low values and is elim-
inated from R by shielding.

Experimental Results;
Light vs, Current, Amplitude Response and Phase Shift:

The frequency response curves as a current-
light transducer are shown in Fig. s for the wwo
lamps whose static characteristics were given in
Fig. 1. At low frequencies the excursion for both
lamps has the same general form as the static char-
acteristic and a very uniform response. In the case
of the crater lamp, the response after falling to a
minimum around 10,000 cycles slowly rises with fre-
quency until at the upper limit of our measurements
it is about so per cent greater than the low fre-
quency value. The flat plate lamp has a'20 per cent
1ncrease in response to 40 k.c. where there is a
sharp discontinuity. It then falls to a value at
160 k.c. not markedly different irom its low fre-
quency response.
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While the above results are strictly true only
for a degree of modulation of about S0 per cent,
they are- characteristic of the behavior of these
lamps over wide ranges of modulation and polarizing
current, with the exception of the break inthe curve

Refptive Kesponse

008 2009 28 000
Frequeancy

of the flat plate lamp. 7This break is accompanied
by so high a circuit impedance that itis impossible
to force alternating current thru the lamp, and it
1s a property of this particular lamp for a narrow
band of frequencies between 39 and u! k.c.
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There is a marked difference in the performance
of the two types of lamps with respect to phase
shift. All crater lamps tested having a small en-
closed cathode showed a leading angle for the light
with respect to the current while there was no ob-
servable phase shift with flat plate lamps. The
angle of lead for the crater lamp whose response is
plotted above 1sabout 15 degrees for the above con-
ditions at $0 k.c. Ii{ is proportional to frequency
from zeroto 90k.c. after which tends tobe constant.
It is independent of the degree of modulation and de-
creases with increasing polarizing current.

Lamp Impedance:

The measured values of lamp impedance affords
an interesting correlation with their observed light
response. As with all instances of gaseous conduc-
tion, there isa time lag between ionization and the
ioni1zing agent. In general 1t would be expected that
devices such as these lamps, which depend on the
creation of ions by collision to provide for the
passage of current, would present inductive reactance
to alternating currents. In Fig. 6 and 7 is shown
the equivalent self inductance for the crater lamp
as a function of frequency and current. This self
inductance provides substantially the entire imped-
ance of the lamp, the resistance component being
small or negative. For high frequencies the induc-
tance tends to approach a constant value determined
only by the polarizing current. Thus, the alternat-
1ng current lags the voltage by a large angle.

The flat
ductance.

plate lamp also shows self in-
It tends to have a conmstant reactance
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(Fig. 8) rather than a constant inductance; but as
the resistance component is large and increasing

= TpesamA T

with frequency, this lamp has a very much smaller
phase angle between the applied current and voltiage.

In Fig. 9 are given vector diagrams showing the
relationship between the factors of impedance and
light characteristics. It 1s definitely suggested

by these diagrams and the response curves that the
1increasing voltage variation across the lamps 1s
responsible for the rise in the lLight response with
frequency. It will also be noticed that a small
phase angle between current and voltage isassociated
with a negligible phase angle between current and
light, while the large voltage-current angle ot the
crater lamp has with ita laght, current phase shift.
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The impedance variation also parallels the var-
iation of the light response for the two lamps. The
continuously rising impedance of the crater lamp
has with 1t a continuous rise in the light response.
The impedance of the flat plate lamp tends to ap-

proach a maximum in the same range asdoes the light
response.

Circuit Application:

The circuit application of neon glow lamps is
very simple. They should bedriven thru asufficient-
ly high impedance circuit to minimize the effects
of non-linearity, frequency discrimination, and phase
shift inherent 1n the impedance characteristics.
The pentode type of output tube with a plate resis-
tance of the order of 100,000 ohms has shown itself
to be satisfactory. A simple series connection of

NEON LAMP- VECTOR DIAGRAMS

OF AC. COMPONENTS.
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the lamp, tube plate and power supply 1s preferable
to a shunt feed in that 1t provides a lower capacity
shunting the lamp. This 1s very desirable as the
crater lamp athigh frequencies has aself iuductance
inversely proportional 10 the current. For a sinus-
oidal current thru the lamp there will be by neces-
s1ty harmonics in the voltage. Shunt capacity around
the lamp will decrease the voltiage harmonics with a
corresponding increase 1n the current harmonics flow-
ing thru the lamp, aswell lower the actual response.
The upper limit of response of the crater lamp will
obviously be limited by its inductance and its shunt-
ing capacity. With aseries feed, this capacity need
not be greater than 25 uuf. including the plate to
ground capacity of the tube. As the lamp inductance
is around 4 millihenrys, itmay be sately said that,
to the upper limit of the current-light response
measurements, this lamp will cause little loss in
picture quality.

Conclusions:

It is believed that the data here given shows
quite positively that a crater lamp of conventional
design will be found completely satisfactory for
television systems employiug 120 lines per trame
and 2% pictures per second. And it is quite likely
that they will be found useful for systems requiring
even greater detail thawm this. Since no theoretical
basis has been evolved to rationalize the results
here reported, it is not possible to make any esti-
mate of the limit of response of the behavior of
lamps of other physical characteristics. However,
in view of the fact that the interesting characteris-
tics herein reported were found 1in lamps which had
been built without any attempt at design for any
special characteristics and without any understand-
ing of the factors involved 1n the high frequency
characteristics, it is believed that glow lampg can
be developed that will provide satisfactory perfor-
mance in any otherwise practical television system.

In closing I wish to acknowledge with sincere
thanks the advice and assistance of Mr. J.B. Russell

of Columbia University.
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THE DESIGN OF RESISTANCE ATTENUATORS
FOR RADIO FREQUENCY USE

By

Malcolm Ferris*

Resistance attenuators have recently been very
widely used for radio freguencies up 1o about '20,000
kilocycles, especially insignal generators and simi-
lar apparatus.

The resistances used aselements 1n such atten-
uators must be so designed that skin efiect, series
inductance, and shunt capacity do not introduce ap-
preciable error. I have found tkat wire wound re-
sistors of the bifilar type are most satisfactory,
as this type of winding has the lowest inductance.
It is true that italso has high shunt capacity, but
this can be held to values that are negligable even
at 20,000 kilocycles, for resistances up to 2s ohms.
For higher values of resistance, two or more 25 ohm
resistors can be used in series. An attempt to wind
a bifilar resistance of several hundred ohms in one
unit would of course result in failure, due to high
shunt -capacity. This does not show, however, that
the bafilar type of winding 1s unsuitable for use
at high frequencies, but merely that suitable care
must be exercised in using 1it.

Resistances of 5 10100 ohms are the most prac-
tical to construct. Below s ohms, very careful de-
sign 1s necessary i1f the inductauce of the leads is
not to cause error, and above 100 ohms, shunt capa-
city becomes more troublesome.

Far more troublesome than the effect of induc-
tance or capacity in the individual resistances, 1is
the effect of mutual 1nductance, or capacity between
sections of the attenuator which are operating at
widely different voltage levels. Betore consider-
ing these effects 1in detail, onme factor that 1s of
greatest importance should be especially noted.

Resistance and inductive reactance in series
do not add algebraically, but combine vectorially

*Ferris Instrument Co., Boonton, N. J.
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1n quadrature, For instance, a resistance of ten
ohms aand an inductive reactauce of one ohm connected
1n series have a total impedance of 10.05 ohms, and
NOT 11 obms. This means that an inductive reactance
of one obm 1n series with a ten ohm resistor, will
cause only one half ot ome per ceut error, not ten
per cent error, as might be expected. This is one
of the important advantages of a resistance attenu-
ator, and undoubtedly is one of the most important
reasons for 1ts extensive use,

Fvery engineer who has considered resistauce
attenuators has of course realized that undesired
inductance and capacity may cause Serious errors. A
suggestion that has often been made i1s that two con-
densers 1p series would torm an 1deal voltage divid-
er, free from trequency error. This would be true
it 1t were possible to have such an arrangement en-
tirely free from inductance. Unfortunately, this is
impossible, and, as mentioned above, the undesired
inductance causes a much more serious error tham it
would i1n a resistance attenuator.

.

The arrangement of apparatus shown schematical-
ly 1n the diagram of figure ! 1s for the purpose of
illustrating this effect. If the slider 1is moved

IN\CROVOLTEK RECEIVER
o
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| Fig. 1 L

along the inductance L, a nodal point will be tound
where the input to the receiver falls almost to zero.
The photograph of figure ‘2 shows the actual arrange-
ment ot this apparatus, and the point of special
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interest is the actual physical appearance of the
inductasce. It will be noted that this inductance
is merely ashort length of wire, two or three inches
loog. At 13,500 kilocycles, the nodal point occurs

>
Fig. 2
with the slider about ome inch from the condenser
terminal. At 15,000 kilocycles, the nodal poinmt is
practically at the condenser terminal. In other
words, at 15,000 kilocycles, the inducténmce present
in the condemser itself, plus the mutual inductance
in the leads, is sufficient tocause one hundred per
cent error. It can be seen that 1t would be almost
impossible to make any arrangement of this apparatus
which would reduce the inductance emough tomake the
scheme useful at frequencies ot the order of 10,000
10 15,000 kilocycles, and even at frequencies of
the order of 1,000 kilocycles greatl care is required
to avoid such errors. !The condeunser used 1in the
above test was a .002 molded type)

Remembering that stray voliages due to unde-
sired i1nductance and capacity effects combine vec-
torially inquadrature, we can consider seme specific
cases, and see towhat limits these undesired induc-
tances and capacities must be held. Figure 3 1is
drawn toillustrate two of the most important sources
of trouble which must be considered. The attenuator
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shown has a five ohm impedance on each point, and,
with 100 M. A, input, has 500,000 microvolts at its

first point, and $ microvolts at its output end.

Consider the mutual 1inductance indicated 1im
figure 3fa). If we limit the voltage introduced in-
to the output circuit by this mutual inductance to
one half microvolt, which, combining in quadrature
with the five microvolt output of the attenuator,
would produce only one half of one per cemt error,
then the mutual reactance must not exceed 1/200,000
obm. Sipce at 10,000 kilocycles one microheury has
a reactance of 62.5 ohms, this mutual inductance
must not exceed opme thirteen millionth part of a
microhenry, if the above conditions are to be met
at 10,000 kilocycles.

In practice, the only way in which such a low
value of mutual inductance can be obtained is by
means Of very effective shielding between the at-
tenuator input and output circuits.

Figure 3(b) is arranged to skow another type
of effect which will cause serious error unless
properly considered in the design. The attenuator
in this case is the same as in figure 3fa), but a
switch is shown by which the output lead caun be con-
nected 10 any point on the attepuator. A condenmser
C-1 is shown 10 represent the capacity existing be-
tween the switch point which connects to the high
eud of the attenuator and the switch arm, which in
the figure is shown connected to the output end of
the attenvator. For the same conditions as above,
the curreut flowing thru C-1 must wnot exceed ome
tenth microampere, and since the driving voltage is
500,000 microvolls, this means that its reactance
must be at least 5,000,000 ohms, which at 10,000 Kcs.
means & condenser not greater than 3/1000 of amicro-
microfarad.

The permissible value of mutual inductance and
capacity as computed above are of 1interest mainly
to show the order of magmitude within whick these
factors must be held. It is of course impossible
10 measure one thirteen millionth of a microhenry
by any of the usual metbods of measuring inductance.
Tests of the attenuator for "leakage" and accuracy
usually show whether these values are within the
desired limits.

Figure 4 shows two attenuators which differ only
ip theswitching arrangement, the input being switched
ip figure afa), and the output in figure alb). As
shown, there is little to chose between these two
methods of switching.

The attenuators of figure u have a constant
impedance of five obms at amy point, but give onmly
five fixed values of output, namely 500,000, 50,000,
5,000, s0oo and S50 microvolts. For practical use,
this 1s not sufficient, and some scheme-must be used
to provide either conmtinuous variationm of output, or
else many more steps. Two schemes for this purpose
are in common use, and both methods have their own
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disadvantages as well as advantages. These two

schemes are:

fa) Variation of the input curreat to the at-
tenuator.

{b) Substitution of a calibrated potentiometer
for one of the resistances of the attenua-
tor.

()
N

(100 MA)

{100 MA)

Variation of the input current to the attenua-
tor is almost certain to react on the frequency of
the oscillator, unless amaster oscillator-power am-
plifier type of circuit is used. This reaction is
most serious when a heavy load must be drawn from
the oscillator. Careful design of the oscillator
circuit will reduce tbis reaction, but never entirely
eliminate it.

Unfortunately, thermo anmeters and other typesof
meters suitable for measuring attenuator. 1nput have
a deflection whichvaries with the square ot the cur-
rent. This means that about one third of full scale
current is about the lowest value that can be read
practically, and even at this value the accuracy ot
reading is very poor. It is therefore necessary to
desiga an attepuator with voltage steps, having rough-
ly a three to ome ratio, instead of a ten toone ra-
tio, thus making necessary many more steps in the
attenuator, and also making necessary a multiplica-
tion of the meter reading by a value other than a
multiple of ten, so that it can no longer be con-
sidered direct reading. It has been common practice
to employ multiplying factors of 1, 2, s, 10, 20,
%0 etc., or 1, 3, 10, 30, 100 etc.

The use of acalibrated potentiometer overcomes
the above disadvantages, since the imput current
need not be varied, and the potentiometer scale can
be calibrated directly inmicrovolts, with multiply-
ing tactors of 1, 10, 100 etc. On the other band,
it introduces disadvantages of its own. It may be
subject to wear, and change in calibration, so that
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it must be renewed after a period of service. Also,
while suitable potentiometers of fairly high resis-
tance are easily made, alow resistance potentiometer
which is sufficiently free from inductaance is quite
expensive to make.

Practical attenuators involve various combina-
tions of the above features, and may perhaps best
be discussed by examining some specific designs, and
discussing the features involved.

The diagram of figure § shows an attenuator
quite similar to that shown in figure 3fb), It dif-
fers from that of figure 3!b) in the following par-
ticulars:

(1) It has one less section of attenuation

t2) It has a calibrated potentiometer for the
final resistance

{3) The input is switched, instead of the out-
put.

SHIELD

Using a calibrated potentiometer for the out-
put resistance of course makes it impossible to
switch the output, and it has been necessary there-
fore to switch the input. As the attenuator has one
less section than the one shown in figure 3, the ef-
fects of undesired inductance and capacity or only
one tenth as serious. In the actual comstruction,
it was found possible to use a conventional type
switch, with only the precaution of a shield runm
thru a slot in the bakelite panel to lower capacity
between the switch arm and the switch points.

The output potentiometer of this attenuvator
carries a dial which is calibrated directly inmicro-
volts, from zero to fifty. The attenuator switch
provides multiplying factorsof1, 10, 100, 1000 and
10,000. The output is therefore continuously variable
from zero to 500,000 microvolts fome half volt), and
the smallest scale division is one microvolt.

It will be noted that in this attenuvator the
output resistance is never over five ohms, but is
always variable from zero to five ohms. There are
some conditions, such as tests on highly regenerative
receivers, where such a variable output resistance
is undesirable.

Figure 6 shows a very different type of atten-
vator, and the photograph of figure 7 shows the ac-
tual appearance of three different attemvators. In
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this photograph, f(a) is the attenuator of figure
6(b), (b) is the attenuator of figure $ above, and
(c) 1s the attenuator shown in figure 9 below, in
one of its early experimental forms.

in figure 6la) and (b)
It will be

The arrangements shown
differ only in the switching scheme.

Fig.6
'noted that both switch arrangements give the same
schematic connections, but the somewhat more com-
plicated arrangement shown at (b) has to be used in
practice to avoid trouble due tocapacity across the
switch, as illustrated in figure 3(b). This trouble
is avoided by dividing the switch into twosections,
s0 that the extreme difference in voliage levels
does mnot occur in ome section. Another method of

Fig. 7

eliminating this trouble would be very careful shield-
ing ot the switch, as has been done in the case of
the attenuvator showu in figure 7{c),

The attenuator of figure 6 has for 1ts first
resistance a 2,000 ohm calibrated potentiometer. A
radio frequency voltage of onme volt is maintained
across the terminals of this potentiometer. The
rheostat shown at the left is adjusted until the
vacuum tube voltmeter shows just one volt across the
potentiometer. The potentiometer dial carries a
scale marked from zero to tem microvolts, with a di-
vision every omne f{ifth microvolt, and the attenua-
tor switch provides multiplying factors of 1, 10,
100, 1,000 and 10,000.

It should be especially unoted that the input
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current to the attenuator shown in figure 6 is only
% M.A., as compared with 100 M.A. in the attenuator
of figure 3. Therefore, for the same permissable
stray field in the output circuit, the undesired
mutual inductance as shown in figure 3(a) can be 200
times as great. Stated inother words, the shielding
problem is much less severe. What this means in ac-
tual structure can be readily seen by comparing the
attenvator at fa) io figure 7, which has # M.A. in-
put, with those at (b) and {c), which have 100 M.A.
ioput.

In figure 6fa) a sixth point on the switch has
been shown dotted, comnected direct to the potentio-
meter slider. If this point were used, it would pro-
vide output up to 1 volt, instead of 1/10 volt. Bow-
ever, it would require much more shielding of the
switch, and in addition, the extra capacity toground
from this point which the unavoidable leads would
add would cause attenuator inaccuracies at the higher
{requencies.

One very definite sacrifice has been made in
the atfenuator of figure 6 tomake a simple construc-
tion possible. This is the use of high output re-
sistance for the higher output voltages, It will
be noted that the output resistance is five ohms on
the tirst three points (Multiply by 1, 10 and 100 -
that is, output voltages up to 1,000 microvolts) On
the fourth point foutput up to 10,000 microvolts)
the resistance is 50 ohms, while on the final point
it is %00 ohms.

