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As a result of these s1de—band requlrements it is apparent that televi-
sion pictures can be transmitted by wire only over special circuits. When
radio transmission is to be employed, it is necessary that the carrier
frequency be extremely high, such as 40 mc or more, so that the side-band

- width will not be too high a percentage of the carrier frequency. Under
such conditions properly designed tuned circuits will handle the modulated ,
television signal satisfactorily without excessive side-band trimming.
The use of ultra-high frequencies for the transmission of television: signals
.also has the advantage that there is an enormous frequency band avail-
able, and that carrier frequencies can be duplicated at points about 200
miles apart without any interference trouble because of the limite !
range of propagation. i

- Aperture Distortion.—The finite size of the aperture at the transmitter
introduces distortion by making it impossible to transmit details finer
than the area that the aperture represents.! This can be made clear by
considering what happens when a checkerboard area such as Fig. 441a is
scanned. As the aperture travels from left to right, it is seen that the -
average - light intensity of the area enclosed by ‘the aperture varies
gradually instead of suddenly from light to .dark, thus _reproducing " a
distorted pattern as shown at Fig. 441b. This effect is equivalent to

. discriminating against the higher frequency components in ’che output of
the signal. :

This situation can be improved to some extent by the use of correcting
networks. Inthis way it is possible to double the rate at which the transi-
tion between dark and light takes place. Inasmuch as aperture distor-.
tion takes place at both the transmitting and receiving points, it is hence
seen that, if correcting networks are employed at both transmitter and
receiver, the total amount of aperture distortion is approximately the
dls‘cortlon introduced by a single uncorreeted aperture.

Video-frequency Amplifier. —The sighal currents obtained from the
pick-up tube of the television transmitter are commonly termed video-
frequency currents to distinguish them from audio- and radio-frequency
currents. = Video-frequency amplifiers for increasing the output of a
pick-up tube to a level suitable for modulating a radio transmitter,
and for amplifying the rectified received signal up to an amplitude suit-
able for operating the cathode- -ray tube, must handle a very wide fre-
quency range with negligible amplitude and phase distortion. The
response at low frequencies must extend well below the frequency cor-
responding to the number of pictures per second, while the highest fre-
quency is given by Eq. (252). Over this range the response should
be substantially umform and should be azcompanied by negligible phase

-1 In the case of the iconoscope, the size of the cathode-ray spot scanning the mosaic
plate is the effective size of the aperture. ’
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distortion. Phase distortion is particularly importan't because it- is
equivalent to different velocities of transmission for different frequencies,
and so it obviously distorts the picture by causing certain parts of the

detail to arrive either too early or too late. This is in contrast with.

audio-frequency work, where because of the characteristics of the ear the
amount of phase dlstortlon produced by ordinary amplifier circuits has
negligible effect. '
The usual method of meeting the amphﬁer reqmrements is to use a
‘resistanc¢e-inductance coupling arrangement. of the type discussed in
Sec. 46, with a low coupling resistance and the minimum possible shunt-
ing capacity. Such an amplifier when properly designed can be made to
give substantially uniform amplification with negligible phase distortion
up to frequencies that would correspond to the 70 per cent point-if the
coupling inductance were omitted. The gain per stage is relatively low

- because of the low couphng resistance that must be used, but is still .

appreciable. :

The amplification of the low frequencies 1ntr0duces no special problems
since amplifiers can be readily built to- amplify all frequencies above a
few cycles with negligible amplitude and phase distortion. In some
cases, however, low-frequency equalization is employed to prevent the
dropping off at low frequencies that would take place if the couphng

condenser were only moderately large. -

Flicker, Power-line Ripple, and Interlaced Scanmng L—If the rate of
repetition of the television image is not suﬂicwntly high, there-will be a
pronounced flicker even though the rate of repetition may be sufficient
to -convey movement satlsfactorlly Studies indicate that the lowest

" repetition rate at which the flicker is not objectionable isapproximately
48 times per second, which is considerably greater than the rate required
to convey motion.?

In selecting the frame frequency it is also necessary to consider the
effect of stray power-line currents in the deflecting and anode circuits.
If the frame frequency is not an exact submultiple of the pawer frequency,

~ any stray current of power frequency in the deflecting, anode, or control
circuits will cause-ripples of various sorts to travel across the field with
_very annoying psychological effects. If the frame frequengy.is a sub-

multiple of the power-line frequency, such as 15, 20, 30, or 60 for a
1 For moré detailed information upon these subjects, see E. 'W. Engstrom, A Study -

of Television Image Characteristics, Part II, Determination of Frame Frequency for
Television in Terms of Flicker Characteristics, Proc. I.R.E., vol. 23, p. 295, April,
1935; R. D. Kell, A. V. Bedford, and M: A. Trainer, Scanning Sequence and Repetition
Rate of Television Images, Proc. I.R.E., vol. 24, p. 559, April, 1936.

2 Tn motion-picture work where there are 24 frames pér second, flicker is avoided
by cutting off the light momentarily during the middle period of each frame so that
the light flashes on the screen twice for each picture, or 48 times per second. :
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60-cycle power system, these disturbances, ‘while still present, are now
stationary and so are much less noticeable.

Since the usual power-line frequency is 60 cycles and since 60 has no

.submultiple between 30 and 60, it is therefore necessary that the repetition

rate of the television picture be 60 times per second in order to avoid
excessive flicker and power-line ripple. This is a relatively high frame
frequency, at least three times that required to convey continuous
motion, and so is undesirable because of the excessively wide frequency
band that results. A fairly satisfactory solution for this situation is to’
sean the image 60 times per second, but to scan only alternate lines during
one scanning period. Thus with a 240-line picture one would scan the
odd-numbered lines during-the first 1§ sec., and then scan the even-
numbered lines during the next 1§ sec. As far as flicker is concerned the
result is equivalent to scanning at the rate of 60 times’ per second, while
“from the point of view of detail and frequency band required the result is .
substantially equivalent to scanning a 240-line picture 30 times a second.
An arrangement of this sort is known as interlaced scanning and is becom-
ing recognized as the best compromise between low flicker and the narrow-
est possible frequency band. The only disadvantage is the relatively
complicated synchronizing system that is required to interlace the lines
accurately.!

'146. Typical Complete System of Television.—A television trans-
mitter consists of a pick-up tube (iconoscope or image dissector), a saw-
tooth wave generator with frequency controlled from a pulse generator, a
video-frequency amplifier, and an ultra-high-frequency radio transmitter
upon which the output of the video-frequency amplifier is modulated.
The amplifier- circuits, both video and radio frequency, must be arranged
to transmit the wide frequency bands involved without appreciable ampli-
tude or phase distortion. In many respects this layout is similar to that
of an.ordinary broadcast transmitter, with the pick-up tube taking the
place of the microphone and the video-frequency amplifier corresponding
to the broadcast audio-frequency system. A block diagram of such a
transmitter is shown in Fig. 442q.2

A typical television receiving systemisshown in Fig. 442b.2 Consider-
ing for the moment only the picture channel, this consists of a super-.
heterodyne receiver With a high intermediate frequency (5 to 10 me), with

1 For a description of sultable synchronizing systems, see Kell, Bedford and
Trainer, loc. cit. )
? For more complete details of a complete television transmitter; see R. D. Kell,
A V. Bedford and M. A. Trainer, An Experimental Television System—the Trans-
mitter, Proc. I.R.E., vol. 22, p. 1246, November, 1934.
3R. S. Holmes, W. L. Carlson, and W. A. Tolson, An Experimental Television
System—the Receivers, Proc. I.R.E., vol. 22, p. 1266. November, 1934.
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band-pass coupling circuits designed to give a flat response over the
necessary frequency range. The intermediate-frequency amplifier is
_followed by the.usual second detector, and the resulting video-frequency

ae

. Radio-
(q) Block diagram of fransmitter gﬁgﬁnﬁ
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pulses :

F1a. 442.—Diagram of complete television system.

currents, together with the accompanying synchronizing pulses, are then
amplified by, the video amplifier to a level suitable for controlling the .
cathode-ray reproducing tube. Synchronizing pulses free of signal are
obtained by also applying the output of the second detector to an ampli-
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fier biased so that only these pulses have enough amplitude to develop
output. The pulses corresponding to the line frequency are then
separated from the frame frequency as shown in Fig. 439 and used to

control the frequency of local saw-tooth generators which produce the .

currents for deflecting the spot of the cathode-ray reproducing tube.

The sound accompaniment for a television picture is most conveniently
transmitted by modulating an auxiliary carrier frequency that is just
outside, the side-band range of the television signals. .In the receiver, the
antenna ecircuits and the local oscillator can then be common to both
sound and picture channels, but the sound .channel has a separate first
detector and intermediate-frequency amplifier, as shown in Fig. 442b.
The intermediate-frequency amplifier for the sound channel should have a
relatively narrow response band centered about a frequency differing
from the mid-frequency of the picture channel by the difference between
sound and picture carriers. The local oscillator then automatically
~produces the correct beat frequency for the picture channel when the

adjustment is such as to bring in the sound channel, and, since the sound:

channel has a relatively sharp response, it serves as an. accurate tuning
indicator.
Problems

1. In the Farnsworth image dissector explain the effect updn the reproduced
picture of improper strength of the axial magnetic focusing field.

2. In the electron multiplier of Fig. 434, explain why -the multiplying action is

obtained only for certain ostillator frequencies, which depend upon the multlpher
" dimensions and the potential of the output electrode.
* » 3. Discuss the effect of leakage between adjacent globules in the mosaic plate
of the iconoscope.

4. If the storage process of the iconoscope were 100 per cent efficient, derive a
formula giving the improvement in sensitivity over the output obtained by a simple
aperture (as the image dissector without electron multiplication).

5. Explain why an ordinary sine wave could not be used for scanning instead of
the saw-tooth waves always employed.

6. In the reproduction of television pictures with a cathode-ray tube what would
be the effect of using a fluorescent screen material that had: (a) a very long persistence,
and (b) a very short persistence?

. 7. In the saw-tooth-wave generator of Fig. '436¢ it is necessary that the ad]ust—
ments be such that the maximum voltage built up across C be limited to a small frac-
tion of the supply voltage Ez. Explain what would happen if this were not the case.

8. Explain why it is not permissible to send the synchromzmg pulses with a

- polarity corresponding to white.