In general, resistances of S0 and $00 ohms can-
oot be introduced 1nto a receiver amtemna circuit
without causing appreciable error. The amount of
this error will of course depend on the particular
receiver. In one receiver recently tested, which
was a broadcasi receiver of conventionmal type, at
600 Kcs., fifty ohms in the antenna made anegligable
difference, and even 500 ohms made avery slight dif-
ference. On the same receiver, at 1400 Kcs., so ohams
made aslight difference, but $00 ohms caused an er-
ror of about 20 per cent.

The attenuator of figure 6 provides § ohm out-
put resistance up to 1,000 microvolts, and all sensi-
tivity readings will normally fall below this value.
If an attenuator of this type is used for taking
selectivity readings, higher values of output will
be required, and a check must be made to see what
effect the added resistance will have on the results,
so that a correction can be made if necessary.

Of course, the 1deal attenmuator would have low
output resistance, even for the highest output volt-
ages, As mentioned above, this means a more elabor-
ate shielding structure, and therefore a more ex-
pensive arrangement. Also, il requires more power
from the oscillator, which also complicates the de-
sign problem. For these reasons, most commercial
attesuators use higher output resistance for high
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output voltages, and the user must bear in mind the
limitations thus imposed.

Figure 8 shows an attenmvator designed for ob-
taining continuous variation of output by varying the
ioput current, instead of using a calibrated poten-—
tiometer. It will be noted that a great many more

4
o
To* o

steps are necessary in the attenmuvator. The thermo
element used with this attenmvator is a hiph resis-
tance one, and is connected to measure the voliage
ioput to the attemvator, instead of the current. For
the design as shown, the maximum voltage at the in-
put terminals is two volts, and the meter scale is
calibrated from zero to five microvolts. Multiplier
settings are 1, 3, 10, 30, 100 etc., up to 100,000,
and then the final one 1s 1400,000.

This arrangement is intermediate between those
shown previously in the matter of output resistance.
It does have high resistance for thehighest output,
but has only 7 ohms at 50,000 microvolts, and 21
obhms at 150,000 microvolts. It uses very low values
of resistance, which are very difficult tomake free
from trouble due to series inductance. The diagram
does pnot show the shielding necessary around the
switch, which is of course necessary to prevent
S§°T10US Errors.

It might be mentioned that the attemuator of
figures 6 and 8 show meters for measuring voltiage
input to the attenuator, while the one in figure s
measures current ioput. Current measurement is
usually more suitable for attenuators of low input
resistance, while voltage meas'uren:ent isoften better
when the input resistance ishigh. Both methods have
possibilities of error, which must be reduced by
careful design in particular cages. Referring to
figure 8, any voltage induced in the loop ABCD will
cause error, as it will introduce into the circuit
voltage additional to that measured by the element.
With a bigh resistance, low curremt inoput, it is
usually easy toarrange the parts so that noappreci-
able magnetic field is picked up by the loop ABCD.
With the method of measuring curreat input, as shown
in figure s, capacity to grouand might cause error,

as this would by-pass part of the curreant, and the
entire current as measured would not pass thru the
attenuvator.- With a high resistance attenuvator, this
error could easily be serious, but with an attemua-
tor of five ohms input, as shown in figure s, it
would require a capacity over 150 micro-microfarads
to cause error evenm at'20,000 kcs., and the capacity
can very easily be kept below this value: (With a
200 ohm input attenmuvator, this permissable capacity
would be reduced to less than s micro-microtarads,
and this would be difficult to obtain.)

Figure 9 shows another arrangement, which com-
bines some of the features of both methods of con-
tiouous variation. The right hand part of it is

similar to figure S, except that it contains an ad-
ditional step of attenuation, and the calibrated
potentioneter isat the beginning instead of the end
of the attenuator, thus making it necessary toswitch
the output instead of the input. This arrangement
provides a fixed five obm output resistance up to
50,000 microvolts, anda variable, zero totive obms,
from $0,000 t0 500,000 microvolts. Above this, there
are fixed taps atone volt and two volts, across tean
and lwenty ohms respectively, and intermediate values
can be obtained by varying the current iaput. This
arrangement provides output up to two voltis across
resistance low enough tobe inserted directly in the
usual antenna circuit, and does nol require variation
of tpe current input, except tor values above one
balf volt. It does, of course, require extemsive
shielding, and draw heavy power from theoscillator.
It might be méntioned that one advantage that goes
with this is that a nuch more satisfactory type of
meter can be used than where less power isavailable
lor the meter.

Figure 7{c) shows the appearance of an experi-
mental attenvator of the kind shown in figure 9. It
may be noticed that only a single switch is used,
but that very elaborate shielding of the switch is
necessary in this case.

Examples of attenuator design could be con-
tinued indefinitely, but it 1is believed that those
described above are sufficient to illustrate many
of the factors involved in practical desigms.
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THE PHOTRONIC CELL
& PHOTRONIC CONTROL

the latest development in the photo-electric art.
The position that it has in the art may best be shown
by a brief review of the past development in photo-
electric cells.

Photo-electric active materials have been known
to scientists for over sixty years and a great deal
of work was done originally on the selenium type of
cell. This consisted of a plate of selenium which has
the characteristic of changing 1its resistance under
the action of light. A battery and meter, or relay,
connected in series with this selenium cell allows
the circuit to be adjusted so that the change in re-
sistance under the action of 1light will change the
current in this circuit enough to cause the instrument
to deflect, or the relay to make contact. The selenium
cell circuit, of course, is absolutely dependent upon
the battery voltage and the current never goes to
zero in this circuit, regardless of the condition of
{llumination on the cell. The selenium cell itself
is quite sluggish in its operation and changes from
time to time due to oxidation and other action which
affects it chemically.

In 1885 a patent was 1issued which showed a
method of holding a ship on its course by means of a
light source and selenium cell used in conjunction
with the compass needle. At that time no electric
lights were available and this patent shows a kero-
sene lamp and a candle for the light source. In 1886
another patent was 1issued for controlling the level
of water in a boiler using a selenium cell with a
kerosene lamp and candle for the light source. It may,
therefore, be seen that some of the early engineers
and thinkers on photo-electric cells and photo-
electric control were considerably ahead of their
time.

Another type of cell that has been produced is
the 1liquid type photo-voltaic cell. This is much the
same as a wet battery having one electrode which is
affected by light in such a manner that voltage is
generated whenever this 1light hits the electrode.
This is like any other battery in that the output
changes as the electrolite ages and, under the action
of generating voltage, gas is 1liberated which has
been known to explode the cells with considerable
violence.

*Weston Electrical Instrument Company
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other types of photo-electric cells were produced in
evacuated glass tubes requiring a voltage to produce
a flow of electrons between the light-sensitive sur-

face inside the tube and the collecting ring. Elec-
trons were emitted from the light-sensitive surface
which passed across the intervening space to the

collector ring and this small current was passed on
to the grid of a vacuum tube and the output amplified
to obtain enough useful current for indication or
control purposes.

There has been quite a bit of resistance toward
the adoption of this type of photo-electric cell, by
industrial establishments due to the fact that their
experience with radio sets makes them somewhat hesi-
tant about putting vacuum tubes on important control
circuits.

THE PHOTRONIC CELL

About five years ago, the Research Laboratories
of the Weston Electrical Instrument Corporation
started investigating the possibility of providing a
photo-electric cell or "electric eye" that would not
require any auxiliary source of energy, and that
would have sufficient power output to obviate the
necessity of using amplifying circuits. That was
the type of specification with which they started,
and it must be admitted that at the start it seemed
rather a hopeless task. However, their efforts were
finally successful, and the result was the PHOTRONIC
Photo-electric Cell.

The PHOTRONIC Cell
metal disc on the surface
material is deposited.

consists essentially of a

of which light-sensitive
Contact fingers lead the
current in and out of the cell by resting on the
light-sensitive surface and also on the back of the
plate on which it is deposited. Under the stimula-
tion of light energy, electrons are emitted from the
light-sensitive surface producing a current that
flows into the plate beneath it, through the external
circuit, and back to the cell again. It may be likened
to a catalytic agent that transforms 1light energy
into electrical energy without any deterioration of
the cell,
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The cell output current starts from zero when
the cell is in darkness, and 1increases, practically
proportionally to the illumination,up to a value be-~
yond the intensity of bright sunlight, when a low ex-~
ternal circuit-resistance is used. This characteristic
of the cell is very important both from the standpoint
of light intensity measuring, and also from the stand-
point of obtaining a control between quite narrow
limits of illumination. The illumination-current
characteristics of the cell are shown in Figure 1.
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Another important item in the specifications to
be met by the cell was the spectral response charac-
teristic. It was considered extremely important that
the cell have a spectral response similar to that of
the normal human eye. Such a cell would be much more
useful for measurements of color, and for obtaining
control by color change, than are other commonly
available photo-electric cells. The PHOTRONIC Cell
meets this requirement very well, as will be noted
from Figure 2. Its peak value is a little more in
the yellow than is that of the human eye, and it has
up to 25 per cent response in the near ultra-violet
and about a 10 per cent response in the near infra-
red. Since it is above the human eye over the visible
range, it is possible to equip it with a filter that
will make it agree with the normal visibility curve.
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Such a cell, in order to be useful in industry,
should have a long life. The life of the PHOTRONIC
Cell is practically unlimited, and its usefulness
should, therefore, extend over a great many years.

The PHOTRONIC Cell is similar to a battery
shunted by a high resistance. Due to the relatively
low voltage generated, long leads may be used between
the cell and -the control relays without 1leakage
affecting the accuracy of the control. This charac-
teristic is very wuseful when installing control
equipment in an industrial establishment. Also, like
a battery, two or more cells may be connected in
multiple to increase the output for a given 1light
intensity.

In order to use this cell on measurement prob-
lems, whether they be the direct measurement of light
intensity, or a measurement as applied to industrial
process-control, it is only necessary to connect a
microammeter, or relay, in series with the cell, no
amplifying circuits being required aswith most other
photo-electric devices. In every other type of cell,
except the photo-voltaic, an external source of elec-
trical energy is required for purposes of excitation,
and the accuracy of measurement, or control, is thus
directly dependent on the constancy of the exciting
power supply.

The PHOTRONIC Cell is almost instantaneous in
its operation. One of the most interesting appli-
cations that has been made of this property, is the
measure of the speed of rifle bullets by the Ordinance
Department at Washington. Bullets are shot through
geveral light beams, and the shadow of the bullet on
the cell causes an indication on an oscillograph,
which thus measures the relative speed of the bullet
as it passes through these various beams. The cell
has been used in souad-film work with a coasiderabls
degree of success, although, due to the fact that it
is a good condenser, the output falls off at the
higher frequencies. To compensate for this, changes
in the conventional amplifying circuits are necessary
and, in view of the number of these that are in use,
it isnot thought advisable to introduce the cell to
this field at the present time. The quality of
reproduction is very good, for the cell does not have
the ground-noise that is present in the other types
of cells, with which external excitation and high
amplification are needed.

. The circuits and circuit elements required for
putting the cell to practical use are very simple.
For measurement purposes it 1s only necessary to
connect the cell directly to the terminals of a suit-
able microammeter. For control, the cell may be
connected directly to the terminals of the sensitive
relay. Usually, however, an additional and power
relay is required for operating control devices. The
power, controlled by the sensitive relay, and operating
the power relay, may be supplied by batteries, or a
transformer-rectifier unit, and thus requires nothing
with which the average industrial electrical engineer
is not thoroughly familiar.

MEASURING INSTRUMENTS

One of the first measuring instruments to be
devised, including the PHOTRONIC Cell,was the illum-
ination meter. Prior to its introduction, only the
relatively crude comparison methods of the conventional
photometers were available for illumination measure-
ment. And, because of the complication of equipment,
technique, and interpretation, the field of usefulness
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of such instruments was seriously 1limited by their
cost, the need for skill on the part of the user, and
in the interpretation of the data gathered. With the
direct-reading 1illumination meter employing the
PHOTRONIC Cell, however, these limitations are largely
eliminated and the solution toa myriad of il1lumination
problems, previously unattacked, made readily and
economically avajilable.

The Model 603 Illumination Meter, shown in
Figure 3, was the first produced. It consists of two
PHOTRONIC Cells connected in multiple, and mounted in
a light target which is attached to the instrument
by a 5 foot cord. Three ranges are obtainable in the
simple instrument,and six ranges in some of the more
elaborate instruments. The cells are some times
equipped with filters which correct the spectral
response to precisely that of the human eye, and
enable accurate measurements to be made of any kind
of light, such as that of neon, mercury vapor, or
sodium vapor lamps, as well as tungsten, and other
filament-type lamps.

Fig. 3

Another application of the phcto cell for meas-
urement is its employment for the predetermination of
the proper exposure in photographic processes. All
prior, and commonly employed, exposure meters relied
on the judgment of the human eye to distinguish be-
tween various degrees of brightness, since it is the
brightness of the object at which the camera is
directed, that is, the light reflected from the object
at which the camera is directed, that determines the
rapidity of action on the sensitive surface of the
photographic film, or plate, and hence the proper
time of exposure. The human eye, however, like the
other sense organs of the human body, is capable of
perception of, and accommodation to, a tremendous
range of the intensity of stimuli, and is similarly
seriously limited in recognition of minor differences
in the intensity of the stimuli. More specifically
for instance, the normal eye 1is found to be quite
capable of reading the 1larger sizes of news print
type in bright moonlight, and in bright sunlight the
range of light intensities of which 1is of the order
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of a million to one. It is to be expected,therefore,
that the eye can hardly be expected to judge of minor
differences of light intensity with sufficient pre-
cision to suit the relatively narrow reguirements of
light intensity of the photographic emulsions commonly
used in photography.

When the development of the Exposure Meter was
started, it was found that there were very little data
available on the relative sensitivity of the film
emulsions as expressed in terms of brightness. It was
therefore necessary to obtain data on the sensitivity
of emulsions before the relation between brightness
measurements and exposure could be determined. This
involved a lengthy investigation,and many films were
exposed in order to determine the limits of "under
exposure" and "over exposure." After this was once
accomplished,it was a simple matter to make a calcu-
lator, or translator, that would interpret brightness
measurements in terms of exposure time. In order
that the instrument might measure brightness, however,
it was necessary to restrict the exposure of the
PHOTRCNIC Cell to a 60°cone, since this is, roughly,
the angle included by commonly used camera lenses.

Figure 4 shows the Model 617 Universal Exposure
Meter. This meter has proven to be a major contri-
bution to the photographic art, and is replacing the
Judgment and skill of many years of experience of
some of the nation's outstanding photographers.

A second type of Exposure Meter is provided for
use with motion picture cameras, the scale of which
is calibrated directly in terms of aperture for a
given exposure, since in motion picture cameras the
shutter operates at a substantially constant speed,
thus requiring that the aperture be adjusted to
accommodate the camera to the brightness to which it
is exposed.

In various industrial processes, control may
some times be accomplished by obtaining readings of
changes in color or density of the material being
processed. A simple combination of the PHOTRONIC Cell
and an indicating instrument will give indications
as to such changes in color or changes in density as
a guide to process control, and many such devices are
in use at the present time for such determinations.

PHOTO-ELECTRIC CONTROL

In controlling there are three basic principles
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that are involved. A light beam is a very useful
link in mechanical motions, since it may be broken
and re-established at will, for it has no inertia,
nor does it mar delicate finishes. Furthermore, when
using a cell that has a linear characteristic, it is
possible to operate at such a point in 1its charac-
teristic curve that control may be accomplished by
slight variations in intensity. with a spectral
response characteristic, such as that of the PHOTRONIC
Cell, it is also possible to effect control by means
of changes in color.

Thus, automatic control of processes
obtained by:

(1) A cut-off of a light beam
(2) Change in light intensity
(3) Changes in color

One of the applications of a photo-electric cell
that is usually thought of first, is the question of
counting. Small pieces of material, such as paper,
coming down a conveyor, that may be located in almost
any position, cannot be counted readily by any mechan-
ical means. A mechanical finger that might be placed
in the path of the material, could not be operated
from a small piece of paper, and the location of the
other material might not be such that it could be
accomplished without a very complicated arrangement.
Also, highly finished materials that would be scratched
by the mechanical finger may be counted by an inter-
rupted light beam, and in no other manner. For the
purpose of counting an especial system has been de-
signed, and made commercially available. It consists
of PHOTRONIC Cells in connectionwith suitable relays,
and will operate the commonly-available electrically-
driven counters.

Having a light responsive unit such as the
PHOTRONIC Cell, it is natural that the question of
illumination control should be considered. Street

lights and sign 1lights have always been controlled
by time switches. Time, however, does not take
into consideration the changes in light intensity

from day to day due to clouds, storms, and other
natural conditions. Consequently, all too often,
lights are not turned on when they are needed, nor
are they turned off when they are not needed. It
is natural, therefore, that an illumination-control
device for street lighting, sign 1lighting, and also
for interior lighting, in factories and office build-
ings should be considered. For this purpose an
especial illumination control system, employing the
PHOTRONIC Cell, has been developed, and has been
applied quite successfully to many lighting control
purposes. A large number of beacon lights on the
American Airways are equipped with these units, so
that the beacon 1lights are turned on whenever the
daylight intensity drops low enough. Many 1light-
houses are equipped with these devices so that the
ships may have proper guidance when daylight intens-
ities are low. On such safety devices, it can be
readily understood that automatic control in accord-
ance with daylight intensity is the only type that is
adequate. Similarly, street 1lighting circuits are
being controlled by this type of equipment.

In this type of control equipment, the relay
arrangement is slightly different from that used in
counting. Counting equipment should operate quickly,
but illumination control, where 1light intensity is
changing slowly, requires a time delay so that when
the lights are once turned on, they will stay on,and
will not be effected by slight fluctuations due to
passing clouds, and other atmospheric conditions. In
order to accomplish this, a time-delay relay is placed

may be -

in the circuit between the sensitive relay and the
power relay.

A control that 1{illustrates the principle of
change in density is the smoke alarm. On this device
a light beam is thrown across a smoke stack to a
PHOTRONIC Cell,and when the smoke in the stack takes
ona predetermined density indicating poor combustion,
an alarm is given in the boiler room so that the
attendant may correct the condition. By the use of
such arrangements as this, not only is the :‘ndustrial
establishment assuring itself of the operation of its
steam-raising equipment at greatest efficiency, but
also it frees its community of the smoke nuisance
otherwise difficult of riddance.

It may, therefore, be seen from the general
discussion given above, that the combination of a
PHOTRONIC Cell and two or three relays, make possible
many types of control functions.

A new relay, that is far more
any other previously available, has recently been
developed. This relay will make a positive contact
at such low currents as 2.5 microamperes, and at 0.5
millivolt. It opens many new fields for the PHOTRONIC
Cell. It is really a contact-making indicator so
that indications of the conditions that exist even
before contact is made, are evident from the scale
of the device. The contacts will control a circuit
of 5 watts at 110 volts. By using this new type of
relay in conjuntion with a PHOTRONIC C(Cell, many
many simple controls or alarm devices are possible.

sensitive than

Typical of the applications of the PHOTRONIC
Cell are the following: Pieces of paper on a folding
machine are being counted--this cannot be done in any
other manner. Bags of sugar are delivered to the
warehouse on a conveyor belt,and they do not necess-
arily place these on the same point on the belt every
time. It is possible to count them by an interrupted
light beam at a high degree of accuracy. Small
pocket combs are being counted.

Another interesting application is onan elevataor
leveling device. Through its use the elevator is
brought quickly to the proper (floor 1level with no
special skill on the part of the operator.

In the Holland Tunnel is an installation for
detecting any truck that attempts togo through there
loaded too high. Frequently the main part of the
load on the truck may be of the proper height, while
some small piece projects above the rest of the load.
This would jam in the tunnel, and might cause a
traffic tie-up. A light beam is projected across
the driveway, which is about 35 feet wide, on to a
PHOTRONIC Cell in connection with an alarm circuit.
When tested, it was possible to travel at 35 miles
an hour,and detect the presence of a projecting unit
that was only 1 inch wide. Since the detector is
located at the toll booths, where the speed of the
traffic is naturally only a few miles per hour, the
system is extremely effective in detecting all pro-
Jections above the allowable levels.

Another installation in the Holland Tunnel, is
for detecting the presence of smoke. In this install-
ation the PHOTRONIC Cell is about 5,000 feet away
from the recorder that it operates. In this case, as
in the case of many industrial applications, where
it is necessary to locate the relays, or controlled
equipment, remote from the source of control, the
PHOTRONIC Cell showed itself to be especially effective.

PHOTRONIC Cells installed on weighing machines
operate relays when a container is filled to the
proper weight and the feed is automatically shut off.
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In Detroit an automobile comes down the way to
have the underside of the chassis sprayed. It is a
completely assembled car, and care must be taken to
see that the paint 1is not sprayed on the finished
body. The car {interrupts a 1light beam, and the
PHOTRONIC Cell turns on a spraying machine, which
covers the underside of the chassis, and yet, as soon
as the car moves through this light beam, it stops
immediately, and prevents spoiling the finish on the
body.

In one automobile plant, there is a carrier for
delivering the bodies to the assembly room. Oftentimes
the chassis is not there for the body to be put on,
and one will pass the point at which it is usually
removed. These bodies used to go to the end of the
conveyor and then would hit the wall, thus damaging
them. A light beam was placed at a point just before
the body would reach the wall, and if it were not
removed before it got that far, the conveyor was
stopped.

In a sewage plant a PHOTRONIC Cell and 1light
beam were placed 5 feet below the surface of the
water in the last settling tank. As the sludge level
rose above this point, an air lift valve or pump was
operated so that this sludge would be removed and
placed back into the system. By using this automatic
equipment, it was possible to operate this plant at
a considerable overload with complete satisfaction.

In a film processing laboratory in the motion
picture industry, the hypo solution that is used for
fixing the film, becomes very rich in silver. For
satisfactory operation, the silver should be removed
and at the same time the amount of the reagent em-
ployed must be controlled so that the hypo is not
geriously contaminated. This was accomplished by
the PHOTRONIC Cell operating on the change in opacity

of the liquid as the silver was precipitated.

Boiler-feed water has to be treated for the
elimination of oxygen. This is done by the colori-
metric method of hydrogen ion concentration control.
The PHOTRONIC Cell watches the change in color, and
adds Just enough material to the boiler-feed water to
eliminate the oxygen, and not enough to cause scale.

In roasting coffee, it is necessary that the
degree of brownness be controlled very accurately.
The PHOTRONIC Cell watches the change in color of the
coffee bean, and when the proper brown has been
reached, the alarm is given so that the operator may
dump the roast. This is a very critical point, and
considerable spoilage results when observationof the
operator is depended upon completely. In order to
obtain a high degree of sensitivity in this control,
an interesting and effective expedient was resorted
to in this installation. A coffee bean unroasted
is green, and in its roasted condition is a deep
brown. Brown color may be obtained by adding red to
green. By placing a red filter over the cell, it
was possible to control the amount of red that was
added to the green to secure the desired brown with
an unusually high degree of precision.

The PHOTRONIC Cell has opened many new fields
of photo-electric measurement and control. The
simplicity of the circuits involved, and the use of
standard instruments and relays operating on well-
known principles, largely eliminates the hesitancy
of the industrial engineer toward the adaptation of
photo-electric means to his cortrol problems. New
devices and methods will be developed, and the light
beam will ultimately take its place with the gear,
the lever, and the cam in the machinery used for the
manufacturing processes of the world.

AUTOMOBILE RADIO RECEIVERS

The meeting of March 14, 1934, was devoted to
a paper by Mr. J. T. Filgate, of the United American
Bosch Company, Incorporated, on tne subject of auto-
mobile radio receivers. Mr. Filgate discussed the
problems of the design, installation, and operation
of automobile radio receivers with especial emphasis
on the causes and sources of ignition interference
with radio reception, and those expedients which have
been applied to the problem for the reduction, or
elimination, of this type of interference. His paper
included an unusually detailed analysis of those
phases of automobile ignition phenomena, which give
rise to interference, and pointed out 1in specific
detail the peculiarly troublesome nature of this type
of interference as well as the expedients both useless
and useful, whica have been resorted to for its elim-
ination. The influence of the type of location of
the antenna on the intensity of the interference was
brought out, and an explanation of the operating
characteristics of several of the more unusual types
of automobile receiving antenna was given. of
especial interest was a description of the influence
of the bonding of the automobile body, and of the
electrical wiring on the magnitude of the interference

General discussion of the entire problem followed
the paper, indicating a general appreciation of the
part of the membership of the masterly treatment of
the analysis given by Mr. Filgate.
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REMOTE CONTROL OF RADIO RECEIVERS

A symposium on the subject of remote control of
radio receivers constituted the meeting of April 11,
1934. Papers were read by Messrs. Virgil Graham, and
Lee McCann, of the Stromber-Carlson Telephone Manu-
facturing Company, and by Mr.C.J.Franks of the Radio
Frequency Laboratories. Mr.McCann's paper was devoted
to a discussion of the type of equipment in which
remote control is accomplished through the use of
electro-mechanical means on centrally ifocated selecting
and amplifying equipment; while the papers of Messrs.
Graham and Franks were devoted to & discussion of
what has been characterized as remote tuning, in
which selection, and high-frequency amplification, is
accomplished at a point remote from the low-frequency
amplification and reproducing equipment. Mr.McCann's
paper was replete with photographic illustrations
indicative of the especial adaptability of the systems
described by him to incorporation in structural ele-
ments of homes. The papers of Messrs. Graham and Franks
were especially detailed with respect to the problems

met with in the incorporation of high-frequency
transmission 1lines in the remote tuning type of
equipment.

The discussion called attention to other types
of remote control equipment, one of which was illus-
trated by a special demonstration by Mr. Franks.
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THE IMPORTANCE AND TECHNIQUE OF PERFORMANCE
MEASUREMENTS ON RADIO-TELEPHONE TRANSMITTERS

W. C. LENT*

The transmission of intelligence by radio,
whether that intelligence be in the form of an
entertainment program or a definite message, de-
pends upon some form of modulation of a so-called
carrier wave. By modulation is meant the process
by which the instantaneous character of the carrier
is made to change in accord with the variations of
the intelligence to be transmitted. The character of
the modulated wave may be completely defined for a
particular instant if the phase, frequency and ampli-
tude at that instant are known. For radio-telephone
transmission, at least, experience has seemed to
indicate that the most suitable form of modulation
is achieved by varying the instantaneous carrier
amplitude in response to the variations of the sig-
nal energy to be transmitted. Experience has like-
wise indicated that it is desirable to maintain the
carrier frequency and phase as nearly constant as
possible during the modulation cycle.

Amplitude modulation of a constant carrier-
wave by a complex signal wave results in the pro-
duction of side-bands of variable width and amplitude
These side-bands are displaced from the carrier on
both sides by a frequency interval equal to the
modulation frequency at a particular instant. The
amplitude of the side-bands is determined solely by
the degree of modulation.

Since the intelligence-bearing portion of the
modulated wave is not the carrier but the side-bands
it follows that the greater the side-band amplitude
the greater is the ratio of useful power to the
total output power. For a completely modulated wave,
that is one modulated 100 per cent, two-thirds of the
total power is concentrated at the carrier frequency
with the remaining one-third in the side-bands. The
signal energy varies between this one-third maximum
and zero directly as the square of the modulation
degree.

If the side-band power is calculated as a
function of modulation degree it is found that the
following relations hold:

% President, General Communications Laboratories, Inc.,
Ridgefield Park, New Jersey.
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MOD. DEGREE £ TOTAL POWER % TOTAL POWER
CARRIER SIDE-BANDS
0 100 0
25 97 3
50 89 11
75 78 22
100 66.6 33.3

In a wave modulated 25% only 3% of the total
power is useful signal producing power. A 100%
modulated wave delivers 11 times as much signal
energy as one modulated 25%. Certain general rules
may be set down as follows:

g Doubling the modulation degree for a
given carrier power doubles the signal level without
increasing the nuisance field.

2. Doubling the carrier power while holding
the modulation degree constant results in a signal
level increase of only 41.4 per cent and in an equal
increase of the nuisance field.

3. To obtain a signal level increase equiv-
alent to that obtained by doubling the modulation
degree, holding carrier power constant, requires a
carrier increase to a value four times the original,
maintaining the same modulation degree. In other
words, doubling the modulation degree pays the same
dividend in signal level as a four to one carrier
power increase.

Thus it appears that both the relative and
absolute efficienciesof radio telephone transmitters
are directly dependent on the modulation degree and
will be the maximum obtainable for the condition of
complete modulation.

Were efficiency the only condition with which
the station engineers are concerned it would be a
simple matter to adjust input signal level to a
value sufficient for complete modulation and let
matters take their natural course. Unfortunately
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the processes whereby modulated radio fregquency
energy is generated and amplified involve the use of
elements which inherently are non-linear. Such
non-linearity results in the production of distortion
of the original signal wave which appears in the
form of measurable harmonics of the signal frequen-
cies. For high quality transmission these harmonics
must be reduced to limits at which the distortion is
not perceptible to the ear. In the processes under
consideration this distortion is primarily an ampli-
tude function, that is, the harmonic amplitudes depend
on the length of the portion of the non-linear charac-
teristic traversed during the modulation cycle.
This, in turn, is directly a function of the modu-
lation degree and we are thus brought to the term
*modulation capability”. As defined, the "modula-
tion capability" of a transmission system is that
modulation degree which can be attained without
exceeding the distortion limit which has been de-
termined to be acceptable for a particular class of
service. "Modulation capability" is not a term
which can be indiscriminately applied without spe-
cific stipulation of the acceptable distortion limit
for the class of service in question.

Useful modulation and the only modulation in
which operators of high quality radio-telephone
stations can be interested, is that modulation which
does not exceed the capability of the transmission
system, What that capability must be can only be
determined after the permissible amount of distortion
has been ascertained. This capability as determined
will not represent efficient use of channels or
transmission plants unless complete modulation can
be attained. At present, the minimum capability
acceptable to the Federal Communications Commission
is that in which a modulation degree of 75% can be
attained without the production of combined harmonics
in excess of 10%. It is certain that with increas-
ing activity in the field of high fidelity this re-
quirement will be made more stringent with respect
to the allowable harmonic content, and perhaps, in
the interest of efficiency to the absolute modulation
degree attainable as well.

The acceptability of the service of any station
depends, aside from purely artistic considerations,
upon the ratio of the wanted signal output to the
total extraneous noise output at the receiving loud-
speaker. Measurements seem to indicate that this
ratio must be at least 1000 to 1 for high quality
service. Extraneous noise originates at several
points in the transmission system, Switching tran-
slents, shot-effect in vacuum tubes and thermal
agitation in associated tube circuits, insufficient
filtering of power supplies and modulation by me-
chanical shock all combine to cause noise modulation
products to appear in the output wave. At the re-
ceiving end of the system local interferences from
various discharge devices, loose and vibrating con-
tacts between metallic surfaces and poor filtering
of receiver power supplies combine with interchanhel
interference and heterodyning effects to increase
the apparent carrier noise on the wanted signal.
The transmission engineer can control the absolute
level of the noise originating in the transmission
circuits by proper design and treatment at the
source. Furthermore, the relative noise level may
be reduced by maintaining the modulation as nearly
complete as possible. While control at the source
of the noise originating in the transmission medium
and the receiving end of the system is denied, in-
so-far as absolute noise level is concerned, the
relative level may be reduced by consistent mainte-
nance of high modulation degree at the transmitter.

It would appear, then, that the case is clear
for the requirement that the modulation capability
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of transmission systems be raised to the absolute
pbysical maximum as regards modulation degree and
that under this condition of complete modulation the
total harmonic content be within the limits found to
be acceptable for the particular class of service.
High quality broadcasting would seem to require that
total distortion be less than S%. In no case
should the practice of reducing distortion at the
expense of absolute modulation degree be followed.

That the need exists for improvement all along
the line is amply indicated by the results of meas-
urements made on 69 stations East of the Mississippi
by our engineers last year, In most cases the
figures represent actual capacility of the trans-
mission system defined as that modulation degree
which could be obtained without noticeable shift of
the mean carrier amplitude during the modulation

cycle, The stations are reted in five classes as
follows:

CAPABILITY RATING % IN EACH CLASS

Less than 25% 4.3

25 to 50% 34.8

50 to 75% 47.7

75 to 100% 10.2

100% 2.9

Included in this group are fifteen 100 watt,
eight 250 watt, twelve 500 watt, sixteen 1 kilowatt,
seven S kilowatt, one 10 kilowatt, three 25 kilowatt
and seven 50 kilowatt stations.

The average capability for the whole group is
60% with the average within each power class about
the same throughout.

It is not and cannot be the purpose of a paper
of this nature to treat rigorously with the exact
technique involved in the making of performance
measurements on transmission systems. Rather it is
desired to review the current methods in a general
way and to indicate the possible inaccuracies of
each together with the requirements which must be
met if reliable results are to be ootained.

1. Modulation Measurement:

The measurement of the degree of ampli-
tude modulation involves not the measurement of a
physical quantity but rather a ratio. This ratio
exists between two quantities in the same dimension
and hence may be determined at any absolute level.

Methods of modulation measurement fall
into two classes depending upon whether measurement
is made before or after demodulation of the envelope
of the output wave.

Into the first class, that is where
measurement is made prior to demodulation, fall the
methods involving the cathode-ray oscillograph,
direct-reading peak voltmeter and the thermo-galvano-
meter.

The cathode-ray method permits the ob-
servation of a trapezoid the shape and dimensions of
which furnish some information. This method has
two inherent drawbacks. Accurate scaling of image
dimensions is difficult if not impossible. In a
pattern 1 square inch in area the normal double
trace width can be responsible for an error of ap-
proximately 12%. Furthermore, as the operator
proceeds in measurement from the condition of no
modulation to the desired test condition with modu-
lation it is impossible to detect a shift of the
boundaries of the unmodulated pattern. Since the
width of this pattern is the reference level of the
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unmodulated carrier, it is essential that that width
remain constant during the modulation cycle. The
process of measuring the long side, subtracting the
length of the short side and dividing by 4 is falla-
cious in that it yields absolutely no information as
to the symmetry of the modulation. Performing tbis
process on a pattern obtained under the condition of
25% positive and 75% negative modulation yields the
mathematical value of 50% which in the absence of
evidence to the contrary is taken to mean that a
symmetrical modulation of 50% is actually being ob-
tained.

The only way in which such a method can be
trusted to yield reliable indications is to use an
auxiliary carrier-shift indicator. Pursuing the
use of the method beyond the point where carrier-
shift becomes evident is useless.

The direct-reading peak voltmeter used either
before or after demodulation possesses the same in-
herent fault. It has an advantage over the oscill-
ographic methods in that it is not subject to scal-
ing and trace-width errors.

Perhaps the worst method from the standpoint
of possible error is that in which a thermo-galva-
nometer is used as a direct indicator of modulation
degree. True, on purely sinusoidal test tone and
in the complete absence of carrier-shift the indica-
tions thus obtained will furnish valuable information
simply and quickly.

The type of modulation here discussed is an
amplitude function. Maximum amplitudes must be
determined if proper evaluation of modulation degree
is to result. It is obvious that this method fails
in the presence of complex wave modulation since
only effective and not maximum values are indicated
by a thermal instrument. The blind use of such a
method with complex wave modulation and in the ab-
sence of carrier-shift indication can lead only to
results erroneous in the extreme.