9. Calculate the frequency band required to transmit plctures having 120, 240,
~ and 480 lines, with a frame frequency of 30 and an aspect ratio of 44, when the video
_eurrent is modulated upon a radio-frequency carrier.

10. Sketch the shape of the output wave of the pick-up tube when one line of the
pattern of Fig. 441a is scanned for (a) no aperture distortion, (b) aperture distortion.
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11. Design an amplifier to produce a voltage gain of 1000 and capable of handling
the output of a scanning tube for a 843-line picture having a frame frequency of 30.

12. When portraying very rapid motion, an interlaced scanning system introduces
a peculiar kind of distortion not present with a simple scanning system. Describe the
effect. - . ' ) ]

13. Discuss the number and naturé of the controls that are required in a télevision
receiver. : :



'CHAPTER XVIII
SOUND AND SOUND EQUIPMENT

147. Charactenstxcs of Audible Sounds —=Sound is a mechanical
vibration lying within the frequency range to which the ear responds, and
it is characterized by pitch, leudness, and phase. The pitch represents
the frequency angd is expressed in cycles per second.! The loudness

depends upon the amplitude of the wave and is measured either in terms

of the pressure in bars (dynes per square centimeéter) that is produced by
the sound waves, or as the ratio of energy contained in the actual sound to
the energy contained in the weakest audible wave of the same frequency.
Sound travels in air at a velocity of approximately 1130 ft. per second.
Most actual sounds are complex waves containing several components
having frequencies that are in harmonic relation to each other. The
fundamental frequency corresponding to these harmonics (or overtones)
is called the pitch of the complex scund, while the presence of the har-
monics determines what is commenly termed the guality of the sound.
Changing the relative amplitudes of the different components without

changing their frequencies hence merely changes the quality without -

affecting the pitch.

‘Speech.2—The sounds encountered in speech lie in the frequency range :

100 to 10,000 cycles. The pitch of speech is determined by the funda-
mental frequency of the vocal cords, and is about 125 cycles for a normal

male voice and about twice as high for a normal female voice. The pitch-

varies somewhat during speech and tends to rise'as the voice intensity is

increased. This latter fact makes it possible to estimate the original level

of speech mdepe_ndently of the loudness of the sound reaching an observer.

The various speech sounds differ in the way in which the energy is
distributed with respect to frequency, in the manner of production, and
in the way the sounds are begun and ended. Thus the vowels are rela-
tively powerful sustained -sounds produced by using the lungs as bellows
and setting the. resultlng air stream in vibration by means of the vocal
cords. The sound so produced is rich in harmonics. The various vowel

1 This iS only approximately the case since recent studies indicate that the pitch of

a sound, as judged by the ear, depends to some extent upon the intensity and the .

overtones present. 'See Harvey Fletcher, Loudness, Pitch, and Timbre of Musical
‘Tones and Their Relation to the Intensity, the Frequency, and the Overtone Struc-
ture, Jour. Acous. Soc. Amer., October, 1934.

2 For a more detailed discussion of the nature of speech sounds, the reader shou]d .

consult Harvey Fletcher, ““Speech and Hearmg,” D Van Nostrand Company, Ine.
(82

T
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sounds are produced by positioning: the lips, tongue, etc., so that the
throat, mouth, and nasal cavities reinforce harmonics lying within certain
frequency ranges as a result of resonance, while tending to suppress other
harmonics. Other sounds, such as w, Y, and h represent’ particular ways
of beginning the vowel sound, while still others such as ch, sh, and f do
not involve the vocal cords. :

The power of average conversational speech varies Wldely with differ-
ent persons, but under typical conditions for American speech averages
approximately 10 uw. If the silent intervals during conversation are
excluded, the average is increased to approximately 15 uw. This repre-
sents an extremely small amount of energy, as is apparent when it is
" realized that the total average power that would be produced by all
inhabitants of the earth talking sunultaneously is less than the power

. WEAL]
100,000 Jg}e‘/ o - ] N
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§to,ooo i peﬁn ﬁﬂ
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F1e. 443.—Distribution of average and peak speech energy over the frequency épectrum
When the speech is divided into time intervals of 1§-sec. duratlon, the peak intensity in
90 per cent ‘of these intervals does not exceed the value given by the curve marked ‘90
per cent.’ -

radiated from a large broadcasting station. When one shouts as loudly
as possible, the average speech power rises to- about one hundred times
the normal average, while in speaking with as weak a voice as possible
without whispering the average power is reduced to approximately one-
hundredth. The peak power of the loudest sound encountered in
conversation is in the order of 5000 uw, while the power of a faint whisper

‘is in the order of 0.01 uw. This represents an intensity range of 500,000
to 1. The pure vowels and the diphthongs are the most powerful
sounds, while the th, as in thin, is the weakest.

* The distribution of speech power over the audible frequency range
is approximately as shown in Fig. 443. "In the case of male voices the
most powerful sounds are more or less evenly distributed throughout the

~ frequency range 500 to 1500 cycles, while the average power is greatest
at approximately 500 cycles. The higher frequency peaks, while about
as intense as the lower frequency peaks, are less numerous. This is
apparent from the 90 per cent curve of Fig. 443, which indicates that,

" when the speech is divided into intervals of 1§ sec., the peak intensity -
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in 90 per cent of the intervals is less than the value given by the curve.
In the case of women’s voices the higher fundamental pitch tends to -
shift the energy distribution toward higher frequen01es

A general picture of the frequencies and intensities involved in the
different speech sounds as used in normal conversation is shown in Fig.
444. Sounds that have several important frequeney ranges appear
more than once in the diagram. Powerful sounds are at the top of the
figure, weak sounds at the bottom, while positions to the right or left
represent important high- or low-frequency components, respectively.

Music.—The frequency range of musical sounds is much greater than
with speech. Thus, the bass tuba, bass viol, piano, organ, and drums
have fundamental frequencies of the order of 60 cycles or less, while many
musical instruments can produce notes that have harmonics extending

10 ‘ , up to 15,000 cycles. Musical sounds

10 —do
el are often accompanied by a noise

= caused by key clicks, hissing of air,
ng! e %Llem etc. This noise represents energy

¢ jch more or less unifofmly distributed
= — over a range of frequencies at the .
* high-frequency end of the audible -
v Zs spectrum. The results of an exten-
i1 sive investigation of the audible fre-
o i uency range of musical sounds
100 200 400 800 1600 3200 6400  produced by typical instruments are

Freauency . . 1 ;
Fic. 444.—Chart showing inténsities ShOV&tn mn Flg: 44,5' The,se erre
and region of most important frequency Obtained from listening tests in which
?Zlﬁs;mgiztsczi ignd%%::al:pesggigun}?; the frequencies at one end of the spec-
several principal components the intensity trum were progresswely cut out until
and frequency of each are indicated. trained observers were able todetect a
difference from the original sound. The results therefore represent
the useful frequency range but do not necessarily mean that there is
absolutely no energy outside the ranges indicated.

The power involved in musical sounds is often very large and in the
case of large orchestras may reach peak values approaching 100 watts.
The peak power depends, of course, upon the number and character
of the instruments involved and upon the nature of the musical composi-
tion being rendered. Typical values of peak sound power obtained
from musical mstruments when played loudly are given in Table XV.2

o

Actval Power
Minimum Audible Power
-
3

1S8ee W. B. Snow, Audible Frequency ‘Ranges of Musm, Speech and Noise,
Bell System Tech. Jour., vol. 10, p. 616, October, 1931.

2 See L. J. Sivian, H K. Dunn, and S. D. White, Absolute Amphtudes and Spectra
of Certain Musical Instruments and Orchestras, Jour. Acous. Soc. Amer., vol. 2,
p- 330, January, 1931. ) ‘
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The instruments producing the largest power are the bass drums, which
generate peaks reaching 25 watts (approximately 3,000 times the peak
power of the average vome) the pipe organ, the snare drum, the cymbals,
and the trombone. _

The way in which the sound power produced by -musical instruments
is distributed over the frequency spectrum depends upon the instrument
involved and upon the fundamental frequeney being played. Most,
although not all, musical instruments are so constructed as to produce
more sound power on the lower notes (7.e., those below 500 to 1000 cycles)

——Actva/ fone range
memenn ACCOmponying roise range

° Cufoff frequency of filter
detectoble in 50 % of fests

Tymponi — —— —
B‘Z‘sspglrum _______
Snare drum— — «— — |
14" ymbals — — — — 4

Bass violin-— — —

Violin———————— —

Bass tuba— —— —
Trombone—— — — —
French horn — — — — |
Trumpet——

Bass saxophone—
Bassogn— ————
Bass clarinet —— — ——.
Clarinet— — — —  ___|
Soprano soxophon .
Oboe

—_———

Moile speech
Female speech—

Foot steps ——
Hand clapping————
Key jingling—— — ——

40 100 500 1000 5000 10,000 20,000
Frequency in Cycles per Second

Fm 445. ~Frequency range of representatlve musical instruments as determined by
listening tests (as given by W. B. Snow).
than on the higher frequencies, as is evident in Table XV. Th1s table
also glves the percentage of time intervals of 1¢-sec. duration in which
the peak power is at least one-fourth of the maximum power observed,
and it is apparent that different instruments vary greatly in this respect.
The range of sound power encountered in the rendition of musical pieces
depends upon the selection involved and upon the number of instru-
ments participating. In the case of a symphony orchestra the sound
power during the loudest passages may reach peaks that are 10, 000,000
times as great as the sound power during the softest passages.
Noise.—Noise represents sounds in which the energy is more or less
uniformly distributed over a considerablé frequency range without a
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definite pitch being present. In a crude way noise can be considered
as consisting of a mixture of sound of all frequencies. Noises differ
in the way in which their energy is distributed with frequency, as is
apparent from Fig. 446.  Many noises, such as the jingling of keys,

oo Whistle - bigh pitchy] | IN
s : N
50 0 N
g Typewriter noises L—TT1 \
240 pirg — :
5 = T strebt
3 30/Liis : Srreetl 1L
- istle-] 3 | LA npige
-2 Icwprcbf' AT NG L]
; 20 ‘1
s 1 \
E 10
£ ol I - 1
50 100 . 500 1000 5000 10000
Frequency

Fig. 446.—FEnergy distribution of typical noises expressed in. terms of the deafening
(or magking) effect.” The distinguishing feature of noises is the more or less continuous
energy distribution over a wide frequency range.

clapping of hands, and footsteps, contain important components having
frequencies above 8500 to 10,000 cycles and do not sound natural when
these are suppressed (see Fig. 445).

TasLE XV
Peak lffarfentage' of %.-lsec.‘ Band containing
. intervals in which .
Instrument power, . maximum peaks,
wabts power is at least C.PS
.one-fourth of peak B
36- by 15-in. bass drum..."....| 24.6 6 250t0 500
Snare drum...... P . 11..9 . 218 250 to 500
15-in. cymbals................. 9.5 ] 8,000 to 11,300
Bass saxophone................ 0.288 25 . 250 to 500
French horn.......... e 0.053 .6 250-to - 500
. 0.084 i 15 1 ’
Piceolo................ ... 3 0.021 10 { 2,000 to 2,800 .
Piano........................ 0.267 16 ~250t0 500
. 13.4 9 250 to 500
754-p1ece orchestra.............. %66.5 1 1 8,000 to o

148. Characteristics of the Human Ear.’—The properties of the ear
are of fundamental importance in sound work since it is through the
medium of the ear that sound waves are observed. The frequency and

1 Much of the material in this section is summarized from Fletcher, loc. cit.

For further information also see Sec. 9 of ‘‘Electrical Engineers Handbook—
Communication,” John Wiley & Sons, New York.
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amplitude ranges over which a normal ear. receives auditory sensations
are illustrated in Fig. 447. Frequencies below about 20 cycles are per-

ceived by feeling rather than hearing, while frequencies above about -

20,000 cycles are not heard by most ears. The limit marked ‘“Threshold
of feeling”.in Fig. 447 represents the point at which the sound intensity
becomes great enough to produce a sensation of pain, while the limit
marked ‘“Threshold of ‘audibility’”’ represents the minimum sound
audible to the normal ear. It is apparent that the sensitivity of the

ear depends upon the frequency and 00

is maximum in the range 1000 to 000 ‘ T a o Teellng
3000 cycles. 00 T ~

The smallest variation in sound
amplitude that the ear is able to

3

N
"/
-

O ul 5 (‘>

MS. Pressure, Bdrs :

perceive is roughly a constant per- o1 ‘é\w
centage of the original intensity, 001 e //

: o
which is equivalent to stating that < oo isypy —1 A

01

the loudness -of a sound. as measured 0000 ——5—- P 156 51 U 48 6 6 54
by the ear is proportional to the Frequency
1 ith £ th d int it F1a. 447.—Average auditory sensation area
ogarithm of the sound intensity. " of normal ears.

The minimum percentage of change

in sound energy that is detectable is in the order of 25 per cent (1 db)
in the middle range of frequencies at moderate intensities, and becomes
less when the intensity is low or when the frequency is high or low.

The wide range of intensities to which the ear responds and the fact
that the sensitivity of the ear varies logarithmically make it convenient to
use a logarithmic scale for measuring sound intensities. The unit
commonly employed for this purpose is the decibel (abbreviated db),
which is described in Seg. 54, and is ten times the common logarlthm of a
power ratio.

The minimum perceptlble change in frequency varies with pltch
but over.the frequency. range 500 to 8000 cycles is very close to 0.03
per cent, with larger values for very low frequencies and for low sound
levels.

The ear has a non-linear response to sound waves of Iarge amphtude .

The result is that with powerful sound waves the ear produces harmonics,
as well as sum and difference tones, which are not present in the original
sound and yet which.are actually present in the hearing organs and are
perceived by the brain. Such frequencies produced in the ear are called
subjective tones and explain a number of sound phenomena. Thus the
pitch of a sound is not changed by removing the fundamental frequency
since the harmonics combine in the ear to produce a difference frequéncy
that recreates the fundamental component in the form of a subjective

tone. This non-linear character of the ear also makes many radio receiv- .
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ers and loud-speakers at least passably acceptable by regenerating in the
form of subjective tones the low frequencies that the equipment itself
fails to reproduce.

Another important consequence of the non-linear character of the
ear is the phenomenon known as masking, which appears as a deafening
to high-frequency sounds chused by the presence of a lower pitched
sound. Masking arises from the fact that, when the ear produces har-
monics of the low frequencies, these harmonics interfere with the per-
ception of the higher pitched sounds, which are then said to be masked.
Masking is particularly important in noisy locations, since it is equivalent
to a deafening. It is the reason that it is necessary to raise the voice
when carrying on a conversation in a noisy location. . :
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Loudness.*—The magnitude of the auditory sensation prodaiced by a
sound is termed its loudness. Experiment shows that the relative loud-
ness of different frequencies depends upon the absolute as well as upon
the relative intensity. This is shown by Fig. 448, which presents
experimental curves giving intensity level of the sound required for
equal loudness as a function of frequency for the case of pure tones.
It is seen from these curves that, when the intensity level is lowered, as,
for example, when a radio is played softly, the lower frequencies tend to
disappear. Thus, if 100- and 1000-cycle tones both have intensities
corresponding to the 70-db contour in' Fig. 448, reducing the intensity

1 For further information see Fletcher and Munson, Loudness, Its Definition,
Measurement, and Calculation, Jour. Acous. Soc. Amer., p. 82, October, 1933.
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of both by 40 db will reduce the loudness of the 1000-cycle tone to the
30-db contour, while the 100-cycle tone will be just at the limit of audi-
bility and so will have disappeared.

149. Elements of Acoustics..—The sound reaching an observer
will generally differ from the sound as generated because of reflections
from near-by objects. Consider, for example, the Typical paths which waves
« situation illustrated in Fig. 449, which shows only 2wl zeching cbserver

"a few of the paths by which sound produced in a
room may travel from source to observer. The y
direct route involving no reflections is the most [swry\ >/ csserver | -
important individual path, but, unless the observer |~ '
is very close to the source, or unless the wallsare — 5 - 449.— Dingram
lined with sound-absorbing material, large amounts illustrating a few of the
- of sound energy will reach the observer by way of ™21 routes which sound
the longer indireet paths involving reﬁectlons from travel.in reaching a
the bounding surfaces. listener.

The principal effects that these reflections have on the sound as
observed are as follows

1. The average mtenslty of the observed sound is raised because sound originally

sent out in other directions is reflected back to the observer.

" 2. The relative amplitudes of the different frequency components of the sound
may be altered as a result of selective absorption of the reflecting surfaces, which
usually tend to reflect low frequencies more efficiently than high frequencies.

3. The relative amplitudes of the different frequency components of the sound will
always be altered as a result of interference effects resulting from the faet that the
phase with which the energy traveling along the different possible paths combines
depends upon the position of the observer and upon the frequency.

4. The observed sound persists for some time after the original sound has ceased
as a result of the greater time it takes the sound traveling along the indirect routes
to reach the observer. This effect is known as reverberation.

The magnitudes of the first three of these effects -depend primarily
upon that fraction of the total energy reaching the observing point which
has traveled an indirect path, and this in turn is determined by the
relative lengths of the direct and the indirect paths and the fraction
of ‘the sound-wave energy that is absorbed upon reflection. When
the direct path is short, or when the bounding surfaces are of such a
" character as to absorb a large fraction of the energy -of sound waves

-striking them, most of the energy reaching the observer travels along:
the direct path, and interference, selective absorption, etc., are not-

important.

!t For further information. on the subject of acoustics, the reader should consult
Sec. 9 ‘“Electrical Engmeers Handbook——Commumcatlon," John Wiley & Sons,
New York.

produced in a room may’
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When the observer is at a reasonable distance from the sound source,
interference effects will produce considerable quality distortion. The
“extent of the quality distortion that can be expected is indicated in Fig.
_ 450, which shows sound powers actually observed by a microphone in a
small-sized classroom.! It will be noted that the relative sound intensity.
varies widely with frequency and microphone position. - The result is
that the actual sounds observed depend to a large extent upon the posi-
tion of the observer. -
Reverberation.—Reverberation in a room depends upon .the ratio
of the enclosed volume to the area of the bounding surfaces, and upon the
average coefficient of sound absorption of the walls. It is measured in
terms of the time-after the sound source has been silenced that it takes
a sound uniformly distributed throughout the room and having 1,000,000
times the minimum audible energy to die down to inaudibility. This .
reverberation time depends upon the volume of the space involved,

(o) Microphone ot Fixed Looation {BYMicrophone Location Varied- Frequency Fixed
Jor o " 0} T
g0 I I $100 Hix-1000 cycles_| '
L N | 1500 eye. A .
80 S 80 00y -
E Y ] E ol s K
Sl Y
En IR 2 0l
240 2 401 ] { 1
£ ol ! £ of (N AN Rl )
E IR i 2 G Y
500 600 700 W00 0 1 4 07 ¥ b B
Frequency n Cycles Per Dist of Microphone From Side Wall in Feek

Fia. 450.—Variations in observed sound power,that result from changes in position
and cha.nges in frequency because of interference effects between standing wave trains

ex:stmg in small classroom.

- the area of sound-absorbing surface present (including walls, furniture,
people, ete.), and the average coefficient of sound absorption of the
surfaces. The reverberation time is commonly of the order of several
seconds in large theaters and auditoriums where the sound travels
long dlstances between reflections. In living rooms of ordinary homes the
fact that the sound waves have opportunity to travel only a short dis-
tance between reflections results in rapid absorption and hence -a very
short reverberation time. .
It might be thought that the smaller the reverberation time the
better, but this is not necessarily true because the ear normally expects
a certain amount of reverberation and because reverberation enhances
certain musical and oratorical effects. Thus with music the presence of '
reverberation helps the different players in an orchestra to play together
properly and increases the effectiveness of passages intended to convey

t The writer i is indebted to P. G. Caldwell, formerly graduate student in electrical
engineering at Stanford Umvers1ty, for these curves.
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~the impression of power. Similarly in speech the presence of reverbera-

tion increases the average intensity of the sound above the level that

would be present outdoors or in a room with perfectly absorbing walls,

- and thereby makes it possible for a speaker’s voice to reach a larger .

number of people

The optimum reverberation time for a broadcast studio varies Wlth
different conditions, but is always less than for the corresponding theater
or auditorium. This is because the ultimate listener receives reverbera-
tion from both the broadcast studio and the room in which the sound is
_ reproduced. ,

Experience indicates that the optimum reverberatlon time for broad-
cast work is about two-thirds of that considered best for ordinary speech
or music rooms. This result can be most satisfactorily achieved either
by using a directional microphone so placed as to discriminate against
sound reflected from room boundaries in favor of sound coming directly
from the source, or by using a relatively long narrow studio having high

-absorption at .one end (where the microphone is located) and low absorp-
tion at the other (where .the sound is produced). These expedients
reduce the amount of reverberation picked up by the microphone, while
allowing the performers to work in the presence of normal reverberation.