Methods of measurement which involve the pro-
cess of demodulation possess all of the foregoing
possibilities for error plus that resulting from
non-linearity in the demodulator.

Perhaps the most satisfactory and accurate
modulation measuring equipment is based on the prin-
ciple of measurement after demodulation and incorpo-
rates a carrier-shift indicating device togetner
with some form of peak voltmeter--preferably direct
reading.

2. Distortion Measurement:

The determination of the modulation
capability of the transmission system necessitates
the simultaneous measurement of both modulation
degree and harmonic content. The methods of modu-
lation measurement have been outlined.

Total harmonic content may be evaluated
as a lumped quantity directly or by the mathematical
combination of the various harmonic amplitudes meas-
ured separately.

For general use in which quantitative
results are sufficient the method of determination
of distortion as a lumped factor is most satisfact-
ory. Briefly, the method consists of segregating
the harmonics from the fundamental by means of dif-
ferential filter systems and evaluating the total
harmonic root-mean-square amplitude in terms of the
fundamental amplitude. The result multiplied by
100 yields the harmonic content as a percentage
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directly. Granted that the filter systems are cor-
rectly designed as to cut-off, image impedance and
working level it is still necessary to be certain
that the demodulator preceding the differential
system is strictly linear and that the amplifier
interposed between the filters and the output indi-
cator is linear with respect to both amplitude and
frequency. The output indicator must be a strictly
square-law device if the true root-mean-square value
of the harmonics is to be indicated. Furthermore,
the source of test frequency must produce an abso-
lutely pure wave.

This method has the disadvantage that it is
limited to measurements at a single frequency. Un-
less the elements in the transmission system remain
constant with frequency, measurements of capability
at one modulation frequency do not necessarily indi-
cate the true capability at any other. 1f, however,
the system will modulate consistently in the absence
of carrier-shift over the entire signal-frequency
range, it is reasonably safe to rely on single fre-
quency distortion measurements as a true indication
of capability.

For rigorous measurements of distortion some
form of wave analyzer is necessary. Separate har-
monic amplitudes can be measured and combined mathe-
matically as the square root of the sum of the
squares of each to yield the true value of the com-
bined distortion,. 0f course, the same requirements
are placed on auxiliary equipment as in the case of
the first method.

A carrier-shift indicator, while not capable
of measuring distortion, is nevertheless the most
reliable and fool-proof tool available for capability
determinations. Carrier-shift is absolute evidence
that non-linearity and hence distortion is present
in the system,. The converse is not necessarily
true because a perfectly linear system will still
pass freely all distortion present in the source.

Unfortunately the correlation of carrier-shift
with quantitative distortion is not as simple as it
would appear. A given carrier-shift at one modula-
tion degree represents an entirely different distor-
tion condition than does the same amount of carrier-
shift at some other modulation level. If a carrier-
shift indicator is to yield quantitative results it
will be necessary to provide a complete family of
characteristics of distortion.versus carrier-shift
for many convenient values of modulation degree.
Measurements made so far indicate that this is en-
tirely practicable. In general, the lower the
absolute modulation level the greater the distortion
for given amounts of carrier-shift.

Fourier analyses of oscillographic traces are
limited for quantitative purposes by the same inher-
ent inaccuracies indicated in the discussion of os-
cillographic devices as modulation indicators. If
anything, errors are even more serious from these
sources in distortion measurement than in the case
of modulation measurement.

3. Carrier Noise Measurements:

Carrier noise can be measured directly
as a modulation degree of small magnitude or in terms
of a ratio to a given reference modulation level.

The measurement of noise directly and
quantitatively involves tremendous difficulties if
gross inaccuracies are to be avoided. when it is
realized that a noise level 60 Decibels down from a
100% modulation level corresponds to an absolute
noise modulation of only 1/10 of 1% the problems
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involved in such methods of measurement will be bet-
ter recognized., Furthermore, noise in the measuring
equipment itself can, without careful design, easily
be greater than the nolse which it is desired to
measure. It is not felt that direct measurement of
carrier-noise is practical.

Relative or comparison methods have the
advantage that resistance attenuators, which can be
made exceedingly accurate, can be used. They form
the only variable element in a properly designed
system, Errors from noise in the measuring set-up
cancel out in the process of comparison measurements,
Furthermore, the range of an attenuator can be car-
ried to limits permitting measurement of magnitudes
far beyond the capability of direct methods. It is
a simple matter to convert a ratio in terms of Dec-
ibels to the actual noise modulation level if desired.

If such a measuring system is to be used cer-
tain precautions in design are necessary. The
system as a whole must have a high, stable and con-
trolled gain. The frequency response must be uni-
form and comparatively wide--preferably from about
25 to 10,000 cycles per second--due to the fact that
tube noises and circuit noises have components lying
in the upper speech frequency range. The variable
element, the attenuator, must be capable of vari-
ation in small steps--say 1 Decibel. The output
indicator must possess a strictly square-law charac-
teristic if the true root-mean-square value of the
noise modulation products is to be accurately indi-
cated.

If high gquality broadcasting is to progress as
much in the future as it has in the past a rigorous
routine of performance measurements must be a defi-
nite part of the duties of the operating staff. New
wide range receivers, when and if they are made a-
vailable to the public are bound to cause adverse
criticism of many of the services now being accepted
as satisfactory. Not only must technical equipment
of suitable design be provided the operating engineer
but some judgment be used in the initial selection
of operators. This will require a more careful
attention to the capabilities of persons supervising
operation at transmitting plants. ToO many now so
employed are content to throw the burden of monitor-
ing programs on the control room staff. It seems
that a transmitter operator should be held responsi-
ble for overmodulation and poor quality originating
beyond the control of the studio personnel.

DISCUSSION

At the conclusion of the reading of the paper
the meeting was thrown open to discussion by Presi-
dent Houck.

Inquiry was immediately directed toward the
details of the apparatus suited to making the meas-

urements the need for which was the point of Mr.
Lent's paper. In reply to a specific request as to
DEMODULATOR CARRIER METER
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the nature of the apparatus used for measurement of
carrier magnitude shift, Mr. Lent showed the follow-
ing circuit arrangements and discussed their func-
tions and usefulness.

The modulation meter consists essentially of a
linear rectifier and appropriate circuits and appa-
ratus for the measurement of the ratio of that por-
tion of the rectifier output which is proportional
to the carrier to that portion of the rectifier out-
put which is proportional to the low-freguency
variation of the high-frequency envelope resulting
from the process of modulation. It differs largely
from circuits and apparatus commonly employed for
this purpose in the use of a triode rectifier, and
in the use of a thyratron as the indicator of bal-
ance in the measuring system.

It was pointed out by Mr. Lent that while the
high internal impedance of the conventisnal triode--
as against that of a diode of the same dimensions
more commonly used for this purpose-- requires that
an extremely high resistance be employed for the
plate load of the triode, with the consequent prob-
lems incidental to the maintenance of the insulation
resistance at appropriately high values, the advan-
tages to be gained through the isolation of the
plate, or measuring circuit from the grid, or signal
circuit, well justified the employment of the neces-
sary precautionary measures in the design and the
operation of the device.

The operationof the thyratron indicator cir-
cuits was explained as follows: Since the problem
of the measurement of the modulation degree is es-
sentially that of the balancing of the several po-
tentiometer voltages with those available at the
rectifier output, the problem reduces itself to one
of determining a voltage balance. In the past
simple indicating instruments have been used for
this purpose,and have brought with their use several
unavoidable limitations on the precision of the de-
termination of balance. outstanding amongst these,
i{s the fact that where an instrument of sufficiently
low current sensibility to avoid the need for fre-
quent replacement is used, the determination of bal-
ance is necessarily poor, and, in any event, conven-
tional meters all suffer from so high a degree of
inertia that they are useful only when a repetitious
form of modulation is employed, such as simple tone
modulation.

Where the degree of transient modulation, such
as speech and music, is to be measured, conventional
measuring instruments, per se, are completely unsuit-
able and an indicator of negligible inertia is es-
sential. Such a low inertia indicator is provided
in the thyratron. When once the potentiometer, C4
is so set that plate-circuit current barely does not
flow, only an extremely minute reduction of the thy-
ratron grid bias, for the barest instant of time, is
required to initiate plate current after which it
continues to flow until manually or automatically
interrupted, and the previous critical conditions
reestablished.

MODULATION METER INDICATOR

L]

Me

ji— i i
=29 =73

0

N\



0

PROCEEDINGS OF THE RADIO CLUB OF AMERICA, INC.

Provision for the preliminary adjustment of
the thyratron operating conditions is provided
through the use of the isolating switch, S;, which
when closed provides for the adjustment of the bat-
tery, Cq, to the lowest value of negative bias on
the thyratron grid at which no plate current flows.
The relay in the plate circuit provides a closed
circuit for the plate current that will later flow
and make itself evident by the meter, My, and the
operation of the relay.

Once this adjustment has been made, the bal-
ance of the local d-c voltage available from Cz for
the determination of the relative value of the
carrier amplitude, and the balance of the d-c voltage
available across C3 for the determination of the
relative value of the modulation amplitude, may be
determined with unusually high precision.

The scales of meters Mz and M3 are so chosen
as to give a direct reading of the per cent modula-
tion on M3 .

Mr. Lent pointed out that not only did the
equipment provide for the measurement of the degree
of modulation, but provided for the determination of
frequency with which the modulation exceeded any
value for which the apparatus might be set. The
thought was contributed by the membership that by
the addition of a simple electrical counter to the
plate circuit of the thyratron, the system might
then integrate the number of such excesses of modu-
lation, and by the further addition of an electric
clock movement carrying appropriate recording discs
it might time such excesses.

Considerable discussion of the degree with
which so essentially a power series device as the
electron tube could approach strict linearity brought
out from Mr. Lent the fact that, in so far as his
measurements were able to reveal it, there was no
departure from strict linearity in the triode recti-
fier included in the equipment.

The discussion soon turned to the matter of
high fidelity transmission in connection with which
it was brought out that broad frequency response is
only a part of the high-fidelity program, and that
of almost equal importance is the matter of dynamic
range. It was recalled that during the Bell Labor-
atories demonstrations last spring it was shown that
a full orchestra has a dynamic range of at least 70
db. As against this, the average broadcasting sta-
tion can transmit a dynamic range of only about 20
db.

The studio operator, in a modern broadcasting
plant, is the man who is charged with the responsi-
bility for seeing that the actual dynamic range that
goes out from the studio to the station does not ex-
ceed the capabilities of the station. To do this
successfully requires rehearsal of the program, so
that the points of greatest intensity or highest
level may be noted on the cue sheet, and proper
notes made as to how the level is to be controlled
during the program, The level must be cut down
gradually and well in advance of the loud passages,
if the audience is to get as much of the dynamic
range as the apparatus will permit without over-
loading and distortion either at the transmitter or
receiver.

At the upper limit of the dynamic range there
is the modulation capability of the transmitter. At
the lower limit there is the noise level. If these
were, let us say, 100 db apart, so as to leave a
factor of safety over anything that even the full
orchestra can do, the measurements outlined in Mr.
Lent's paper would be far less important. The fact
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is, however, that the dynamic range of the transmit-
ter is less than one-third of what it should be,
even when all the equipment is in the best possible
order. Additionally, the modulation capability
tends to fall, and the noise level tends to rise,
unless the station is expertly maintained, and this
requires frequent and precise measurement of each of
these quantities, with the most accurate and con-
venient apparatus that can be secured.

Nothing can be more detrimental vo the full
enjoyment of the best programs than to have overmod-
ulation and distortion occur, even if only for an
instant, at those very points in the score that rep-
resent the climatic heights of the music. To have
the quieter and more contemplative passages obscured
below the noise level is only a slightly lesser evil
Expert handling of the studio gain controls. based
on a complete and current knowledge of the capabili-
ties of the station, is therefore a primary requisite
in the high-fidelity campaign.

Mr. J. H. Miller

The discussion has brought out the fact that
the majority of rehearsed programs will have a cue
sheet correctly marked with the position of the gain
control for the various parts of the program. The
gain control position is presumably set for that
value which gives maximum modulation without exceed-
ing 1008 at any time due to orchestral crashes or
other peaks.

At the same time it must be realized that many
programs can not be rehearsed. This obviously ap-
plies to running accounts of sports events and to
certain studio features. It is here that the volume
level indicator, integrating over certain time peri-
ods, becomes of value.

The device described by the speaker which in-
dicates that modulation has exceeded 100%, indicates
only after the event occurs; the commercial volume
indicators indicate continuously.

A considerable gain in the available control
is now had through the use of level indicators with
varying speeds. Through the use of a pair of these
instruments, one slow speed unit with a period of
about 1.5 seconds and the other a high speed unit
with a period of about 0.3 second, a reasonably good
control may be had over a program. The instrument
with the longer period is usually kept as high as
possible so that the maximum use of the facilities
may be had. The high speed instrument which will
indicate peaks must be kept below the overload point,
usually arranged well up on the scale, and by taus
watching both instruments a reasonably good monitor-
ing job may be done. It would seem that with these
two instruments, a cue sheet, and a device giving a
record of overload peaks, we would have the best
possible arrangement of equipment to aive a high
quality program and at the same time make use of the
available facilities to the utmost.

It is believed that the speaker's statement
that absolutely no overloads should even be tolerated
would result in operating a station at too low a
modulation level. I1f we will allow an occasional
modulation peak of over 100% we will immediately ar-
rive at a reasonable compromise between the maximum
use of facilities and a program of general high
quality and such a reasonable compromise would seem
to be the optimum condition.

Mr. W. C. Lent

I have read Mr. Miller's discussion and it occurs to
me that he missed somewhat the purpose for which the
modulation measuring system discussed was intended.
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That apparatus is not intended for everyday monitor-
ing purposes but rather to enable the supervisory
staff to check the operation of a station in the
hands of the operators. For station use an en-
tirely different type of modulation meter is more
suitable. This instrument actually indicates modu-
lation degree directly and continuously during the
program, Obviously this meets the objection of Mr.
Miller. The system under discussion was not pre-
sented as one suitable for monitoring purposes which
fact apparently Mr. Miller did not understand.

Mr. E. A. Tubbs

It seemed to be the consensus of opinion that
a transmitter should be allowed to pass beyond its
modulation capability on occasional signal peaks,
the point at issue being to what extent it should be
allowed to so overmodulate.

From personal observation I have found that a
station, which may seem to have no noticeable dis-
tortion when properly tuned in, may at the same time
be causing serious interference with a weak signal

on an adjacent channel, It seems to me that this
should be given serious consideration when deciding
how far and how often a transmitter be allowed to
overmodulate. If this adjacent channel interference
is kept to a low value then I do not believe a sta-
tion need worry about the amount of distortion its
signal is undergoing.

This seems to me to be doubly important in as
much as the lack of fidelity with which a station
reproduces its program is mainly harmful to itself;
but when it creates adjacent channel interterence it
is in effect destroying the fidelity of stations on
neighboring channels, for listeners located near the
offending transmitter.

While it may be true that there are very few
receivers capable of receiving a weak signal on a
channel adjacent to that of a powerful local station,
yet such receivers can be built and I believe there
would be more creative effort expended in this di-
rection if the prevalence of adjacent channel inter-
ference were given such more serious consideration
as would minimize or eliminate {it.

JOINT MEETING

ROCHESTER, NEW YORK
November 12, 13, 14, 1934

RADIO CLUB OF AMERICA

INSTITUTE OF RADIO ENGINEERS

ENGINEERING SECTION R. M. A,

Program of the joint meeting will be forwarded to the membership

shortly. In the meantime hotel and other reservations for the meeting

should be made by addressing

MR. O. L. ANGEVINE

Rochester Engineering Society

HOTEL SAGAMORE

ROCHESTER, N. Y.

Year Book

In view of the fact that 1934 marks the twenty-fifth
year of the Club's activities, the Board has de-
termined to commemorate the occasion by a "Twenty-
Five Year Book".

That publication will supplement the material of the
usual form of year book by a detailed and intimate
history of the development of the radio art and
industry as participated in by the club members. A
questionnaire devised to serve as a basis for such
an historical volume has already been distributed to
the membership and all are urged to supply the de-
sired data at once. In addition to this data any
photographs which will more graphically indicate the
part played by the membership in the development of
radio are urgently solicited.
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June Meeting

The meeting of June 13th’ was devoted to a paper by
Mr. W.G.H. Finch on the adaptation of the conven-
tional Teletype printers to the radio system of the
International News Service and on the compact radio
printer which he has developed for mobile work,

The membership will be glad to know that one of its
number, in the person of Mr. Finch, was appointed to
a place on the engineering staff of the Federal
Communications Commission and that while the taking
over of his new duties has made impossible the com-
pletion of his paper for publication as originally
scheduled, it is expected that it will appear in the
Proceedings shortly.
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ALL WAVE RECEIVER PROBLEMS

8y

MURRAY G. CLAY"

Delivered before the Radio Club of America
October 10, 1934

CIRCUIT DESIGN PROBLEMS

The important requirement that radio receivers
designed for use in the high frequency ranges pro-
vide the same effectiveness of performance as has
become commonplace in the receivers designed for use
in the normal broadcasting range requires something
more than the extension into the higher frequency
ranges of the conventional circuit design methods
which have made the broadcast receiver possible. It
has, on the other hand, required a careful re-exami-
nation of the principles underlying those methods of
design and the working out of new and especial ap-
plications of those fundamentals to the specific
conditions encountered in the high frequency ranges.

The mere fact that receivers of this type are
necessarily of the multirange type introduces the
complicated problem of switching of high frequency
circuits completely lacking in broadcast receivers:
it introduces the extremely serious problemof adapt-
ing the highly standardized components of the rela-
tively low frequency broadcast receiver to the high
frequency field and introduces the unusually trouble-
some problem of providing for the use of a single
antenna over so wide a frequency range as to make
the conventional receiving antenna a negligible por-
tion of a wave-length long at one end of the range
and perhaps more than a complete wave length at the
other.