The reverberation time can be controlled by the use of sound absorb-

ants, and studios, auditoriums, etc., must be acoustically treated so, that
the optimum reverberation time is obtained. This is done by use of
acoustic tiles and plasters on walls and ceiling to provide a certain mini-
mum of absorption, and by adding rugs, drapes, etc., when circumstances
.call for still léss reverberation.

150. Effects of Distortion in the Reproduction of Sound.—In des1gnmg
a system for the electrical reproduction of sound it is necessary to con-

sider the various ways in which the original sound may be distorted, and
the consequences of this distortion. The most important single factor:

involved is the frequency range of the electrical system. The frequency
band required for substantially perfect reproduction varies ‘with the
_ nature of the sound involved, as is apparent from Fig. 445, but is about
. 100 to 10,000 cycles for speech and 60 to 15,000 cycles for music. Experi-
"ence indicates, however, that a frequency range of 80 to 8000 cycles is
adequate to give excellent reproduction of all sounds except certain types
of noises. The usual broadcast program has a frequency range of the
order of 100 to 5000 cycles, and understandable although not natural
speech can be transmitted with a much narrower range of frequencies,
as illustrated by the telephone, which has a.frequency range of 250 to
3000 cycles.
Experimental 1nvest1gat10ns of the eﬁect of amplitude distortion,
such as introduced by an overloaded amplifier, indicate that, when the
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full frequency rénge is reproduced, distortions of 3 to 5 per cent are

‘ . detectable, and that 10 per cent is very noticeable.! Odd harmonics are

more troublesome than even harmonics, and the amount of distortion
. permissible becomes less as a wider frequency range is reproduced.

The intensity level at which the sound is reproduced is also of con-
siderable importance. IXf the reproduced sound is at lower intensity
than the original, the low frequencies appear to be weaker than they .
should, as explained in connection with Fig. 448, while the tendency of
the high frequencies to be masked by the lower frequencies is reduced.
Both of these effects work in the same direction, and combine to make it
necessary to vary the frequency response with volume level if high-
quality reproduction is to be obtained. The “tone-compensated”’
volume control used in many radio receivers is for the purpose of provid-
ing this type of correction.

The acoustics of the space where the microphone is located and of
the room containing the loud-speaker affect the fidelity of the reproduced
sound as explained above. In this connection it is to.be. noted that a .
person listening to the original sound is able, as a result of having two
" ears, to discriminate against noise and reverberation arriving from
directions other than along the direct path, whereas the microphone.
cannot. The result is that studio reverberation and noise picked up by
the microphone and reproduced by a loud-speaker do not sound the same
as normal reverberation and noise. Ordinary reproducing systems also
fail to give space relationships, since all. the reproduced sound comes
to the observer from the same direction, irrespective of the location of
the original sound source with respect to the microphone.*

The extremely wide range of intensities encountered in ordinary -
sound makes it necessary in electrical. reproducing systems to reduce
the intensity of the very loudest passages to prevent overloading ampli-
fiers, etec., and to increase the intensity of the weaker passages to prevent
their being lost in the.background noise. This introduces a form of
distortion to which the musically inclined tend to be particularly sensitive,
but which can be readily remedied by means of automatic volume expan-
sion, as described in Sec. 48.

The exact phase relations between the various components of a
complex sound are unimportant unless the phase shift is great enough to
produce an appreciable time-delay distortion, such as 0.01 sec.  Varia-

tSee Frank Massa, Permissible Amplitude Distortion of Speech in an Audio
Reproducing System, Proc. I.R.E., vol. 21, p. 682, May, 1933.
~ The percentages given are the percentages -of harmonics that result with a sine
wave having an amplitude equal to the peak amplitude of the complex audio wave.
2 The illusion of space can be obtained by the use of two or three separate channels. -
See a series of six papers on Auditory Perspective, Electrical Eng., January, 1934.
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tion in the phase (such as +180°) of various components with respect
to each other is not even detectable by the ear.?

In view of all these ways in which the original sound may be distorted,
it might be thought rather remarkable for the reproduced sound to be
acceptable. Actually, however, the ear is not a particularly critical
device, and is reasonably content with rather imperfect results. This
is in part due to the fact that the ear has been trained since infancy to .
accept many forms of distortion; for example, the distortion discussed in
connection with Fig. 450 is accepted as perfectly natyral.

Articulation.—The extent to which a transmission system is capable of
reproducing the original speech meaning is measured in terms of the artic-
 ulation.? Articulation is ordinarily based upon the accuracy with which
the fundamental voice sounds are perceived, and can be tested using ran-
dom combinations of vowel and consonant sounds in vowel—consonant
consonant-vowel, and consonant-vowel- L

consonant combinations., An articula- 100 i ,I | v ,;BJ;,;ieslgﬁ‘l[‘!ﬁ-a
tion of 90 per cent on such a test would 0 \\ fre "’f".lzc WFZ;;E ]
mean that 90 per:cent of the individual 80{- /((\ e
voice sounds were correctly received. o Y
The results of a typical articulation + 6 § g—é_
test are shown in Fig. 451. It will be $%F—/ T\
noted from this figure that, while most of <4[T{¥ TR
the energy of speech is in the lower fre- . 20 TR &
quency range, the higher frequencies are qc! [ ﬁ%}
essential to satisfactory articulation. 'z [ %ﬁ
Thus, when all frequencies above 1550 0 1000 2000 3000 4000. 5000 .

Cut-0ff Frequency

cycles are suppressed, the articulation is
- reduced to 65 per cent although less than
12 per cent of the sound energy is elimi-
. nated, while suppressing all frequencies

Fia. 451.—Variation of articula® -
tion for voice sounds as one end of the
frequency spectrum is cut out, to-
gether with the fraction of the
original sound power remaining after

below 1550 cycles gives an articulation theTestriction of the frequency band.

of 65 per cent even though only about 12 per cent of the original sound
energy remains. In this connection it must be kept in mind that
naturalness and articulation are not synonymous.. Thus Fig. 451 shows
that the articulation is not appreciably reduced by .suppressing all
§#equencies below 500 cycles, although doing so destroys the naturalness -
of the voice. In general, satisfactory naturalness requires the pres-
. ervation of a much greatér frequency range than is needed from the
standpoint of mere grticulation.

1 See Balth. van der Pol, A New Transformatlon in Alternating-current Theory
with an Application to the Theory of Audition, Proc. I.R.E., vol. 18, p. 221, February,
1930.

- 2 See Fletcher, loc. cit., for more detailed information on artlcula.tlon and artlcula,-
tion testmg :
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151. Dynamic Loud-speakers Fmploying Paper Cones.—Nearly all
- loud-speakers employed in radio receivers are of the “dynamic”’ type
illustrated in Fig. 452. This consists of a paper cone to the apex of
which is fastened a coil (commonly called the- -wvoice coil) located in a
strong magnetm field and carrying the audlo-frequency currents to be
transformed into sound waves. In

, such an arrangement the action of the

[ Fexible mounting . magnetic field on the coil current pro-
* duces a mechanical force that vibrates

the paper cone and causes the radiation
of sound waves. The cone issupported
in some manner around its outer edge,
while. the coil'is held in position and
supported by means of a flexible spider.
The entire coil and cone assembly is
~therefore free to move as a unit, and
under. ordinary conditions -is propor-

~ tioned in such a manner as to have a
Output fromradio  TesONant frequency at the lower end of
" iﬁ;’f,ﬁgﬁ’ ¢” - the frequency range to be reproduced.
The cone must be mounted in a baffle

Baffle -

70 O.C voltage
Field, W/'nd/'ﬂg

. // .
Circular
poper cone

.S’fep -do wrt
fransformer

Vorce coil . R . . .
resistance \  Coupling /fqu"'a/é‘"* as shown in Fig. 452, or in a box, in

compliance ? L. ¢
e o OTder to prevent tht? radiation from
Source of. ¢ -~ { andeddy  the front and back sides from cancel-
power / : N A% curren
o 5 foss ing at low frequenmes
Voice coll 7 . ARy
inductance  Equivalent “Equivalent The characteristics of a typlcal
massof radiation

.Vs/%?etrl;nj resistance high-grade dynamlc speaker are shown

Fia. 452.—Cross section of typical in Fig' 453. The frequency‘ range

dynamic. type of loud-speaker, to- is adequate for ordinary broadcast
gother :{;gg;g‘;gils;gle;;c;ggl “™ receivers, and the response is. suffici-

ently uniform over this frequency
range to sound entirely satlsfactory upon listening tests.

Analysis of Dynamic Speaker Action.*—The force that is exerted upon
the voice coil as a result of the action of the magnetic field upon the voice-
coil currents acts against 'a mechanical impedance consisting of a mass,
‘a compliance, and a resistance. The mass consists of the effective mass
that the coil and cone assembly offers to the frequency involved plus the
fluid mdss caused by the air in contact with the cone. The equivalent
compliance is determined primarily by the spider supporting the ‘voice

1 For further information .see H. Olson and F. Massa, ‘“Applied Acoustics,” P.
Blakiston’s Son & Company, Philadelphia; Frank Massa, Loud Speaker Design,
Electronics, vol. 9, p. 20, February, 1936; J. D. Seabert, Electrodynamic Speaker
Desngn Considerations, Proc. I.R.E., vol. 22, p. 738, June, 1934.
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: 0011 but is also influenced by closed air spaces, etc. The~effectlve resist-
ance to motion includes eddy-current losses, sound energy that i is radlated
ete. The velocity of the resulting voice- 0011 vibration is proportional
to the force divided by the mechanical impedance, while the amount of
sound energy radiated is proportional to the square of the velocity times
the radiation component of the resistance.

The voice coil in vibrating cuts ‘across the direct-current magnetic

" field ‘of the loud-speaker and so has a back voltage induced in it. - This

causes a_voltage drop that is'equivalent to adding an impedance to the

voice-coil circuit, and, since this additional impedance is caused by
vibration, it is termed motional impedance. The real and reactive
energies represented by the voice-coil current flowing through the voice-
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" Fre. 453.—Response curve of typical cone dynamic speaker.

coil motional impedance are the real and reactive energies, respectively,
which' the electrical circuits deliver to the vibrating system in order -to
sustain the vibrations.

The quantitative relations existing in the electromechamcal system
represented by the dynamic loud-speaker can be summarized by the
* following equations. The force that the magnetic flux of the field circuit
‘exerts on the voice coil is '

Force in dynes = % e : (253)

The effective impedance against which this force is exerted is

Impedance of cone and voice coil in S 1 )
: =Z= - 254
mechanical ohms or dyne sec/cm } Z=FE+ J(‘”m oC) (25%)

The velocity with which the voice coil moves is equal to the force divided
by the impedance, or :
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. force in dynes

Velocity in cm per sec. = » = impedance in mechanical ohms (255)
The amplitude of the vibration is
Amplitude of vibrations in em = YEIoCity in cm per sec (256)

w
The energy radiated per square centimeter of cone surface is

Radiated energy in watts per sq em = u?R, X 107 (257)

The motional impedance is the counter e.m:f . E; induced in the voice coil
divided by the voice-coil current causing the vibration, or

Motional impedance E, B
" in ohms P } =Zn="7 ="7 X107 ‘ (258)

The notation in these equatlons not given in connection with the
equatlons is
B = air-gap flux density in gausses
I = length of wire in the voice coil in centimeters
i = voice-coil current in amperes
"R = total resistance of cone in mechanical ohms (dyne seconds per
‘centimeter) including radiation loss, eddy-current loss, fric-
tional loss resulting from the bendmg of the cone matenal ete.
R. = radiation resistance per square centimeter of cone area
m = effective mass in grams which vibrating system offers driving
force, 1nc1ud1ng coil mass, effective cone mass, and effectlve
mass of air load
C = compliance of vibrating system in centlmeters per dyne
" w = 2r times frequency. '
A study of Eqs. (253) to (258) shows that as far as the electrical circuits
are concerned, the mechanically vibrating system is equivalent to a tuned
secondary. This leads to the equivalent electrical circuit for the dynamic
loud—speaker shown in Fig. 452, in which the mechanical force acting
on the voice coil is represented by the voltage induced in the secondary,
. while the motional impedance is the coupled impedance. It will be noted
that the mechanical impedance of the secondary is of the same form as
that of a tuned circuit, and that the velocity of vibration is equivalent
to the current. in the Ehactmcal analogue. The energy dissipated in the
secondary resistance of the equivalent electrical circuit hence represents
the energy required to maintain the cone vibrations, and the fraction
of this energy dissipated in the portion of the secondary impedance
corresponding to radiation resistance represents the’ amount of energy
‘actually converted 1nto sound power.
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At low frequenc1es (commonly up to 500 to 1000 cycles) the paper
cone acts approximately as a piston diaphragm having a diameter equal
to the diameter of the cone.! TUnder thesé conditions the presence of
the air in contact with the vibrating dlaphmgm produces a mechanical
radiation resistance R, per unit area which varies with frequency as shown
in Fig. 454. For frequencies low enough so that the diameter of the
cone is appreciably less than a half wave length it is seen that ‘the radia-

“ tion resistance is 1nd1rect1y proportional to the square of the frequency,
so the total sound power will be independent of frequency if the velocity
is inversely proportional to frequency. This result can be readily
realized by making the resonant frequency of the cone and coil assembly
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Fia. 454.—Radiation resistance of piston radiator per square centimeter of surface: (When
both sides of piston radiate, the total surface is twice area of one side.)

less than the lowest frequency to be reproduced, since then the principal
impedance to motion in Eq. (254) is supplied by the inertia of the coil
mass and is proportional to frequency. ‘ '

At the resonant frequency of the coil and cone combination, the
impedance to motion becomes very small, so that there is a tendency
for the velocity of vibration and hence the radiated power to be large.

However, under these conditions the motional impedance is also large,
~ and examination of the equivalent electrical circuit of Fig. 452 shows that
this exerts a counteractlng tendency by reducing the current through

" 1The assumption of piston action is actually only a rough approximation, since
studies show that the actual cone motion is of a very complex character even at very
low frequencies. The observed behavior is reasonably consistent with piston action
at low frequencies, but it is probable that departures from true piston action begin to
'be appreciable at a few hundred eycles and become progressively more pronounced
as the frequéncy is increased, until at about 1000 eycles the v1brat10ns are in the form
of waves radiating out from the apex of the cone.
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the voice coil. By proper design, particularly by use of a magnetic
field of appropriate strength, it is possible to make the response at the
resanant frequency substantially the same as at higher frequencies, or to
have either a peak or a dropping off. A strong resonant peak is some-
times deliberately introduced to increase the sound power radiated at
very low frequencies and thus to give the appearance of a strong bass.
‘This practice is not very desirable, however, since pronounced transient
oscillations at the resonant frequency will then take place upon shock
excitation. Below resonance the response drops off rapidly as a result
of the rapid rise in elastic impedance offered to the driving force.

At frequencies so high that the diameter of the ¢one exceeds a half
wave length the radiation resistance becomes substantially independent
of frequency With piston action and a velocity inversely proportional
to frequency, the radiated power is then inversely proportional to the
square of the frequency. . This tendency for the response to fall off at
high frequencies can be counteracted by so designing the paper cone that
it ceases to operate as a piston at these higher frequencies. The cone
vibrations are then in the form of waves traveling outward from the
‘apex, with the result that the center part of the cone vibrates much more
intensely than the outer edges. As the frequency is increased, the action
is therefore very much as though the size of the cone were progressively
decreased. This reduces the effective. mass, increasing the: velocity
above what it would be with piston action and increasing . the total
radiated sound energy. The power still tends to drop somewhat at the
higher frequencies, but, since there is a tendency for the radiated energy
to be concentrated more nearly- along the axis of the eone the higher the
frequency, it is found that the response directly in front of.the cone can
be made substantially constant up to rather high frequencies, although
there is a falling off of the hlgher frequencies to the side (see Fig. 453).

1 This assumes that the internal 1mpedance of the power source indicated in Fig.
. 452 is equal to or less than the equivalent load impedance offered by the voice ‘coil,
as is the case when a triode power tube is used to drive the speaker. With pentode
tubes, where the plate resistance is much higher than the load 1mpedance the high
back voltage at resonance merely increases the voltage drop across the speaker input
without changing the current. The result is then an accentuation of the resonance’
effect since this i increase in power input comes when there is already a tendency for the
output to be excessive.” This fact that the pentode does not help damp out speaker
- resonance as does a triode tube has until recently been considered a major defect of the
pentode power tube. The development of the feed-back amplifier has altered the
situation, however, since feedback circuits such as that.of Fig. 143¢c which act to
stabilize the output voltage operate to damp out resonances just as though the tube
had a low plate resistance. It is to be noted, however, that other feedback circuits
such as Fig. 143a which act to stablhze the output current have just the opposite effect,
tending to give the effect of an excessnvely high' pla.te resistance even when the tube
itself has a low plate resistance. .
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The ultimate limit to the high-frequency response is set by the mass
.of the voice coil. ; ’ v :
" Miscellaneous Considerations.—A study of the faetors involved in the

behavior of a cone speaker shows that a large cone and a proportionately -

large voice coil are best for the radiation of low frequencies, but that a
small cone and correspondingly light voice coil are favored for the repro-
duction of the higher frequencies. As a result, a very wide frequency
range is best reproduced by a pair of loud-speakers,.one with a large cone
* for the lower frequencies and the other with a small cone and light voice
coil for the higher frequencies, with accompanying’ o
electrical networks for separating the high- and
‘low-frequency -audio currents.! An . ingenious
combination of a low-frequency speaker and a
high-frequency speaker in one unit is provided
by the articulated voice-coil arrangement of Fig. ,
4552 Here the speaker is provided with two vergeos "’
peaker 18 provided w voice coil \
voice coils, one heavy and one light, which are Small /,-g_/,,n,we,yhf) '
connected together by an elastic link as shown. voice co/ . ‘
At low frequencies both coils carry current and act voi(}? 26; Zi;‘;:ﬂg}f tﬁg
together as a unit, but at high frequencies the extending high-frequency
_ large mass of the heavy voice coil causes it to "% :
remain substantially motionless while the light voice coil continues to
function' as a result of the elastic compliance Cu, provided between the
coils. The low-frequency coil is also shunted by a condenser in order to
by-pass the impedance of the large coil to high frequencies. .
The efficiency of a loud-speaker in transforming electrical energy into
acoustical radiation is relatively low except at the resonant frequency -
because the coupling between the air and the vibrating cone is so poor that
very little of the driving force is actually used in doing work against the
air. Under practical conditions the average efficiency of a cone speaker
is less thah 5 per cent. ' o
The paper cone must be mounted in some form of baffle as shown in
Fig. 452 in order that the waves radiated from the two sides of the cone,
which are produced with a phase difference of 180°, will not cancel each
“other. The baffle diameter should be of the order ofa half wave length
" at the lowest frequency for which little or no loss in the sognd output is
desired, and for best Tesults should have an irregular outline in order to:
eliminate the. possibility of destructive interference between frant and

- 1The design of such networks is described by John K. Hilliard and Harry R.
Kimball, Dividing Networks for Loud’ Speaker Systems, Technical Bulletin, Academy’
of Motion Picture Arts and Sciénces, Mar. 3, 1936.

2 See Harry F. Olson, A New Cone Loud Speaker for High Fidelity Sound Repro--
duetion, Proc. I.R.E., vol. 22, p. 33, January, 1934. ’
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back side radiation at certain critical frequencies. In the usual radio
receiver the cabinet supplies the baffle, and where good response down
to low frequencies is desired the cabinet must be.of ample size, or must
be provided with some form of acoustic labyrinth or resonator as described
in Sec. 153. :

152. Horns.'—The horn is essentially an acoustic coupling -device
which transforms acoustic energy at a high pressure and low velocity to
energy at a low pressure and high velocity. A horn can therefore be
used to increase the load that the air produces upon the driving mecha-
nism of a loud-speaker, and thereby makes it possible to obtain a better
match between a relatively heavy driving mechanism and the fluid air.