Early attempts to provide economically usable
multirange receivers in this field completely evaded
many of these problems by the omission of all se-
lection and amplification between the antenna and
first detector. The extremely unfavorable image
response, the relatively low signal to noise ratio
and the usually low sensitivity and effective se-
lectivity of such arrangements quickly proved them
inadequate and pointed for the need in the high fre-
quency ranges of circuit elements analogous in their
performance characteristics to those employed in the
broadcast range.

* Engineer, E.H. Scott Radio Laboratories, Chicago

Illinois.
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Thus, experience has established the fact that
present tubes can be made %o function as radio fre-
quency amplifiers with a much more favorable signal-
to-tube-hiss ratio than can be attained in first de-
tector or converter circuits and a marked increase
in usable receiver sensitivity is therefore obtain-
able when one or more high gain radio frequency
stages are arranged to supply an augmented signal
voltage to the converter grid thus "swamping" the
noise contributed by the latter tube. Image ratio
is improved, as radio frequency tuned circuits are
cascaded, proportionally to Q, where *n" is the num-~
ber of tuned circuits and "Q" is the figure of merit
of ecch, assuming they are alike. At the same time,
where reasonable shielding is employed, one or more
radio frequency tuned stages afford acceptable free-
dom from interference caused by strong signals.or
electrical noises getting directly into the inter-
mediate frequency amplifier. Radiation is likewise
materially reduced since tuned circuits and tubes,
preceding the oscillator section of the circuit, act
as effective "buffers".

The importance of antenna coupling circuit
gain cannot be over emphasized since, in addition to
all of the above advantages, this factor determines
the ultimate usable sensitivity of the receiver in
favorable locations. while tube noise in a radio
frequency amplifier stage may be markedly less than
that contributed by a converter stage, this noise
1imits the amount of usable amplification, of any
type, which can follow tiais tube. Antenna circuilt
gain, then, is of unique importance and every effort
to maximize it without complication, is worth while.

INTERSTAGE COUPLING SYSTEMS

Early study of these factors led, immediately,
to the measurement of the relative figures of merit,
"Q", of some twenty coils, of suitable physical
sizes, designed to operate between 8 and 20 mega-
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cycles in conjunction with standard broadcast type
tuning condensers.

APPROXIMATE VALUES OF *Q® FOR VARIQUS
PRACTICAL COILS AT EIGHT MEGACYCLES

Coll Wire T

£ Qe Dis. Turns £ inch Comments

1. 101 1.0 5.0 18 20

2. 116 1.0 5.5 18 10

3. 358 1.25 15.0 18 12 Small ¢ to tune
4o 68 1.0 5.5 30 16

5. 116 1.0 5.5 24 16

6. 130 1.0 6.0 20 10

7. 141 1.25 6.0 20 10

8. 60 1.25 6.0 30 10

9. 124 1.0 6.0 16 10

10. 113 1.0 6.0 14 10

11. 84 1.0 6.0 24 10

12. 131 1.0 6.0 18 10 Chosen for tests
12. 145 1.0 6.0 18 10 Teated at 9MC.
13. 141 1.25 5.5 18 12

14. 135 1.25 5.5 18 8

15. 113 1.25 5.5 18 6

The table gives the results of some of the
more significant of these measurements obtained with
each coil placed in a two inch square aluminum can
of suitable length.

From these data the best practical coil was
gelected and tested in a tuned radio frequency stage
using various coupling means. As might have been
expected, discouragingly low gains resulted from the
use of the conventional, tuned, inductively coupled
step-up transformer in the plate circuit. This led
to the coupling arrangements shown in Fig. 1 whereby
a markedly higher tuned impedance was included in
the plate circuit of the amplifier tube.

This circuit, including the necessary filter-
ing, while sufficiently stable, varied widely in
gain from 6 down to little more than 1. Tae fact
that the gain was maximum when the capacity was
nearly minimum substantiated the fact that, as has
been generally recognized, the use of broadcast
capacity range tuning condensers with the necessari-
ly minute inductances to cover the high frequency
ranges, is a serious limitation to the maintenance
of the amplification at a high value throughout the
frequency range.
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With these facts in mind, after it had been
determined that anything as small as a 100uuf vari-
able condenser would not afford broadcast band cov-
erage, serious consideration was given to the possi-
bility of using larger inductances with thecustomary
broadcast type ganged tuning condenser. A few tests
indicated that a marked increase in inductance would
be necessary to attain a reasonable gain from ampli-

fier stages operating at these high frequencies. At
the same time, the equally great need for improve-~
ment in antenna circuit gain was kept in mind.

The use of a small fixed condenser in series
with the usual tuning capacitor was considered, but
not tried because of the inevitable crowding at the
high frequency end of the dial, the increased losses
to be expected unless a fixed air condenser were to
be used, and the limitation in tuning range. An
inductively coupled tuning transformer, as indicated
in Fig. 2, was next considered, tried, and found to
function fairly satisfactorily, though with little
improvement in gain in return for the increased
switching complication, bulk and cost.
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Theoretical considerations indicate that, in
an ideal system, connecting a given condenser, "C",
across a few turns, "n", of a given coil having "N*
total turns, is equivalent to putting a capacity,

v

across the whole coil. Thus, if such a *tuning
auto-transformer" consisted of a condenser of 350uu
fd capacity connected across half of a coil of 2.5
micro-henries total inductance, as indicated in Fig.
3, this combination would be approximately equiva-
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lent to 390uufd connected across an entire coil of
0.65 micro-henries and would tune to about 10 mega-
cycles in each case. First tests with this type of
system used in a tuned radio frequency stage indi-
cated that while the theoretical maximum increase in
gain of four to one was not attainable, it can be
approached sufficiently close to afford a marked
improvement in performance.

Considerable subsequent. experience with this
system, used as an r-f coupling means covering a
frequency range from 8 to 20 MC has shown it to be
very effective. Gains as high as 35 were found
possible using completely practical circuit elements
with a comparative small change of gain with fre-
quency over the band of any one coil. Variations
of gain over a single band of less than two to one
was easily attainable and in an exceptional case a
gain of only 10 per cent was obtained. Frequency
ratios of 2.25 to 2.75 are attainable in practical
arrangements with tuning curves substantially the
same as those resulting from the use of the same
elements in conventional type of circuits.

It is to be noted, however, that the capacity
resident in the circuit wiring and the dielectric
losses in that capacity become of especial import-
ance in this type of circuit and must be kept at the
irreducible minimum for best results.

ANTENNA COUPLING SYSTEMS

Returning to consideration of the problem of
high antenna gain, using broadcast type tuning con-
densers, a study was made of the possibility of
using the same center-tapped tuning arrangement in
order to maximize the resonant rise of the antenna
voltage into the grid of the r-f tube and to elimi-
nate tracking difficulties when used in conjunction
with this type r-f coupling system. 0f the many
possible, two (fortunately the simplest) coupling
means were found to be the best.

Fig. 4 indicates one simple antenna coupling
method, in which the small series antenna condenser
may have a capacity between 10 and 15uufds, while
the alternative is to connect the antenna to the top
of the coil through a capacity of about 3Juufds. Sub-
sequent experience has shown that while the results
from the two systems are quite similar, practical
switching considerations may give one some prefer-
ence over the other. Using either connection,
gains ranging from 3 to 6 have been experienced
using a 400 ohm dummy antenna. In general, modifi-
cation of existing excellent practical receiver cir-
cuits to incorporate this principle has resulted in
over 50 per cent improvement in antenna circuitgain.

!
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In the combination of this antenna coupling
system with the similar r-f system oscillation oc-
curred on resonance in spite of all the usual filter-
ing precautions which had been incorporated in the
set-up,

This instability defied all attempts at its
elimination, though thorough shielding, considerable
component separation, and separate battery power
supplies were tried. A study of the circuit then
revealed the possibility that since, at these high
frequencies, the coil and condenser leads constitute
a considerable part of the total inductance of the
tank circuit, the very short, low impedance rotor
shaft connecting the usable sections of the ganged
condenser might well provide sufficient coupling
between the grid and plate circuits, as indicated in
Fig. 5. to cause the instability noted. Checking

this theory by using separate tuning condensers sub-
stantiated this fact.

T

Fig. S

The elimination of this coupling by the cen-
tralization of the several groundings in the circuit
at one point in the variable condenser structure as
shown in Fig. 6 resulted in complete stability at
all frequencies.

In fact, it was rather astonishing to find how
1ittle coil shielding and part or circuit separation
were needed to provide complete stability in such a
high gain system after this cause, which has proba-
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Fig. 6
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bly always existed in less aggravated form, was
eliminated. Marked improvement in sensitivity and
signal to this ratio was then obtained, with com-
plete stability, using the entire system as indi-
cated in Fig. 6.

COIL SWITCHING SYSTEMS

Experience with the practical embodiment of
these principles has led to simple efficient coil
switching arrangements. Careful measurements have
shown a negligible difference in efficiency between
parallel and series coil switching systems so that
different physical set-ups may give either a 5 per
cent advantage over the other. For that reason,
both arrangements have been used with success, choice
depending on convenience. A simple series coil
switching arrangement has been devised, embodying
all the desirable features which have been mentioned,
as indicated in Fig.7?, while Fig.8 indicates an
equivalent circuit utilizing the parallel coil ar-
rangement. It will be noted that in either circuit
the maximum benefit is derived from the grid and
plate "boosting coils" on the highest frequency band
and that as more inductance is switched into each
circuit for the lower frequency bands, the effect of
these coils becomes less and less until, on the
broadcast band, their effect is negligible. In
this manner it is possible to partially counteract
other factors which lessen receiving efficiency on
the higher frequencies where it is desirable to con-
centrate the greatest gain.
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Fig. 7

In order to facilitate tracking and compensate
for slight inductance variation in the manufacture
of these coil systems, individual trimmers may easi-
ly be connected across each of the series coils
shown in Fig. 7. Padders may be conveniently
added, to eitlLer circuit, if desired, by providing
an extra set of contacts on the coil switch. However,
padders have not been found generally necessary or
desirable. Due to the use of & small condenser in
series with the antenna lead, wide changes of an-
tenna characteristics have a negligible effect on
the tracking of the antenna and r-f circuits.

In general it may be said that the circuit
arrangements, the development of which has been here
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described, provide highly effective means for secur-
ing high radio frequency stage gain as well as an-
tenna circuit gain and thus provide performance
characteristics for short wave receivers comparable
with those commonly accepted in broadcast receiver
practise. No especial or "tricky" expedients need
be resorted to to attain amplifier stability and the
resultant mechanical and electrical structure need
include nothing but the simplest of coil and switch-
ing gear construction.
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ACOUSTIC FEED BACK PROBLEMS

The broad subject of regenerative electrical
feed back in radio equipment has been of interest
and importance ever since the introduction of the
vacuum tube amplifier and detector provided
such degrees of amplification as made possible sus~
tained oscillation through the ever present feed
back couplings inherent in the equipment. The
possibilities of the utilization or elimination of
this phenomena were early recognized and the means
for its control or neutralization thoroughly invest-
igated and established.

On the introduction of the loud speaking type
of reproducer into the radio system an extension of
the feed back principle including, in addition to
the electrical couplings, a mechanical or acoustic
coupling resulting from the mounting of the loud
speaker in or near the mechanical structure of the
amplifier system gave rise to acoustic regeneration
resulting in what is termed “acoustic howling" and
requiring new analysis of the problem and new meth-
ods and expedients for its elimination. while the
presence or absence of purely electrical feed back
coupling may markedly influence the over-all sta-~
bility of an amplifying system including an acoustic
feed back element, the methods for the analysis and
elimination of the purely electrical feed back are
so well established and generally understood that no
further reference to them need be made in this dis-
cussion,

The development in the last few years of ex-
tremely high gain receivers in ever decreasing phys-
ical size and the therefore unavoidable increase in
acoustic couplings between the several parts of the
system has made essential the careful analysis of
the effect of such couplings on the over-all stabil-
ity and the devising of means for its reduction or
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elimination. It is, therefore, the purpose of this
portion of the paper to review work done in this
field and to suggest methods for the experimental
analysis of this phenomena and to suggest such modi-
fications in the electrical and mechanical structure
of conventional forms of receiving equipment as will
offset the influence of such acoustic couplings as
are upavoidable.

AUDIO MICROPHONICS

0f all acoustic feed back trouble audio micro-
phonics are, perhaps, the most widely known and
understood. They result when sound energy from the
loud speaker causes one or more of the audio tubes
or the detector to vibrate. The condition necess-
ary for this feed back to cause howling is fulfilled
when the audio amplification between the detector
and the loud speaker is equal to or exceeds the
acoustic attenuation between the loud speaker and
the detector. The tendency toward microphonic
howling is therefore, a function of the audio gain,
loud speaker efficiency, acoustic attenuation be-
tween speaker and detector and any mechanical reso-
nances in the tube or the speaker.

while this variety of howl is no longer of
great importance in practise as the result of the
general use of relatively low audio gains and rug-
gedly constructed tubes certain familiar facts per-
taintaining fo this problem are pertinent to later
discussion and will, therefore, be reviewed at this
point. Reference is here made to Fig. 9 which rep-
resents graphically an audio system including the
loud speaker and acoustic feed back link, and in
which it is assumed that the only effective acoustic
link extends to the detector.
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Fig. 9

In the case of the grid leak detector, the
microphonic howl occurs when little or no carrier
and hence little resulting biasing voltage is im-
pressed on the grid since under those conditions is
the tube most effective as an amplifier and highly
effective for the modulation of its plate current by
the vibration of the grid. In the case of the grid
bias type of detector circuit the converse is true
since the detector tube acts as an effective audio
emplifier only when the applied carrier offsets the
effect of the normal grid bias and thus acoustic
howling results only in the presence of a relatively
strong carrier.

The early investigations into this phenomena
suggested simple means of analysis which are still
of great utility. Briefly, after disconnecting the
loud speaker from the receiver circuits, maintaining
its physical connection with the amplifier, however,
the speaker is excited by a conventional audio os-
cillator of variable and known frequency and voltage
and the output signal at the receiver terminals
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across a load equal to the speaker impedance result-
ing from this mechanical excitation carefully meas-
ured over a wide range of frequency. Hence, and
from the above criterion that, to avoid acoustic
howls, the acoustic attenuation must exceed the
audio amplification it follows that at those fre-
quencies at which the receiver output voltage ex-
ceeds the speaker exciting voltage, the system may
howl, depending upon the phase relations between the
voltages involved. And the amount by which these
voltages differ is a direct measure of the tendency
to howl or the margin of stability against howling.

For the elimination of howling the phase of
the speaker connections should be so chosen to sup-
press the howl corresponding to the greatest of the
several possible tendencies to howl as indicated by
the above mentioned voltage differences and the re-
maining tendencies toward howl provided against by
the usual expedients of flexible detector sockets,
weighting the detector tube to lower its natural
period, damping the detector tube vibration with
rubber or felt pads, and reducing the acoustic coup-
ling through the further removal or acoustic insula-
tion of the loud speaker.

It should be noted at this point that the type
of howl here discussed is not to be confused with
the "motor-boating" sometimes quite similar in sound
which, however, results from poor regulation of the
power supply unit and overloading of the tubes, com-
monly the power tube. In practise it will be found
that this type of howl may be differentiated from
the normal acoustic howl by the measurement of the
tendency 0 howl as outlined above or, as an alter-
native, the replacement of the loud speaker by head-
phones, properly loading the output tube, of course,

and observing whether or not the howl persists with
the negligible acoustic coupling provided by head-

phones.

It should be further noted that in every case
where excitation of the receiver by a carrier is re-
sorted to, the carrier must be completely free of
modulation since the presence of modulation probably
through something of the nature of super-regenerative
action, markedly reduces the tendency toward howling.

HIGH FREQUENCY MICROPHONICS

Like the audio frequency microphonics dis-
cussed in the previous section, radio frequency
microphonics are not unique in the modern high gain
receiver but their troublesome influence has become
more evident with the introduction of the super-
heterodyne and its higher sensitivity and selectivi-
ty. Like the audio frequency microphonics they
require that a carrier be present since, without it
the mechanical and relatively low frequency vibra-
tion of tubes and circuit elements can provide no
excitation of such a frequency as will be passed
along by the R.F. and I.F. stages to the second de-
tector tube. The consequent possible confusion
between A.F. and H.F. microphonics can, therefore,
be avoided only by preliminary search for the seat
of the feed back in the A.F. system by its isolation
from the H.F. system and only after any A.F. micro-
phonics have been eliminated can the further invest-
igation into the H.F. stages of tke system be ef-
fectively carried on.

In general, there are two distinct types of
microphonics in the high frequency stages: those
arising from the vibration of circuit elements such
as variable condensers, padders, coils and connect-
ing leads, etc.; and those arising from the vibra-
tion of the tube elements. The former of these,
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for reasons that will be obvious from their further
discussion in a later section can give rise to mi-
crophonics only when the system including them is
detuned from the carrier exciting them. The former
for reasons perhaps obvious from the discussion of
A.F. microphonics, can give rise to microphonics
only when the system is tuned to the frequency of
the carrier and, indeed, are most troublesome when
the receiver is precisely tuned to the carrier.
Thus, there is provided a simple and easily effected
means for localizing the seat of the H.F. microphon-~
ics as between the tubes and the circuit elements of
the receiver, and the further analysis may then
follow.