A typical horn speaker is illustrated schematically in Fig. 456, while
the details of a representative moving-coil driving arrangement are

Throat,
Coz) Yid
/ air%ha%vber Annular
Horn I',,,D/apﬁ/wgm
Moving
A cor/
Diaphragm 7
74
Freld moagnef ’ .
Fia. 456.—Diaphragm, Fic. 457.—Moving-coil type of
. throat, and coupling air . driving unit used in a commercial
chamber of horn-type loud- horn-type loud-speaker.

speaker. E

shown in Fig. 457. Sound waves_produced at the throat by the dia-
phragm vibrations travel along the horn, expanding in an orderly manner
until large enough to transfer their energy to space without undue
disturbance. :

Design of Horns.—The factors involved in the design of a horn are
the taper, the mouth area, and the throat area. For proper operation
-the taper should be such that the cross-sectional area is proportional to
an exponent of the distance along the horn: That is

Area at distance z from throat = A~ ‘ (259)

- where A, is the throat area and B is a constant that determines the rate

. *For more detailed information on horns and horn-type loud-speakers, see C. R.
Hanna and J. Slepian, The Function and Design of Horns for Loud-speakers, Trans.
A.I.E.E., vol. 43, p. 393, 1924; C. R. Hanna, Loud-speakers of High Efficiency .and

" Load Capacity, Trans. A.I.E.E., vol. 47, p. 607, April, 1928; E. C. Wente and A. L.
Thuras, A High-efficiency Receiver for a Horn-type Loud-speaker of Large Power
Capacity, Bell: System Tech. Jour., vol. 7, p. 140, January, 1928; Olson and Massa,
loc. cit.; Massa, loc. cit.
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at which the horn opens out.! An infinite horn when tapered in this way

transmits freely all frequencies appreciably above a certain critical *“cut-

. off” frequency, and nothing below. "This: transmission characteristic

depends upon the ratio 2xf/B as shown in Fig. 458. Cut-off occurs

when f = 2730B, and the transmission falls off rapidly for frequencies

less than 4000B, where B is evaluated from Eq. (259) when dimensions
are in centimeters. The proper taper.for an exponential horn is there-

fore determined by the lowest frequency sound that is to be radiated.

The mouth area of a horn determines the lowest frequency sound
wave that can be transferred from the horn to free space without setting
up resonances in the air column. When the mouth diameter is 2\/3,
such resonances aré negligible, and do not become excessive until the
‘diameter is less than \/4, where X is the wave length of the sound. The
mouth of a horn is hence determined by the lowest frequency that is to be
handled. . :

The throat area of the horn determines the loading that the horn
places upon the diaphragm of the driving mechanism. When the dia-
phragm has the same area as the throat, the o
acoustic Tesistance that is offered to the o
~ vibrations of the diaphragm is 41.5 mechani- o

~ cal ohms per square centimeter, while, if the
throat represents a constriction, ‘the acoustic
resistance offered to- the diaphragm is
41.5(84/80)? mechanical ohmis per square
cm. of throat, where Sy is the diaphragm area,

/]
7
1
1}
i

g

f=4
>

Relative Power
o
w

g R

and S, is the area of the throat. A small @ :
throat therefore increases the acoustic loading  ai
- on the diaphragm, and sd raises the efficiency  0F 3 350t

with which the electrical energy is transformed :
into sound energy. However, a small throat Fic. 458.—Relative power
has various disadvantages, such as requiring g:risnﬁ:ﬁd?lli%];f::?te?ﬁﬁ:ﬁg}
" a longer horn, increasing the frictional losses, taper (all lengths measured in’
distortion due to excessive throat pressures, centimeters). ’
* ete., so that in actual practice the throat size is chosen as a compromise
between various factors. ’ o
It is to be noted that the length of a horn is determined by the
‘mouth, the throat, and the taper. ‘
Performance of Horn Speakers.—The low-frequency limit of a horn
speaker is set by the taper and mouth of the horn, as has been explained.
The ultimate high-frequency limit is set by the mass of the moving eoil

1 Other forms of taper, such as conical, are occasionally employed in horns but
have the disadvantage of much less uniform transmission with variation of frequency
than the exponential horn. )
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and diaphragm. In order to realize this possible high-frequency limit,
it is, however, necessary that the distance from the throat te various
parts of the diaphragm vary by less than a half wave length, since other-
wise the sound waves produced by various parts of the diaphragm will
not add up in phase at the throat and there will be a falling off in response
at the higher frequencies. In order to minimize difficulties of this sort,
it is common practice to employ an annular plug between diaphragm and
throat. to. equalize the distance to the throat from various parts of the
diaphragm as shown in Fig. 457.

The sound power generated by the diaphragm of a horn speaker is
proportional to the square of the diaphragm velocity. In order to
obtain a frequency response that is substantially independent of fre-
quency, it is accordingly necessary that the impedance which the vibrat-
ing system offers to its driving force be substantially resistive. This
condition is realized by making the acoustic loading on the diaphragm
high and by designing the vibrating system to have the lowest possible
mass together with a resonant frequency in the middle of the response
range. Under these conditions the impedance that the diaphragm offers
to its driving force.is predominantly resistive, and the velomty is rela-
tively independent of frequency. _

The efficiency with which the electrical energy supplied to the voice -
coil is converted into acoustic energy dépends upon the ratio of copper to
radlatlon res1stance, and becomes higher the greater the diaphragm
loading. This indicates the desirability of a
small throat; but, at the same time the throat
must not be so small that an appreciable part
| of the acoustic energy is lost in friction, or
| that the sound-wave pressure in the throat is -
| sufficient to cause excessive distortion.
Under practical conditions efficiencies of the
order of 25 to 50 per cent are commonly

Fia. 459.—Horn with de- Obtained.. '

Hecting vanes to distribute A horn tends to concentrate the sound
igh-frequency energy evenly.

along its axis, with. this tendency becom-
lng more pronounced the higher the frequency The result is' that,
when the total sound power generated is independent of frequency,
the high frequencies are too strong along the axis and foo weak to the
side. This effect can be taken care of when necessary by providing
the horn with deflecting vanes, ds shown in Fig. 459, for the purpose of
spreading the energy equally for all frequencies. :

Directional Bajffles—In public-address and theater work it is common
practice to employ ordinary cone speakers which are provided with a
short horn, or directional baffle, as shown in Fig. 460. The distinguishing
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feature of such an arrangement is a short horn, made possible by the

use of a throat area equal to or only moderately less than the size of

the paper cone, and the enclosed box for the purpose of preventmg

radiation from the back of the cone. Directional

At frequencies low enough so that Cone, b;”,f,f/e"’i’\

the box dimensions are appreciably - L

less than a quarter of a wave length,

the presence of the box isequivalent

to adding stiffness to the vibrating

system. Resonances at higher fre-

quencies "are avoided by packing

the box with felt or other acoustic ‘Souno/ absorbant

absorbent and by taking advantage ,

of the fact that the absorption coef- F1¢. 460.—Cone speaker provided with
directional baffle.

ficient increases with frequency. '

"A directional baffle concentrates the sound and also increases thé
eﬂimency of radiation, particularly in the frequency range in whichthe
cone functions as a piston. This is because with a throat of the same
size or smaller than the cone the acoustic impedance will be at least

(@) Bipolar type ~ (b) Balanced armature type
. Coné
Armature, Cone, '(\A. C coils
/
L\ A BN
\\
AC.
corls P
e
Armature

~ o s
~Polarizing  Fole - Po/ar/zmg
Tagnef preces magnet
Fia. 461.—Typical magnetic-speaker driving systems.

41.5 mechanical ohms per square centimeter at low frequencies, whereas
it is seen from Fig. 454 that the acoustic resistance is much less for the
same cone operated in a plane baffle at a low frequency. In this way
the acoustic loading can be ‘increased to the point where it tends to
control the impedance of the vibrating system ‘at low and medium
frequencies, with the result that efficiencies of the order of 25 per cent are -
typical.

153. Loud-speakers. Miscellaneous = Considerations. Magnetic
Speakers.—While most- speakeis employ & moving-coil driving mecha-
nism, some of the very cheap loud-speakers employ driving systems
such as illustrated in Fig. 461. These are termed magnetic speakers,
and make use of what is essentially a large telephone-receiver type of .
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driving mechanism such as dlscussed in Sec. 154. The chief disadvan-
tage of the magnetic speaker is that the force-displacement character-
istic of the driving mechanism of magnetic speakers becomes non-linear
when the amplitude is at all appreciable, so that the output obtainable
without distortion is very low, particularly on the lower frequencies.

Distortion.—If driven too hard all loud-speakers overload and
generate spurious frequencies. One form of distortion is caused by a
non-uniform distribution of flux in the air gap in which the voice coil

,operates. Such distortion is most pronounced when the amplitude of.

“vibration is large, and so is found at low frequencies, particularly the
resonant frequency of the vibrating system. In improperly designed
speakers In which excessive resonance is allowed in order to boost the low
notes, it is not uncommon for the harmonics to reach 50 per cent to 100
per cent or even more of the fundamental.! Another important source
of 'harmonics is a non-linear force-displacement characteristic of the
moving system arlsmg as the result of non-linear action in the paper
cone, supportmg spider, etc. Under certain conditions non-linear dis-
tortion in the cone also produces relatively strong sub-harmonics, i.e.,
frequencies that are one-half, one-third, etc., of the driving frequency.

In horns, high air pressures produced in the throat cause distortion
because the adiabatic compression of air is non-linear with respect to
pressure. This effect tends to be most pronounced at the higher fre-
quencies and sets.a limit to the lowest permissible throat area in horns
intended to handle high sound powers.?

Acoustic Labyrinths, Resonators, Etc.—The practlcal impossibility
of obtaining sufficient baffle action from a receiver cabinet to reproduce
the very low frequencies has led to the development of various expedients
for meeting this problem. One such arrangement involves connectmg

“the back of the loud-speaker to open space through a tortuous passage or
labyrinth. This gives the effect of a large baffle at the very low audio
frequencies while tending to absorb the higher frequenmes Such an
acoustic labyrinth is shown in the large compartment below the receiver
chassis in Fig. 320.