"ON RESONANCE” HOWLS

For the further consideration of H.F. micro-
phonics arising in the tube elements more detailed
consideration must be given to the phenomena result-
ing from the vibration of the tube elements when the
tube is acting as an amplifier of high frequency
voltages. For this reason it is to be noted that
the amplifying properties of any tube reside in the
fact that as the voltage on the grid is varied the
field about it and within the tube structure varies
80 as to repress or encourage the flow of electrons
from the cathode to the plate. 1f, however, the
potential on the grid is maintained at a fixed value
and its position relative to the cathode and plate
is varied, a similar change in the field about it
occurs and gives rise to a change in the amplirying
properties of the tube, much as if a change of volt-
age on the grid had taken place. Obviously then,
when the grid is caused to vibrate freely, a cyclic
change in the amplification results and any carrier
present on the grid of the tube appears in the plate
circuit modulated at the frequency of the grid vi-
bration.

It is this mechanically modulated carrier,when
applied to the second detector that provides the
audio current which makes the acoustic howl possible,
And since it is the absolute amplitude of the modu-
lation of the carrier and not merely the ratio of
this amplitude to the mean carrier amplitude, i.e.,
the percentage modulation, that determines the audio
output of the second detector, it is usually necess-
ary that the system be precisely tuned to the car-
rier so that a definite threshold level of carrier
at the second detector be exceeded if the acoustic
coupling is to be effective in creating howling. The
inclusion of the AVC in the receiver in no way modi-
fies this requirement since first, any practical A.
V.C. system is by no means completely effective in
maintaining the second detector input independent of
the applied carrier amplitude and secondly, the very
employment of AVC circuits further augments the
tendency toward howling at high carrier levels.

This will be more easily evident from Fig.l0
if it is borne in mind that the mechanical vibration
of the grid through a definite amplitude performs
the same electrical function as the application to
the grid of a definite A.C. voltage of the frequency
of the vibration. In Fig. 10 is shown the charac-
teristic curve of a conventional tube in which the
plate current is proportional to the square of the
grid voltage.

The amplification possible with such a tube
when used in conventional circuits is proportional
to rate of change of plate current with grid voltage
change, i.e., the mutual conductance, Gp of the tube,
which in the square law tube is directly proportion-
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Fig. 10 Fm

al to the grid voltage as shown in the mutual-con-
ductance curve of Fig. 10.

It will be evident that if the grid voltage at
a definite carrier level adjusts itself to the value
a and the vibration of the grid results in an equiv-
alent grid voltage change of bc, there results an
amplitude of modulation he and a percentage modula-
tion of he dividea by fa which in this case is of
the order of sixteen per cent.

Where, however, a high carrier level operating
through the AVC mechanism drives the grid bias to
the point a' and the vibrating grid provides the
same equivalent grid voltage swing as before and as
indicated at b'c' there results the same amplitude
of modulation as before, as indicated at e'h' but,
however, with a greatly increased percentage of mod-
ulation as given as the quotient of e'h' divided by
f'a' in this case about 100%. And since the AVC
functions as to maintain the voltage on the second
detector grid approximately of the same value and
largely independent of the carrier input, the audio
output of the second detector and hence the tendency
to howl is much increased by the action of the AVC.

This condition does not, however, obtain where
the exponential type of amplifier tube is used since
it is the primary characteristic of this tube that
the amplification made available through its use
varies exponentially with the control grid bias and
thus provides a substantially constant percentage of
modulation fora given equivalent grid voltage change
generated by the vibration of the grid. This will
be more clearly evident from Fig. 11, which shows
the characteristics of the exponential type tube,
and in which the notation is substantially the same
as in the previous figure. And while the commonly
available remote cut off tubes are probably not
strictly exponential in their characteristics, but
are, for the most part, largely constituted of tube
elements giving two separate square law characteris-
tics, the lower effective amplification constant of
this type of tube at highly negative grid biases
provides definite usefulness in offsetting the tend-
ency toward microphonic howls through their employ-
ment.

It is to be noted in connection with all work
in the tracking down of "on resonance" howls and
their relation to tube characteristics, that the in-
vestigator must assure himself that all variable
tuning elements are in thorough alignment, lest the
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lack of that alignment hide the presence of howling
tendencies otherwise discoverable or, on the other
hand, the misalignment make possible howls due to
causes other than mechanical feed back to the tubes.

For the treatment of "on resonance” howls, sub-
stantially the same remedial measures recommended
for audio howls are of usefulness with the addition
that the employment of exponential or remote cut-off
tubes in the offending stages is especially helpful.

"OFF RESONANCE” HOWLS

where the offending element in the receiver
giving rise to acoustic coupling with the loud speaker
is one of tne tuning elements, a distinctly different
type of phenomena from that observed in the case of
the speaker-to-tube coupling results. This will be
evident from consideration of what occurs when, for
instance, the plates of the variable condenser are
caused to vibrate through their mechanical coupling
to the loud speaker. If they are well centered with
regpect to one another and vibrate at the frequency
of the emission from the loud speaker and are, at
the same time so adjusted as to precisely tune the
system to the frequency of the carrier being re-
ceived, their tendency to modulate the carrier will
be very little because of the "flatness” of the res-
onance curve of the circuit of which they are a part.
But even though the resonance curve were extremely
sharply peaked, such modulation as occurs would not
be of the same frequency as that of their mechanical
vibration since they would, in fact, throughout a
single cycle of movement of the plates, either side
of their centre and normal position, detune the
system not once, btut twice and thus modulate the
carrier, at twice the mechanical exciting frequency,
if at all. Thus no acoustic feed back can result
under these conditions.

1f, however, the tuning system is deliberately
detuned and sufficiently high carrier levels are ap-
plied to the input, a distinctly different condition
results. In this case it is evident that as, for
instance, the condenser plates are vibrated and the
frequency to which they tune the system varies be-
tween the upper and lower limits either side of the
normal resonant period, only once per cycles of the
mechanical vibration does the tuned system approach
resonance with the applied carrier and thus the car-
rier is modulated at the frequency of the mechanical
vibration and howling can occur. There is, fortu-
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nately, a definite phase relation between the me-
chanical excitation applied to the tuning system and
the resultant modulation which immediately suggests
the possibility of the repression of this type of
acoustic howl through the reversal of the loud speak-
er connections. And, indeed, such a reversal does
accomplish the expected repression only, however, to
bring it into being again when the tuning system is
so adjusted as to set it off of resonance on the
other side of the carrier and thus really provides
nothing but an effective method of recognizing the
seat of the coupling. Since, for a given condition
of speaker connection this type of howl occurs at
only one side of resonance it has been termed, not
only "off resonance” howl but "assymetric® and "ad-
jacent channel" howl as well.

It is to be noted that howls from such causes
as are here discussed cannot occur on both sides of
resonance and that evidence apparently to the con-
trary indicating symmetrical off-resonance howls is
merely indicative of the fact that at least two sep-
arate couplings are present and giving rise to the
howls and that the search for their location must
include more than one of the circuit tuning elements.

The influence of the value of the "Q" on this
type of howl should be especially noted as suggested
by Fig. 12 in which the resonance curves of circuits
having Qs of the ratio of two to one are shown. Thus
for a vibrational change of the resonant frequency
of the circuit of a value ef or its equal, bc, will
result in the case of the relatively low Q and non-
selective circuit shown at § in a modulation of the
carrier proportional to lm while in the case of the
more selective circuit shown at T it will result in
a modulation indicated by gh with the consequently
greater tendency to howling.

Fig. 12

It will be noted also that the amount by which
the tuning system must be off resonance to offer the
maximum slope of the resonance curve and hence maxi-
mum tendency to howl is also a function of the value
of Q, being greater the smaller the value of Q.

1t is obvious then that those factors which
make for greater selectivity and image suppression
as well as all of those performance requirements
tending to increase the Q of the radio circuits un-
avoidably increase the tendency toward off-resonance
howls.

Since practical experience shows that the most
fertile source of mechanical modulation in the tun-
ing systems resides in the variable condensers, it
is of value to give further detailed consideration
to this one of the circuit elements. It is gener-
ally appreciated that where a metal plate consti-
tuted a capacity with two other parallel adjacent
and symmetrically placed plates, minor motions of
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the central plate in a direction normal to the sur-
face of the plates gives little change of capacity,
since the increase of capacity brought about by the
approach of the moving plate to one of the station-
ary plates is largely offset by the reduction of the
capacity with respect to the other of the stationary
plates. And, so in the case of a variable condenser
made up of a series of carefully aligned plates,
little difficulty resulting from carrier modulation
by the axial motion of the plates relative to one
another need be anticipated except, perhaps, in the
case of the end plate for there must, in any con-
ventional structure, be plates at the end of the
structure that are not symmetrically located with
respect to two others. To meet this latter con-
dition, special proportions in the end plate gpacing
as referred to below may be employed but, insofar as
mechanical modulation due to uncentralized inter-
mediate plates is concerned, there is only one
rational solution and that lies in careful alignment
since the art of condenser production has so far ad-
vanced that there is left no excuse whatsoever for
this type of irregularity.

As for the influence of the end plates there
is, of course, no condition under which such an
assymetrically located plate will contribute more to
the howling tendency than any of the intermediate
plates. Careful theoretical investigation indi-
cates, however, that if the end plate is removed
from its neighboring plate by a distance approxi-
mately forty per cent greater than the normal plate
spacing the tendency to howl is minimized.

Aside from these detailed specific points
there are several generalizations worthy of tormula-
tion and note. Amongst these is the fact that in
general, the more compact the variable condenser,
the greater is the tendency toward the generation of
howl. There is in general no single setting of the
variable condenger that will always accompany the
greatest tendency to howl; if the tendency to howl
is completely resident in the variable condenser
that position which provides the highest selectivity
will most easily provide a howl: 1if, on the other
hand, some element providing a large portion of the
residual capacity, such as padders, etc., is the
vibrating member, the greatest tendency to howl will
occur with the condenser plates unmeshed: while if
the vibrating member is a portion of the inductive
element the howl will occur most readily at that
setting of the condenser which provides the highest
selectivity and since this latter condition is usu-
ally realized at the low frequency end of the range
it may be said that, in general rotor plate and in-
ductive microphonics occur at the low frequency end
while microphonics due to trimmers, padders, con-
necting leads, etc., occur at the high frequency end
of the range; and that a complete check for micro-
phonics can be made only by a careful investigation
throughout the range,

There is another interesting point to be noted
in this connection and that is summarized by point-
ing out that, unlike the case of A.F, howling, any
stage of the high frequency system is equally sus-
ceptible to howl excitation since the phenomena is
one of modulation of the already present and suc-
cegsively amplified carrier,

Further, there are several interesting points
with respect to the choice of plate thickness that
merit consideration.

In general, condenser plates should be thick
rather than thin. The stiffness increases approxi-
mately as the cube of the thickness and the mass
only as the first power. This raises the natural
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period of the plate and with given energy, the amp-
litude of vibration decreases directly with frequen-~
cy. Since the amplitude of condenser vibration
controls the per cent of microphonic modulation, the

tendency toward acoustic howl decreases as the nat--

ural mechanical resonance is increased. Condensers
with plates whose mechanical resonance is above 1200
cycles have seldom been found to give rise to acous-
tic howl.

Such specific expedients for the elimination
of microphonics originating in the variable condens-
er as have, in practise been found useful are the
mechanical insulation of the condenser through rub-
ber or felt mountings: the acoustical isolation of
the condenser from the speaker through its further
removal from the speaker and the elimination of such
coupling elements as Large dials, knobs, etc.; in-
creased spacing of condenser plates, particularly
the end plates; the use of soft metals such as
aluminum for the condenser plates and the damping of
especially troublesome individual stator or rotor
plates with rubber or felt where necessary: the
weighting of the entire condenser assembly where
evidence of its vibration as a whole is shown as the
cause of the howl.

INTERMEDIATE FREQUENCY
MICROPHONICS

While the fundamental causes of microphonic
howls originating in the I.F, system of the receiver
are identical with those inherent in the R.F. system
ag discussed above, the somewhat different mechani-
cal and electrical properties of the I.F. system
provide certain important differences in the tenden-
cy to howling. Primarily this is due to the fact
that the Q of the I.F. tuned systems is, in general,
likely to be markedly higher than that of the R.F.
tuned systems and hence greater care to guard a-
gainst acoustic couplings is necessary. Furthermore
the higher value of Q results in a smaller differ-
énce between the point of howl and the resonant fre-
quency and thus provides a clue for differentiating
between off-resonance howls originating in the R.F.
and the I.F., systems. And since, in general the
capacity load on the I.F. transformers is less than
that in the R.F. stages, the effect of the vibration
of connecting wires, etc., is more important and
Justifies closer scrutiny of these elements in run-
ning down the source of acoustic coupling. Loose
compression type condensers of the type commonly
used in the I . F. stages are a frequent source of
acoustic coupling since this type is often set in a
wide-open position: and where air condensers are
used for this purpose they are more likely to lack
the nice plate alignment commonly found in the vari-
able air condenser.

But aside from these specific mechanical con-
ditions, for the elimination of which the same ex-
pedients as were recommended in the previous section
will serve, there is nothing essentially different
to be looked for in the I.F. stages.

OSCILLATOR MICROPHONICS

Insofar as the oscillator circuits are con-
cerned, the modulating influence of the vibration of
the oscillator tube will be found to be identical
with that of the vibration of any other of the high
frequency tubes in the system and will manifest it-
self by the usual on-resonance howl, and in this the
oscillator tube is no more susceptible than any
other tube in the receiver. However, this effect
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is negligible as compared with that resulting from
the frequency shift due to the vibration of the
oscillator tube which gives rise to assymmetric
microphonics.

Assymmetric howls caused by oscillator vibra-
tion possess all the characteristics of i-f micro-
phonics except that they occur on weaker signals, or
reduced amplification, and becomes more prominent as
the oscillator frequency is increased. Thus os-
cillator microphonics are factors of major import-
ance at short waves.

The greater tendency toward howling due to
oscillator vibration will be obvious from consider-
ation of two pertinent factors. First, since the
gignal delivered to the I.F., amplifier is of a fre-
quency which is the difference between the oscilla-
tor frequency and the signal carrier frequency, the
percentage change of this beat frequency will be
greater than the percentage change in the frequency
of the oscillator itself due to vibration by the
ratio between the oscillator and I.F. frequencies.
And secondly, since the selectivity of the entire
I1.F. system is operative against the vibrationally
varied beat frequency, the I.F, system acts much as
if the beat frequency were maintained constant and
the resonant frequency of each of the tuned circuits
constituting the I.F. system simultaneously and
widely varied. Such a combination of conditions
obviously provides most effectively for the modula-
tion of any carrier applied to the system by any
mechanical vibration which is allowed to effect the
oscillator tube or any portion of the oscillator
system. Especially severe is this condition in the
high frequency ranges where the ratio of the sscilla-
tor frequency to the I.F. may be of the order of
forty to one and the tendency toward microphonics
proportionately great.

Against these unusually severe conditions
little more by way of recommendations for their
elimination can be made than were made in the pre-
ceeding sections. It is usually well worthwhile,
however, to provide for the mounting of the oscilla-
tor coil not less than one quarter inch from any
metal and, where space is available,at even a greater
distance. The oscillator section of the variable
condenser should be at one end rather than at an
intermediate point in the assembly. And, no attempt
should be made to align the capacity of the oscilla-
tor section with the capacities of the R.F. sections
by bending any of the oscillator section plates,
especially does this apply to the end plate. If
equalization must be accomplished by this crude
means, the necessary adjustments should be made on
the other sections of the condenser using the os-
cillator section as the standard.

The author is pleased to acknowledge that the
major portion of the section of this paper devoted
to the subject of microphonics is the result of an
intensive study of the subject made by Mr. David
Grimes who is to be commended for his orderly analy-
sis of the several phases of the problem and the
compilation of the mass of useful data gathered in
his investigation of it.

NOVEMBER MEETING

The November meeting held on November 15th,
was devoted to a joint paper by Mr. A.B. Chamberlain
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and Mr. W.B. Lodge of the Columbia Broadcasting
System, on "Broadcast Antenna Systems." In this
paper was disclosed a host of data gathered in the
investigation of the operating properties of a wide
range of antennas as now used in the Columbia Sys-
tem. In these is included various types of verti-
cal and flat-top wire antennas, mast antennas, and
combinations of antennas for securing unusual and
especially desirable field patterns. This »aper
will be published in the November issue of the
PROCEEDINGS.

DECEMBER MEETING

Mr. Joseph Chambers of WLW will describe some
of the especial features of the antenna systems and
transmission lines of the 500-kilowatt installation
in Cincinnati. In view of the especial characteris-
tics made necessary by the high power employed at
WLW, it is anticipated that this paper will be es-
pecially interesting.

ROCHESTER JOINT MEETING

The Radio Club of America held a joint meeting
with the Institute of Radio Engineers on the evening
of November 12, 1934, at Rochester, New York, in
connection with the now traditional Fall Meeting of
the Institute. Vice President R.H. Langley pre-
sided, and called attention to the fact that the
Club is three years older than the institute and
that this year marks its twenty-fifth anniversary.

The paper of the evening, by I. Wolff, E.G.
Linder and R.A. Braden, all of R.C.A. Victor Company,
was presented in a most interesting way by Dr.wWolff.
It dealt with the transmission and reception of
centimeter waves and included a most informing and
convincing demonstration. The structure of the
special oscillator tube, designed for a wavelength
of 9 centimeters, and including a circuit resonant
at that wavelength as part of the structure of the
tube, was explained in detail with the aid of slides
that showed the construction. The tube is based on
the basic fact, which seems to underlie chemistry
and magnetism as well as electrical sclience, that an
electron in motion is deflected by a magnetic field.

Although this same tube can be arranged for
use as a detector of the centimeter waves, the re-
ceiver used in the demonstration employed a crystal
detector with an audio amplifier and loud speaker.
The transmitting tube with its radiating circuit is
mounted in a 6 foot parabolic reflector, and a simi-
lar pick-up reflector has the receiving resonant
circuit and crystal detector. Modulation from a
phonograph pickup was obtained first by changing the
plate voltage in the transmitting tube. and later by
an artificial Heavyside Layer consisting of large
argon and mercury tubes whose ionization was varied
in accordance with the music. The unmodulated beam
from the transmitter was modulated by being sent
through this region of ionized gas, and also by re-
fraction and reflection from the gas. The beam was
also reflected fromsmall metallic sheets and from the
rear wall of the lecture room. Fading effects were
accurately reproduced by moving a reflecting surface
or the artificial Heavyside Layer. It was obvious
from the applause that the paper had been thoroughly
enjoyed by Club and Institute members alike.
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THE BROADCAST ANTENNA

BY

A. B. CHAMBERLAIN and WILLIAM B. LODGE*

Delivered before the Radio Club of America
November 15, 1934

The design of & broadcast an-
tenna is governed largely by commer-
cial considerations. A broadcast
transmitter whose income is derived
from advertising sales must usually
concentrate on its primary service
area. This may be defined as the a-
ree in which any home having an aver-
age receiver, and desiring to listen
to the program transmitted can re-
ceive a satisfactory signal, free of
noise and fading. Uncertain, irregu-
lar reception at long distance has
some prestige value, but it seldom
contributes to the income of the sta-
tion, since, in general, the broad-
cast receiver is now used to bring
entertainment into the home with 1lit-
tle interest being shown in the fading
noisier signal of distant transmitters.

In broadcasting, the power out-
put of the transmitter is limited,both
by economic and regulatory factors.The
problem, then, is to concentrate all
of the available radio frequency power
on the local service area. Only a
small fraction of this power is now
directed at the population it is de-
sired to serve.

Increasing the signal intensity
in a horizontal direction is only part
of the problem in the case of higher
powered transmitters, nighttime fading
starts many miles before the field in-
tensity becomes too weak for a satisfac-
tory signal. Radiation above the hori-
zon is completely lost during the day-

* Columbia Broadcasting System
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light hours, this power being robbed
from the useful signal. At nighttime,
however, conditions are changed so
that some of the radiation at angles
between 400 and 700 above the horizon
is returned to earth 40 to 150 miles
from the transmitter. This reflected
signal is of negative value since its
variation in phase and amplitude caus-
es it to interfere with the signal ar-
riving directly from the transmitting
antenna. At night the local service
area ends at a point where the reflect-
ed signal approaches the directly
transmitted signal in intensity.

It is fair to say that many ex-
perienced antenna engineers doubt the
probability of redirecting this high
angle radiation and concentrating it
along the horizon. Such a aevelop-
ment in broadcast antennas would in-
crease the commercial value of the
radio station far more than a simple
increase in transmitted power. We
believe the 1limit has by no means
been reached in the improvement of
transmitting antennas.

Before reviewing wnat has al-
ready been accomplished in tkis line,
let us see what nappens to a watt of
carrier power leaving the last ampli-
fier in a broadcast traasmitter. The
output of a radio station is usually
ted to the antenna over a transmission
line. The r-f power is then dissi-
pated as follows:
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1. Radiation
(a) Along the horizon to potential re-
ceiving sites. Usually the zone
between 0 and 5 degrees above the
horizon includes all such sites.

(b) Towards the - ground; partially re-
flected back at angles above the
horizon and partially dissipated
in the earth.

(c) Into space; either lost or reflect-
ed back to potential receiver sites:
causes fading; gives long distance
reception.

2, Transmission line loss
3. Coupling equipment loss

(a) Resistance in units.
(b) Transfer of r-f energy to non-radia-
ting surfaces.

4, Resistive loss of ground system
5. Dielectric loas at base of antenna
6. Resistive loss of actual antenna

7. Power picked up by nearby metallic objects
(towers, guys, power wires, building frame-
work, etc.) and either dissipated or rerad-
iated,

There are other losses which absorb smaller per-
centages of the radio frequency power. However, of
the divisions of power listed above, only the first
one - radiation along the horizon - is of value t»
the broadcaster.

There is 1ittle accurate quantitative data avail-
able as to the strength of the signal radiated above
the horizon by different types of antennas.!'? In the
case of the vertical radiator there have been exten-
sive mathematical discussions giving the signal dis-
tribution in a vertical plane.,:4:5.6 Attempts have
been made to fix the exact height of a vertical rad-
iator to minimize sky-wave signal at points which
would otherwise remain outside of the primary ser-
"vice area of the station. To make actual check of
this theory in practice requires airplane measure-
ments above the antenna or an extensive study of the
reflected sky wave at various distances from the
transmitter.

In tne case of the lower powered stations on
shared basis!, the fading is not usually a consid-
eration of importance. In these stations, there-
fore, the first consideration is to obtain the max-
imum signal at one mile. In the case of the high
power, clear channel stations, however, the usable
signal extends out into the 2zone which is affected
by fading. At these stations it is important to
consider both efficiency and fading characteristics
of the antenna,

CLARIFICATION OF
ANTENNA TERMS

Before going further, it would be well to cla-
rify certain terms commonly used in connection with
certain antennas., The terms to be clarified are:

1. "Antenna Efficiency".

2. "Antenna lLength".

One of the most commonly used terms in con-
nection with antennas is "radiation efficiency" or
"antenna efficiency". And there are almost as many
definitions for it as tnere are engineers in the
field. Theoretically, this efficiency should rep-
resent the ratio of the radiated power to the input
power of the antenna. However, it would be necess-
ary to integrate the power streaming away from the
antenna toward every point in space to determine
such a figure. As this is not a practical proced-
ure, measurements of field strength are usually made
at convenient points on the ground near the antenna.
Among American engineers the field intensity at one
mile is the value usually determined, but in the
formulation of a figure of merit many different
arbitrary standards have been used as a basis of
comparison. Thus, 100. 123, 187, 194 and 265 milli-
volts per meter at one mile for 1 kw have at verious
times all been celled "100% efficiency”.

In addition, since the field strength of any
station is proportional to the square of the power,
some engineers square the "field strength efficien-
cy" and obtain “power efficiency". Actually, what-
ever the means used to express it, "antenna effic-
iency" can only tell the engineer the signal in
millivolts per meter at one mile at the earth's sur-
face for a certain antenna input. Efficiency rat-
ings at present are very ambiguous, and since there
appears to be no one fundamental vslue upon which to
base efficiency ratings, it is hoped that the method
of rating antennas simply in terms of signal output
will be adopted generally by engineers.

The Engineering Department of tne Federal Corm-
munications Commission has arbitrarily defined the
definition of "antenna efficiency" as follows:?7 "The
antenna efficiency equals 100% if the effective
field intensity of the station at one mile, per 1 kw
antenna input power, is equal to 265 millivolts per
meter®.,

A - F2 x 100
eftf 2652 x P

F = Effective field intensity at 1 mile.
P = Antenna input power (in kw)

The root mean square value of all field inten-
sities at one mile from the antenna in the horizon-
tal plane without attenuation is termed the neffect-
ive field intensity" (F).

Early antennas were described in terms of their
fundamental wavelength. This was the longest wave-
length at which the antenna had zero reactance and
the mode of operation of the antenna was given by
the ratio of operating wavelength to fundamental
wavelength.

Theoretically, a vertical wire antenna will
have zero reactence whenever it is any number of
quarter wavelengths long; that is it will then have
zero reactance when its length is one quarter, one
half, three quarters, etc., of a wavelength., Prac-
tical measurements indicate however, that a vertical
wire antenna for zero reactance is about 4% shorter
than the above values - that is, the velocity of
propogation along the wire is apparently .96 of the
free space velocity.

Referring to the impedance characteristics of
the guyed mast, Figure 1, a "half wave" antenna of
this type is physically only .45 of a wavelength
high. Following the above method of argument, it
would be said that the propogation velocity of this

Vo
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type of antenna is only 90% of the theoretical ve-
locity. Further, if reference is made to Figure 2,
which gives the impedance characteristics of the
self-supporting vertical radiator, it could be ar-
gued that the velocity of propogation is 66% of the
theoretical velocity. In fact, a well-known radio
laboratory in this country has released data to that
effect, and has stated that a vertical tower. one
half wavelength in physical height, is actually
three quarters of a wavelength long electrically.
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This method of reasoning is based upon the
assumption of a sinusidal distribution of current on
the antenna. This assumption is not justified in
practice.. It also assumes there is no lumped ca-
pacitence in the antenna itself. When the equiva-
lent circuit of the antenna is considerea, it may bve
seen that this circuit can be tuned to 2ero react-
ance at almost any frequency by the choice of a
proper shunt condenser. This is exactly what occurs
in the case of the self-supporting tower.

If a four to five hundred foot guyed mast and
a similar self-supporting tower of a conventional de-
sign were measured, it is estimated that the capac-
itance to ground of the first thirty or forty feet
of the wide base tower would exceed that of the
other structure by at least 800 mmf. (including in-
sulators). Taking a .47 guyed mast, operating at
1080 kc, as an example, Figure 1 shows its impedence
to be 400-3j60. If an 800 mmf. condenser were shunt-
ed across the base insulator, the measured impedance
at 1080 kc would be, *

z = =j178 (400 -j60) = 63 -J133
(400 -3j60)-3178

The impedance of this mast was thus made simi-
lar to that of a wide base self-supporting tower

which is given in Figure 2. Yet no one would argue
that the velocity of propogation on the mast itself
had changed.
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PHYSICAL HERHT ~ FRACTION OF A WAVELENGTH
Figure 2

It is our belief in connection with vertical
antennas involving structures whose entire length is

not of uniform cross section that:

1. The terms "electrical length" and
“velocity of propogation" have no
significant value.

2. Engineers working with these anten-
nas should standardize on physical
height (in fractions of a free
space wavelength) as a method of
describing the antenna dimensions.

EVOLUTION OF
BROADCAST ANTENNAE

The early broadcast antenna consisted of a
pair of steel, or wooden masts supporting an antenna
structure usually consisting of a vertical wire, or
a vertical wire and horizontal section consisting of
a flat top, or cage. This latter type was known as
the "T" or "L" type antenna. It is interesting to
note that more than 70% of the broadcast stations
in operation today employ this older type of antenna
Most of these have a natural wavelength less than
1/4 of the operating wavelength. Later, it was rea-
lized that some gain would be made if larger anten-
nas were employed. Therefore, the same type of an-
tenna was used, but the natural wavelength was in-
creased to 1/3 or 3/8 wave.® In 1924, some attention
was given to this problem by Dr. Stuart Ballantine
10,11  which later resulted in the so-called ,58
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wave guyed vertical mast antenna. In 1931 two such
antennas, designed and fabricated by the Blaw-Knox
companyl2, were erected at CBS stations WNAC-WAAB,
Boston; and WABC, New York. The electrical gains
expected from these antennas have been realized in
practice, and during tne past few years a great
deal of study has been given the subject of obtain-
ing a clear picture of the electrical properties of
this type of radiator. During the past two years
attention has also been given to the self supporting
type which has made an appearance in the field. It
can be shown that the guyed type of vertical mast
antenna, or the self supported type of single mast
antenna, is superior to the older conventional anten
nas, electrically, physically and economically.

A study of Figure 3 indicates the evolution of
broadcast antenna efficiencies, and shows, conclu-
sively, that the higher mast type antenna is much
better than the older conventional types from an
electrical viewpoint. BRarly broadcast antennas re-
sulted in an effective field intensity of as little
as 100 millivolts per meter at one mile, per 1 kw
antenna input power. The average of fourteen con-
ventional type antennas, recently measured, shows
that with 1 kw antenna input power, the effective
field intensity is 169 millivolts per meter at one
mile. The average of five self supported type mast
antennas, from .20 to .35 wavelengths high, shows
an average field intensity of 204 millivolts per
meter, and measurements made at eight .58 wavelength
antennas shows the average field intensity to be 247
millivolts per meter at one mile. There is one guyed
type vertical mast antenna which has an effective
field intensity as high as 280 millivolts per meter.
Figure 4 indicates this same story in terms of ‘com-
parative increase in power. It should be emphasized

that these results are based on actual measurements
and show the higher antennas to be far more effic-
ient electrically than the older conventional types.

Figure 3

Either the self-supporting or the guyed radia-
tor can be erected at less cost than a two tower
conventional antenna of the same height. It has far
greater reliability of operation, has a lower main-
tenance cost, and the horizontal polar diagram, or
distribution of power, is not influenced by nearby
towers, which tend not only to distort the field
pattern, but also to lower the antenna efficiency.
The self-supporting antenna has a very practical ap-
plication in the cases of broadcast transmitters
which are located in tall buildings. It is sometimes
difficult to erect the older type of antenna system
because of physical limitations. However, if an ad-
equate ground is provided a moderately efficient an-
tenna system can be erected atop a tall building
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through the use of a vertical mast antenna.
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During the past, broadcast engineers have been
very hesitant in adopting the vertical mast antenna,
particularly the wide base, self-supporting type,
because of a "bugaboo®" which has existed with regard
to high base capacitance being directly related to

loss in efficiency. Station engineers have also
been given to understand that it is next to impossi-
ble to couple their transmitter into such a struct-

ure because of the high reactance between it and.

ground.

Within the past three years a number of self-
supporting towers have been erected, usually with
strict limitations on insulator capacitance and tow-
er capacitance to ground. The fear of base capaci-
tance has continued up to the present and measure-
ments of the signal output of these antennas opera-
ted at higher frequencies led to the conclusion that
they would be unsatisfactory for use in heights
greater than .35 or .40 of a wavelength. In 1934,
Mr, John Byrne, working as a consultant for the In-
ternational ~-Stacey Corporation, made measurements
which showed that the loss of efficiency was due to
dielectric losses in the earth near the tower. With
this fact established, it was simply a matter of re-
ducing the r-f voltage gradient in the soil at the
tower base.

Self-suporting vertical antennas have appeared
having the first 80 or 90 feet constructed of wood,
and the radiating section above insulated from the
wood. Various other modifications of the self-sup-
porting structure were developed, including all-
steel designs which insert the base insulators 20 to
30 feet above ground. Another satisfactory solution
has been to construct a well grounded copper mat or
ground screen beneath the tower, thus greatly reduc-
ing the high voltage normally impressed across the
earth at the tower base. At stetion WDOD, Chatta-
nooga, Tenn., measurements were made recently which
substantiate this point. The station uses a self-
supporting tower .42 wavelengths high, and has in-
stalled two sets of insulators, one Jjust above
ground, and the other set approximately 20 feet
above ground. It has been found, by making antenna
resistance and impedance measurements, and also
field intensity measurements at one mile, that the
same antenna efficiency can be obtained using either
the higher set of insulators or the lower set of in-
sulators. However, if the lower set of insulators
is used, it becomes necessary to install a ground
screen to reduce the dielectric losses at the base
of the antenna.

From present data on broadcast antennas, we
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feel we can safely say that the same antenna effic-
fency can be obtained with nearly any type of verti-
cal mast antenna of a given height, providing the
necessary precautions are taken in design and erec-
tion, and providing the proper ground system is used.

In the design of a ground system, it 18 nec-
essary that the voltage between the base of the an-
tenna and the ground be accurately estimated in
order to reduce the losses previously discussed.
This information is also necessary in order that ad-
equate insulation may be provided. If impedance
measurements have been made on antennas of the same
general shape as the one contemplated, the voltage
may be determined quite accurately in advance. Con-
trary to popular belief, the highest voltages en-
countered do not always occur in high resistance an-
tennas. For instance, a vertical radiator, now in
the course of construction which will be .47 wave-
lengths high, will have a resistance of 400 ohms at
the operating frequency. Its unmodulated 50 kw car-
rier voltage, at the base of the antenna, will be
4500 volts r.m.s., *10%. There is another 50 kw sta-
tion in service, whose antenna resistence is 15 ohms
The impedance of this particular antenna is 140 ohms,
so0 the base voltage is approximately 8000 volts r.m.
s. Figures 1 and 2 show the average resistance and
impedance characteristicsof self-supporting and guyed
vertical radiators, and may be used in estimating
base losses, insulation requirements, antenna cur-
rent, antenna loading and lighting circuit require-
ments.,

THE GROUND SYSTEM

The proper design of the ground system for use
with broadcast antennas has always been important,
but the design of a ground system for use with high
antennas becomes particularly important, because
factors other than ground loss resistance must be
taken into account. The radial ground system used
with a high antenna should be large in diameter,
having a radius equal to at least 1/2 wavelength. It
is also important that a large amount of copper be
used, Figure 5 shows the empirical relationship be-
tween antenna efficiency and ground radius, based on
measurements of 35 stations. The reasons for a
large ground system are to reduce to an absolute
minimun, ground resistance loss,dielectric losses,
and the absorption of radiation directed towards the
ground, Figure 5 is based on data obtained from
various sources, but it is considered to be indica-
tive of the advantages of increasing the ground
radius,
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This paper is primarily concerned with the
transmitting antenna and its associated ground sys-
tem. However, the choice of a station location is
definitely related to the antenna design. A site
surrounded by soil of the highest possible conduc-
tivity is advisable. Actually, the final choice of
a station location is governed by considerations of
population distribution and coverage, so the engin-
eer must often design an efficient radiating system
above soil of poor conductivity.

If the transmitting antenna is located over
poor soil, the ground current will tend to avoid the
high resistance earth path and will remain on the
lower resistance copper wires of the ground system.
This is shown graphically in Figure 6, the current
on a single ground radial at two 50 kw transmitters.
The antenna and ground systems of the two stations
are practically identical, but WSM at Nashville was
fortunate in obtaining a station location where the
s0il conductivity is considerably higher than at any
which were avilable to WABC.
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Figure 6

The effect of soil conditions also is evident
in the vertical pattern of the higher types of anten-
nas, Figure 7 shows the calculated and measured venr
tical polar diagram for a guyed mast antenna located
in a part of Pennsylvania of comparatively low con-
ductivity. Several studies have shown that the cur-
rent distribution on an actual antenna structure de-
parts from the assumptions which give the desirable
calculated pattern of Figure 7., Earth of high con-
ductivity is also assumed in the calculations., Sky-
wave and fading measurements indicate that two
other guyed mast antennas!*, which are surrounded by

Figure 7
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bign conductivity soil more nearly approach the the-
oretical vertical pattern than similar antennas with
less favorable ground conditions.