! Thus see Hugh 8. Knowles, Loud Speaker Cost versus Quality, Ulectronics, vol. 6,
p. 240, September, 1933.
% The resulting distortion can be approximated by the equation

Percentage of sec;)nd harmonic = [IZ ! l) X 100 (260)

where W is the acoustic watts per square centimeter of throat area a.nd (f1/fs) is the
ratio of driving frequency to horn cut-off frequency. See A. L. Thuras, R. T. Jenkins,
and H. T. O’Neil, Extraneous Frequencies Generated in Air Carrying Intense Sound
Waves, Bell System Tech Jour., vol. 14, p. 159, January, 1935. :
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Another arrangement coming into use consists in inclosing the back
of the cone by a box that is provided with a port that opens in the same
direction as the front of the speaker. By proper proportions of the
inclosed space, port size, and port position, it is possible so to shift the
phase of the radiation from the back of the cone that the sound issuing
from the port will be in phase with the radiation from the front of the
cone at the lower frequencies. At higher frequencies this is not neces-
sarily so, but by the proper use of absorbing material in the inclosed space,
the high frequencies can be sufficiently damped to prevent excessive
resonance. . ' : ,

Very low frequencies can also be reproduced by inclosing the back
side of the cone speaker with a box which is normally lined with sound-
absorbing material. This prevents radiation from the back of the cone,
and so avoids the cancellation of the low frequencies when there is not

. sufficient baffle area. The effect of the enclosed space is to add stiffness

to the equivalent vibrating system of the cone at low frequencies, while

* the higher frequencies are absorbed.

A still different method of attacking the problem of low-frequency
reproduction consists in coupling the equivalent of a folded horn to the
back side of a small cone by means of an air chamber of such size that
at'low frequencies the horn functions in'a normal manner, while in the
mid- and high-frequency range the horn ceases to function and the front
side of the cone is depended upon for reproduction.*

- High-frequency Speakers.—The efficiency, acoustic output, uniformity

" of response, etc., can all be improved by limiting the frequency range.

This has led to the use of dual-speaker systems where high quality, or

. high power, or both, are important. The low-frequency unit of such an

arrangement commonly consists of a horn speaker, or cone with direc-
tional baffle. The high-frequency unit always employs a horn, but the
method of driving varies. The most widely used drives are a small .
paper cone with light voice coil, and a metal diaphragm and moving-coil
arrangement similar to Fig. 4567. Other arrangements that have been
suggested include a piezo-electric driving arrangement.? N ’
164. The Telephone Receiver.—The term telephone recetver is used
here to denote those devices which convert electrical energy into sound
waves and which are held against the ear when used. This is in con-
trast with loud-speakers, which are arranged to produce sound waves
that spread over a large volume. )
- *1See H..F. Olson and R. A. Hackley, Combination Horn and Direct Radiator Loud

Speaker, Proc. I.R.E., vol. 24, p. 1557, December, 1936. o
2 See Stuart Ballantine, A Piezoelectric Speaker for the Higher Audio Frequencies,

Proc. I.R.E., vol. 21, p. 1399, October, 1933.
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All types of telephone receivers make use of a diaphragm that is
. effectively sealed to the ear by means of a vented cap, so that, as the
diaphragm vibrates, the pressure of the small quantity of air trapped
between the diaphragm and the ear drum varies in accordance with the
displacement of the diaphragm. Investigations have shown that, in
order to obtain distortionless reproduction, the amplitude of the dia-
phragm vibrations should be proportional to the current supplied to the
telephone receiver and independent.of the frequency of this current.
Magnetic-diaphragm Telephone Receiver.'—The type of telephone

_receiver most widely employed makes use of a permanent magnet, upon ‘

the pole tips of which are coils that carry the voice currents. The mag-
netic circuit is closed by means of a magnetic diaphragm, which is set in
vibration by the audio-frequency currents passed through the receiver

windings. The cross section of a typical telephone receiver of the type-

worn with a head band is shown in Fig. 462. The receivers used in the . -

Opening in cap telephone system are similar except for the
Coils... \  Diaphragm fact that the permanent magnet is located

w "inside the hand
////4//”/”“_ » inside the hand piece.

\

‘;E’ermanenf magnet
Fia. 462.—Cross section of of the diaphragm is proportional to the square

. typical watch-case type of of the flux density in the air gap. Thus, if
telephone receiver. . B, is the flux density produced by the perma-
nent magnet and B, sin wf is the flux densxty produced by the current in
the receiver windings, then

Pull on dlaphragm « (B, + B, sin wt)? =
' B.? + 2B,B, sin wt 4+ B (1 — cos 2wf) (261)

The first ferm on the right-hand side of Eq. (261) represents the constant
pull produced by the permanent magnet. The second term is a force
that varies in accordance with the current passing through the receiver
winding and is proportional to the strength of the permanent. magnet.
This is the force that produces the desired diaphragm vibrations. The
final term consists of a constant pull and a double-frequency distor-
tion alternating-current force, both of which are relatively smallif the
flux from the permanent magnet is large, but which in the absence of a
permanent magnet represent the only forces. exerted on the diaphragm.

1 An exhaustive treatment of the magnetic-diaphragm telephone receiver is given
by A. E. Kennelly, “Electncal Vibration Instruments,” The Macmillan Company,
" New York. .

The permanent magnet increases the sensi- .
tivity and prevents distortion. This results .
from the fact that the pull on each unit area -
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‘The diaphragm of a telephone regeiver has mass, elasticity; and
* friction, and so behaves under the influence of an applied force according
to exactly the same laws as the moving'system of a dynamic speaker [see
Eqs. (253) to (256)} Sincé the response is proportional to the amplitude
of vibration, reference to Egs. (255) and (256) shows that for a constant
coil current the response is independent of frequency up to the region
" of diaphragm resonance, where the response depends upon the damping.
At higher frequencies the response falls off .rapidly. For very high
quality reproduction it is hence necessary to use a light diaphragm
stretched until the resonant frequency is at the upper limit of the response

range desired, and then to provide B i B
1

just enough damping for the reso- e
nant response to be the same as the diaphragm
response at lower frequencies. Coit carrying

Balanced-armature Receivers. Sualo e o
The possibilities of the magnetic- L - /et

diaphragm type of receiver that has Ve,

. . o s Permanent Balanced

just been described are limited by  rpagnerc_; magnetic

the fact that the diaphragm must be

of magnetic material and must with- e
: “Permanent magnet

stand the strong steady pull of the

* permanent magnet. These disad-
. vantages are overcome in the Bald-
win or balanced-armature - receiver,
illustrated in Fig. 463, which em-
ploys a pivoted armature arranged

T1G. 463.—Schematic diagram illustra-
ting the operation of a balanced-armature
receiver. The forces exerted on the arma-
ture are balanced unless the coil is carrying
current, in which case the flux produced by
thg coil unbalances the flux distribution in

: . . the air S.
as shown in the illustration and £ap

_ connected to a mica diaphragm by means of a link. The pulls exerted
on the magnetic armature are balanced until current is passed through
the winding, when the additional flux produced by the winding causes an

Diaphrogm  Unbalance that deflects the armature.

Moving-coil Telephone Receivers.'—In - the
moving-coil type of telephone receiver, the force
driving the diaphragm is obtained by the action
of a magnetic field on a coil carrying the audio- - .
frequency currents exactly as in the dynamic
loud-speaker. The construction of a receiver of
this type is shown in Fig. 464. The required
damping at resonance is provided by means of a slit which connects the
inclosed space back of the-diaphragm to outer space, while the inclosed
air space behind the diaphragm and the slit provide a coupled system hav-

- 18ee E. C. Wente and A. L. Thuras, Moving-coil Telephone Receivers and Miero-
- phones, Bell System Tech. Jour., vol. 10, p. 565, October, 1931.

Permanent magnet » .
Fig. 464.—Construc-
tional details of a commer-
cial form of moving-coil
telephone receiver, ’

’
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ing mass and stiffness which is utilized to make the response relatively
uniform up to frequencies about one and one-half times the resonant -
frequency of the diaphragm. *

165. Microphones.—Any device that cdnverts sound energy into
electrical energy is termed a microphone. While many types of micro-
phones have been devised, the only ones that are now used to an appre-
ciable extent are the carbon, condenser, ribbon, crystal, and moving-coil
types. .. . ‘

Carbon Microphone.'—The carbon microphone makes use of the
fact that the resistance which a mass of carbon granules offers to an
electrical current depends upon the pressure applied to the carbon.
In the carbon microphone a direct current is passed through the granules,
which are made from selected and treated anthracite coal and mounted
against a diaphragm to form.a ‘‘button.” Sound waves striking the
diaphragm vary the pressure exerted on the granules. This produces
corresponding changes in resistance of the button and hence causes the
current to vary more or less in accordance with the sound pressure
exerted against the diaphragm. :

The force acting on the diaphragm is proportional to the air pressure
of the sound waves, while the pressure upon the granules depends upon
the resulting amplitude of diaphragm vibration. As discussed in con-
nection with the magnetic-diaphragm telephone receiver, and shown by
Eq. (256), the amplitude of vibration will be substantially independent .
of frequency below the resonant frequency of the diaphragm, will fall off
rapidly above resonance, and at resonance will depend upon the damping.
High quality therefore requires a high resonant frequency with suitable
damping.

The great advantage of the carbon mlcrophone is that it is an ampli-
fier, since the amount of electrical output that the diaphragm motion
controls is greater than the sound power required to operate the dia-
phragm. At the same time the carbon microphone has a number of
disadvantages, the most important of which are the steady background
hiss, resulting from random changes in the resistance which the carbon
- granules offer to the direct current passing through them,?and the insta-
bility of the carbon ‘“button.” As a result the carbon 'microphone is used
in the telephone system where the high sensitivity is a great asset, and

1 For a more detailed discussion of the carbon microphone, see W. C. Jones, Con-
denser and. Carbon Microphones—Their Construction and Use, Bell System Tech.
Jour., vol. 10, p. 46, January, 1931; F. S. Goucher, The Carbon Microphone: An
Account of Some Researches Bearmg on Its Action, Bell System Tech. Jour., vol. 13,
p- 163, April, 1934.