An extensive ground system increases the ef-
ficiency of any antenna, but is absolutely essential
at stations which are forced to locate in areas of
low conductivity.

DIRECTIONAL ANTENNAS

Directional antenna systems have been installed
at stations, WJSV, Alexandria, Virginia; and at
WKRC, Cincinnati, Ohio. These antennas are in oper-
ation at the present time. The purpose of employing
such systems is to fulfill specific interference-re-
duction requirements consistent with the rendering
of maximum public service.

The WJSV antenna system consists of two verti-
cal conductors suspended between two 150 foot steel
towers, insulated at their bases, The antennas are
3/8 wave apart (€ = 1359) and the current in the
West antenna leads the current in the East antenna
by 1/8 wave (&= 450), The 10 kw WJSV transmitter
is located about four hundred feet from the antenna
system and power is transmitted from it to the an-
tenna by a conventional 600-ohm two-conductor open-
wire line. Proper pnasing is obtained by using
transmission lines to each element of such length as
to obtain the desired phase difference. The field
intensity distribution in a horizontal plane is a
flattened cardioid, with the minimum signal in an
easterly direction. The horizontal space pattern -
at one mile - is; £ = 10 mv/m; N = 580 mv/m: W = 500
mv/m: S = 550 mv/m; with 10 kw antenna input. Fig-
ure 8 shows the horizontal polar diagrams of the
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Figure 8

. of such an antenna system.

WJSV conventional antehna versus the directional an-
tenna which is now in use. Optimum reduction of
signal was desired, in this case, at a point one
mile east of the station. It can be seen that a re-
duction in signal intensity of approximately S50:1
has been obtained. In order to determine the sta-
bility of the system., an accurate automatic signal
intensity recorder was installed one mile east of
the WJSV antenna system which records the signal
strength of this station continuously. This equip-
ment has been in operation twenty-four hours a day
since July, 1933. The automatic field intensity re-
ceiver is a.-c. operated and is specially designed
so that its sensitivity is independent of variations
in ambient temperature, humidity and line voltage.

The records obtained during the past year in-
dicate that the stability of the WJSV antenna system
is entirely satisfactory. Inasmuch as the cardioid
pattern is the most difficult to maintein,exper-
lence at WJSV has definitely shown that it is un-
necessary to employ special means of maintaining
stability.

The directional antenna system at station WKRC
is erected on the roof of the Hotel Alms, Cincinnati,
Ohio, and consists of two self-supporting towers 154
tt. high and 1/8 wave apart. (Space, © = 450). The
current in the North antenna leads the current in
the South antenna by 140° ( & - 1400). Figure 9
shows the skeleton block schematic diagram of this
system. In order to obtain the proper phasing, an
artificial line is used beczuse of the relatively
short transmission lines erected on the roof. The
lines themselves, being approximately 110 feet long,
each have an electrical length of approximately 300,
The additional 800 is obtained by properly adjusting
the artificial line. With this arrangement, the
field intensity distribution in a horizontal plane
satisfles the general requirements of this case. A
considerable amount of data concerning the operating
characteristics of directional antennas was obtained
during the design, construction and adjusting of the
two systems described above.

Figure 9

Schematic diagram of the WKRC directional
directional antenna system.

Directional antennas are being used at region-
al stations to cut down interference in the areas
served by other statisns occupying the same channel,
and it now appears that the use of this type of an-
tenna will become more general in the future. Pro-
viding a directional antenna is properly designed
end installed, it is possible to accurately predict
its space pattern in advance®*®, However, it is
not always possible to predetermine the efficiency
Directional antennas
should find wide application when and if synchron-
{zed station operation on a large scale becomes
feasible.
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TOWER LIGHTING AND
PAINTING REQUIREMENTS

The marking of aircraft obstructions is set
forth indetail in Aeronautics Bulletin No. 16, cop-
ies of which may be obtained without charge upon re-
quest from the Aeronautics Branch, Department of
Commerce, Washington, D.C. The general requirements
as they affect radio stations, are summarized below.

Skeleton towers should be painted throughout
their height with either alternate bands of chrome
yellow or international orange (yellow No.4 and
orange yellow No.5, respectively, of Color Card No.
3-1) and black, or alternate bands of international
orange and white, terminating with either chrome
yellow or international orange bands at voth top and
bottom, depending on color combination used. The
width of the chrome yellow or international orange
bands should be one-seventh the height of the struct
ure for all structures less than 250 feet in height
and from 30 to 40 feet for structures over 250 feet
in height. The black or white bands should be one-
half the width of the chrome yellow or international
orange bands.

For night marking an aircraft hazard, a red
obstruction light consisting of a 100-watt lamp in a
red waterproof globe should be mounted at the top of
structure,

For radio towers, or towers having a network
of wires between the towers, additional fixed red
1ights consisting of 50-watt lamps in waterproof
globes should be mounted on diagonal corners at the
one-third and two-thirds points and so arranged as to
be visible from any angle of aporoach.

Some areas which present a hazard to flying a
civil airway, may require obstruction marking for
night flying by use of 1lights of the high-intensity
fix projector type. The high intensity fixed pro-
jectors should be 24-inch parabolic units using
1,000-watt lamps with lamp changers, should be point-
ed so as to envelop and outline the areas over which
flying should be restricted, and should be elevated
so that the luminous beams of light will intersect
at the height of the obstructions to be cleared. In
addition, such hazardous flying areas should be
marked with one or more certified landmark beacons
as conditions may require to give pilots a long
range warning. Such beacons should be similar to
the 200-millimeter airways electric code beacons of
the double-Fresnel lens type with two 500-watt
lamps and aviation red color shades, showing not
less than 6 flashes per minute and having a lumin-
ous period of not less than 35 per cent. As an al-
ternate system of marking such hazardous flying
areas, certified 24-inch rotating landmark beacons
equipped with 1,000 watt lamps and lamp changers and
with red cover glasses and making 6 revolutions per
minute may be used.

All lights marking hazardous flying areas
should be exhibited from sunset to sunrise.

At the present time each radio station is be-
ing treated as a speciel case. The regulations out-
lined above are for advisory use only. In a new in-
stallation, it is now necessary to submit to the
Federal Communications Commission (through Herbert
L. Pettey, Secretary of the Commission), the plans
for lighting and painting of radio towers. The sub-
mitted plans may be approved,or they may be returned
with additional requirements which must be fulfilled
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Due to the tower obstruction lighting require-
ments, it is necessary to furnish up to 2 kw power
for lighting the obstruction lamps. In the case of
vertical radiators, these lamps are located on a
structure at r-f potential, and means must be pro-
vided for isolating the lighting circuits on the
tower from ground. Figures 10 and 11 indicate four
methods which have been successfully used for this
purpose. Use of the insulated generator as shown in
Figure 10 is no longer necessary, since there are
commercially available satisfactory chokes capable
of isolating potentials up to 10,000 volts at broad-
cast frequencies.
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Figure 10

Three methods which have been successfully
employed to transmit one or more kilowatts
of lighting power to mast aircraft obstruct
ion lights.
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Figure 11

Method used to transmit lighting current to
guyed vertical radiator at WLW. Note sim-
plicity of method employed for coupling pow-
er from concentric transmission line to the
antenna.

ANTENNA SYSTEM COSTS

Indicative of present costs of antenna systems
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employing either the guyed type or selt supported
type of tower, are Figures 12 and 13, The costs in-
dicated on these graphs are based on average condi-
tions in the field. 1In order to allow a station en-
gineer to more intelligently figure the costs in-
volved in the design of & complete antenna system,
the following items are listed which should be in-
cluded in his estimate:

Structural Steel

Insulators

Ground System

Foundations

Erection

Obstruction Lighting Equipment
Painting

Freight

Insurance

Engineering Expense
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These items are included in the estimates
shown in Figures 12 and 13. In a particular instal-
lation, one or more of the items indicated above
might run considerably more than the average. This
is particularly true in the cases of foundations.
erection, obstruction 1lizhting and freight.

It should be stoted here that the most econ-
omical method of increasing the general efficiency
of e broadcast station can usually be obtained by
improving the antenna system. As an example of an-
tenna economics, consider the following case. A1l
kw regional station desires to improve its coverage.
It applies to the F.C.C. for a power increase to 23
kw, If the applicationisgranted, the average sta-
tion incurs the following expenses:

Litigation $ 1,500.
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Tigure 13

New Transmitting equipment complete

with tubes and power supply 15,000.
Miscellaneous Modifications 1,000.
Installation of Equipment 1,500.

$19,000.

The annual operating expensés of the station
will be increased by $3,000, plus amortization and
interest on the above capital expenditure. The
license for the increased power probably allows only
daytime operation at 23 kw.

That is the dollars and cents story of the pow
er increase, but what does the millivolt and listen-
er side of the picture show? The average 1 kw reg-
ionel stztion in this country now has a signal out-
put of 125 mv/m at one mile. For 2.5 kw this signal
is increased to 198 mv/m - a 4 db gain in signal. A
similar gain in signal can be made by the installa-
tion of a .25 wave self-supporting vertical radiator,
whose cost will depend on the operating frequency.
The estimated complete installed cost is as follows:

1500 k¢ $ 4,200.
1000 kc 6,000.
600 kc 14,000.

The station would have saved money by purchas-
ing a new antenna rather than higher powered trans-
mitting equipment. A $3,000 a year saving would have
been made since no increase in operating costs would
te included with the new antenna. And the signal
increase would have been full time rather than part
time.

This example should indicate the economic im=-

L
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portance of proper antenna design and the necessity
of a careful balance of antenna cost with respect to

the complete transmitting plant.

SUMMARY

The two-tower construction, which has
been used in the past, is definitely
outmoded by the single vertical radi-
ator,

Use of a vertical radiator in place
of an older conventional antenna wil),
in the average case, produce a signal
increase equivalent to doubling the
power of the transmitter. The exact
signal gain will depend upon the ef-
ficiency of the existing antenna.

The self-supporting radiator may be
used effectively at heights of approx-
imately 1/2 a wavslength. It can con-
fidently be expected to perform with
approximately the same efficiency as
the guyed type of anternna.

If the self-supporting tower antenna
is used, precautions must be taken to
prevent excessive dielectric losses
in the soil near the tower base., A
high base capacitance, of itself,
does not contribute to low efficiency.

S. The ground system should be radial in

nature and should consist of maximum
amount of copper extending to the
maximum radius consistent with econ-
omical considerations. In practice,
this should mean a redius of et least
1/2 wavelength and a numberof radials
at least equal to 120.

6. To increase the non-fading area of a

transmit ter as much as possible,is an
important factor of design which is
not yet completely solved. There
have been a number of studies which
indicate that the optimum height,
from the fading viewpoint, ranges be-
tween .45 and .60 of a physical wave
length with the types of structures
so far placed in service. The exact
height cannot be determined until
further work has been completed.

7. The vertical radiator is especislly

well adapted to use in directive an-
tenna systems. Published theoreti-
cal methods of pattern calculation
agree with field results. However,
the efficlency of directive antennas
has not yet been reduced to a ma-
thematical process, and its determ-
ination must be based upon the en-
gineer's experience.
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Annual Meeting

As announced, the 25th Annual Meeting was held
at Columbia University on the night of December 3,
The purpose of the annual meeting in the general
discussion of the business affairs of the Club and,
more specifically, preparation of nominations for
the several offices as well as for the directorate
of the Club. This meeting was, as is all too usual,
only meagerly attended, although it was character-
ised by an extremely open and frank discussion of
the potential nominees whose names were offered. As
a result of the extended discussion and the subse-
quent balloting, the roster of nominees as given
below was determined upon:

For President:
Harry W. Houck
Ralph J. Langley

For Vice President:
F.X. Rettenmeyer

For Treasurer:
Joseph Stantley

For Recording Secretary:
Keith Henney

For Corresponding Secretary:
Fred Klingenschmitt

For Members of the Board of Directors:
E.H. Armstrong H.M Lewis
G.E. Burghard R.H. McMann
A.B. Chamberlain John Miller

C.L. Farrand Fred Muller
L.C.F. Horle L.W. Rosenthal
Frank King C.R Runyon

W.A. Winterbottom

In connection with tne nomination of candi-
dates for office in the Club, the attention of the
membership is called to the following excerpt from
Article 7, Section 1, of the Constitution of the
Club:

"Members unable to attend in person the Annual
Meeting at which the above nominations are called
for may obtain from the Corresponding Secretary a
prescribed blank form on which they may nominate
cendidates for any or all of the above offices. Such
nominations must be in the possession of the Corres-
ponding Secretary within ten days after the Annual
Meeting at which nominations were called for. Nomi-
nations made in this way must be three in number for
any nominee to have him considered as such provided
he has not already been nominated at the prescribed
meeting."®

Mr. Houck Withdraws

The Editor of the PROCEEDINGS is in receipt of
the following letter from President Houck:

December 6, 1934.

Editor Proc. of the Radio Club of America,
90 West Street,
New York, New York.

Dear Sir:

I shall be grateful if you will find space
in the forthcoming issue of the FROCEEDINGS of the
Radio Club of America for this work of explanation
for the withdrawal of my name from the roster of
nominees for election to office in the Club.

Let me say first that I am thoroughly ap-
preciative of the compliment which the Club pays me
in nominating me for a second term as President, and
I can assure the Club that my interest and active
participation in the affairs of the Club will con-
tinue, to whatever extent I may be called upon to
assist.

1 feel, however, that in view of Mr. Langley's
nomination for the presidency, and the good effect
upon the management of the Club by the precedent of
single term presidency of the Club, set by Mr. Sad-
enwater in 1931, and followed by all of the Club
presidents since that time, that I can best serve
the Club by this action.

I, therefore, acdressed the Secretary,
asking that my neme be withdrawn, and I urge that all
possible support be given to Mr. Langley in the com-
ing election.

Respectfully yours,

Harry W. Houck
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MISCELLANEOUS APPLICATIONS

OF VACUUM TUBES

BY

F. H. SHEPARD, JR.*

Delivered before the Radio Club of America

May 9, 1935

Introduction

It is generally accepted that a great number
of seemingly impossible functions can be per-
formed by the use of vacuum tubes. If enough
tubes are used and complicated enough circuits
are devised, almost anything can be done.

The object of this paper 1s to show a few of
the numerous applications where ordinary vacuum
tubes can be used in comparatively simple cir-
cuits to accomplish things that have heretofore
required specilal tubes, expensive apparatus
and comparatively complicated circuits. It 1is
also the object of this paper to show that cir-
cuits can be devised in which variations of
supply voltages and of tube characteristics
will have little or no effect on the operation
of the circuits.

l. A VEW LIGHT-RATIO INDICATOR CIRCUIT

In a great number of conventional phototube
bridge circuilts, it 1s possible to balance out
the effects of light-source variations at one
particular balance point, To the best of the
Author's knowledge, there are no available cir-
cuits that can be used to indicate directly a

ratio of the intensities of two light sources.
A device which does this, is useful for making
comparisons of the light transmitted or re-
flected by different specimens, For instance,
in color matching the unknown samples can be
set up so as to transmit or reflect 1light
directly or indirectly to each phototube. A
color filter 1s then placed between the light
source and the samples. If a variation in the
ratio is indicated by the device, it 1s obvious
that one sample transmits or reflects more of
the color in question. In this way, by putting
various color filters in front of the 1light
source we can match the samples in any desired
light bands.

Because this method indicates changes in the
ratio of light, we can use 1t successfully to
compare the color of extremely small objects
with a larger standard sample by mounting the
small specimen against a black background.

Figure #1 Shows a circuit that will give a
definite output versus light-ratio curve re-
gardless of the actual intensities of the lights
in question provided, of course, the intensities
are greater than a certain threshold value.
This value 1s determined primarily by the leak-

LIGHT-RATIO INDICATOR CIRCUIT
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age currents ot the phototubes as aftfected by
dirt and moisture, of the amplifier tube, as
well as the leakage current of C; and the grid
current of the first amplifier tube.,

TIME|>

@)

EQUAL LIGHT ON BOTH
PHOTOTUBES .

FIG.2A

Figure 2g shows the a-c voltage which is ap-
plied across the phototubes when the voltage
across C1, in figure #1 1is zero. The anode
voltage on each photocell is positive for one-
half the cycle and for an equal amount of time,
Figure #2v shows the currents drawn by the
phototubes. The distance of the curve above
the axls indicates the current drawn by photo-
cell #1; the distance of the curve below the
axis Indicates the current drawn by photocell
#2; the area under the curves above the axis
is a function of current multiplied by time
and is a measure of the charge fed into the
condenser C1 by photocell #1. Likewise the

VOLTAGE TO PHOTOTUBES
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= |EQUAL LIGHT ON BOTH PHOTO-
O | TUBES. SHADED AREA=CURRENT
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T |ADD TO ZERO |

FIG.2B

area under the curve below the axis is a meas-
ure of the charge fed into C] by photocell #2.
The average current going into or out of Cy
over a period of time must be zero. The areas
included by the curve above or below the axis,
therefore, should be equal, Now, suppose we
double the 1light on photocell #l; this will
cause the distance of the curve above the axis
to be doubled, the distance of the curve below
the axis remains unchanged. See Figure #2¢.
Momentarily, the area under the curve above
the axis is Increased and condenser Cj charges,
See Fig. #2d; this in turn causes the time
that the anode voltage on phetocell #2 is pos-
itive to be increased. Condenser C1 thus
charges until the areas above and below the

curves are again equal. See Figure #2e¢. This
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