28ee C. J. Christensen and G. L. Pearson, Spontaneous Resistance Fluctuations
in Carboh Microphones and Gther Granular Resistances, Bell System Tech. Jour.,

vol. 15, p. 197, April, 1936.
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The amplifier tube into which the microphone output feeds should be
placed as close as ‘possible to the microphone in order to reduce the capac-
ity of the leads and also to reduce the stray pick-up. This latter point is
particularly important because the condenser microphone has a relatively

small output and is a high-impedance device. The usual practice is to -

place the first amplifier tube in the microphone stand. This tube
should also be non-microphonic in order to avoid the introduction of
extraneous noise through electrode vibration.
The condenser microphone, like the carbon microphone, is a pressure-
actuated device in which the output is proportional to the displacement

" of the'diaphragm. The response of a condenser microphone hence is

substantially constant at frequencies below diaphragm resonance, falls
off rapidly at high frequencies, and has a characteristic at resonance that
depends upon the amount of damping present.

A condenser microphone has relatively stable characteristics and
can be designed to have substantially constant response over a wide
frequency range. Its disadvantages
are a relatively low sensitivity and
the need of an amplifier close to the

X . L. Condenser_L. 3
microphone. The principal use of the microphone™ R -
condenser microphone is in making
sound measurements. At one time

i . - . ' 200-300

the condenser microphone was widely L volts

used in broadcast and public-address F1e. 467.—Circuit of condenser
microphone.

work, but it has since been displaced :
'to a considerable extent by the moving-coil, velocity, and ecrystal
microphones.

Moving-cotl Microphone.'—The movmg—coﬂ mlcrophone is similar in
_ construction to the moving-coil type of telephone receiver discussed in
Sec. 154. The dynamic characteristics of the two instruments differ,
however, because in the microphone the voltage induced in the moving

coil is proportlonal to the velocity of the coil, which must therefore be

proportional to the sound pressure, while in the telephone receiver the
best performance is obtained when the amplitude of vibration varies

directly as the pressure of the sound being reproduced. The require- .

ments of the moving-coil microphone ‘can be met by modifying the
) movmg-coﬂ receiver in several respects, and particularly by making the
resonant frequency of the diaphragm moderately low, such as 600 cycles,

and using resonant air chambers to increase the amplitude at lower .

frequencies and higher frequencies: When this is properly done, the
result is a very excellent microphone having a response practically flat

18ee E. C. Wente and A L. Thuras, Moving-coil Telephone Receivers and MIOI‘O-

" phones, Bell System Tech. Jour., vol. 10, p. 565, October, 1931.
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from 40 to 10,000 cycles. In addition to its very satisfactory frequency
response the moving-coil microphone has somewhat greater sensitivity
than a condenser microphone of the same frequency range and has a low
impedance output. This latter featfire makes it possible to employ a
‘long twisted-pair cable between microphone and first amplifier without
adversely affecting the frequency response and without giving trouble
from stray pick-up. )

The Ribbon or Velocity Microphone.'—The ribbon microphone is a
special form of moving-coil microphone in which the moving coil consists
of a flat piece of aluminum-alloy: foil which is acted upon directly by the
sound waves and which has a resonant frequency below the gudible
range. The construction of such a microphone is shown in Fig. 468.

//A’/‘bbbn support
_~Ribbon

=R\ - 7Passages fore-
= / duce dlistance
— from front fo
# back of ribbon

’ o Plane of
Directional 7 !
characteristic ™ ribbon

Permanent
magnet

Fic. 468.—Sketch shdwing constructional details of velocity microphone, together with

directional characteristic. .
' ]

When a plane wave passes by a ribbon microphone, the resulting force
acting on the ribbon is proportional to the difference in sound pressure
on the front and back of the ribbon. When the frequency is low enough
so that the difference in distance to the two sides is appreciably less than
a quarter of a wave length, the resulting force exerted against the ribbon

_is proportional to the frequency and to the pressure gradient, or particle
velocity, of the sound wave. As a result, this type of microphone. is
commonly called a velocity microphone. By making the resonant fre-
quency of the ribbon lower than the lowest frequency to be reproduced,
the ribben offers an inertia reactance that is very nearly proportional to
frequency. The velocity of vibration and hence the resulting voltage
induced in the ribbon are then substantially independent of frequency
until the frequency is so great that the difference in distance to the front
and to the back of the ribbon approaches a quarter of a wave length, when

1See Harry F. Olson, On the Collection of Sound in Reverberant Rooms with
Special Reference to the Application of the Ribbon Microphone, Proc. I.R.E., vol. 21,
p- 655, May, 1933.
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the response tends to fall off. By cutting away the pole pieces as is done
in Fig. 468 this difference in distance can be made small enough to give a
substantially uniform response to above 10,000 cycles.

When a velocity microphone is placed very close to the sound source,
the low frequencies are overemphasized. This comes about because the
pressure gradient in a spherical wave is greater in proportion to pressure
than the pressure gradient of a plane wave by the factor /1 + (c/wr)2
where 7 is the distance to the source, c is the velocity of sound, and w is
27 times frequency.

The velocity microphone also has a pronounced directional charac-
teristic as shown in Fig. 468. This is because sound waves arriving from
the side strike both the front and back of the ribbon at the same instant
and so produce no resultant force. This directivity can often be taken
advantage of to minimize undesired reverberation and noises, and also
makes the velocity microphone particularly suitable for use as a lapel

microphone, since by properly utilizing the directional characteristic it is -

possible to arrange matters so that the output of a microphone located
upon the coat lapel is substantially independent of the dlrectlon in which
the speaker’s head is turned.!

The velocity microphone has the advantage of simplicity, an ex-
tremely good frequency response, and a low output impedance. Its

principal disadvantage is that it cannot be used close to the source of -

sound.

Crystal Microphone.—Crystal microphones make use of the pleZO-
_electric effect of Rochelle salt crystals to transform mechaniecal stress
produced by sound waves into electrical output. The most successful
arrangement of this type consists of two crystal slabs mounted as shown
in Fig. 469. The bending of these slabs resulting from the pressure
of the sound wave produces a voltage across the crystal face that is then
utilized to operate an amplifier. By making the assembly small so that
the resonant frequency is above the audible range, the device becomes
pressure operated, and with simple equalizing circuits gives a- substan-
tially uniform response up to 15,000 cycles. The small size of the crystal
assembly also makes this type of Imcrophone practically non-directional.
The electrical output of a single unit such as illustrated in Fig. 469 is

_ small, but can be readily mcreased by connecting a number of these in
series.

1 Harry F. Olson and Richard W Carlisle, A Lapel chrophone of the Velocity
Type, Proc. I.R.E., vol. 22, p. 1354, December, 1934.

2 See Stuart Ballantme, High Quality Radio Broadeast Transmission and Recep-
tion, Proc. I.R.E., vol. 22, p. 564, May, 1934; C. B. Sawyer, The Use of Rochelle Salt

Crystals for Electncal Reproducers and Mlcrophones, Proc. I.R.E., vol. 19, p. 2020,
November, 1931.
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The crystal microphone is simple and has a good frequency response.
Its chief disadvantages are the relatively low sensitivity, the fact that
the sensitivity tends to fall off at temperatures exceeding 90°F , and high
output impedance.

Some use has been made of erystal microphones in whlch sound waves
act upon a diaphragm that is mechanically coupled in such a way as to
produce a stress in the crystal. Such microphones have relatively high
sensitivity and are inexpensive, but do not generally have a very uniform
frequency response.

‘Pressure- and Field-response Characteristics.—Condenser, moving—coil,
and similar microphones give responses that depend upon the pressure
against the diaphragm, and are nbrmally designed so that over the essen-
tial frequency range the output is propertional tq pressure and independ-
ent of frequency. The calibration curve of such a microphone depends,
however, upon the way in which the calibration is made because the pres-

Shposite piezo p sggg’féf%;@%b&
N,

////\\\\j':u am_”__m_ j\i\\ /// f‘ Mount
bompos/fe prezo pla1‘e Sealing membran e)
) P

Fia. 469.—Construction of ‘“sound-cell” of crystal x.ﬁicrophone.

sure of a sound wave traveling in free space is not necessarily the pressure |
that this same wave produces acting against the diaphragm of a micro-
phone. At low frequencies, where the microphone dimensions are small
compared with a wave length, the sound wave diffracts around the micro-
phone with negligible reflection and produces a pressure against the
diaphragm ‘which is a true measure of the pressure of the wave. At higher
frequencies, however, reflections occur at the microphone and may cause
the pressure exerted on the diaphragm to reach twice the pressure of the
wave. In addition, the. front of the migrophone forms a shallow air
pocket which introduces a resonance that: will still further increase the
pressure against the diaphragm at high frequencies.

The relation between the output voltage of a condenser microphone,
and ‘the pressure exerted against the diaphragm is called the pressure
calibration, while the relation between the pressure of a free sound wave
and the output voltage which this wave develops when striking the
microphone is called the field calibration. The two are the same at low
frequencies, while at high frequencies the field calibration depends upon
the angle of incidence with which the wave strikes the microphone, as well
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as upon the frequency. Typical pressure- and field-calibration curves of
a condenser microphone are shown in Fig. 470.! .

166. Measurement of Microphone and Loud-speaker Characteristics.
Sound measurements are ordinarily made with the aid of a calibrated -
microphone, most commonly a condenser microphone. In making
measurements, the difference between the field and pressure calibrations
is g source of difficulty if accurate results are required. ‘This trouble
can be eliminated, however, by placing the condenser microphone in a
spherical housing and employing a construction that eliminates the
cav1ty. The relatlonshlp be‘cween field and pressure cahbratlons

25
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" F1a. 470.—Typical pressure and field calibrations ‘of a condenser microphone.

can then be calculated because of the simple geometrical shape. Another

- expedient sometimes employed consists in using a miniature condenser

microphone so small that the field and pressure calibrations do not differ

until above the useful range of frequencies.? Such miniature micro-
phones are also often used in exploring sound fields in horns, ete.

Microphone Calibration.*—The field calibration of a microphone can

- be most conveniently obtained by using a Rayleigh disk to measure the

1 For a more detailed discussion of field and pressure cahbratlons, see L. J. Sivian,
Absoluté Calibration. of Condenser Transmitters, Bell System Tech. Jour., vol. 10
p- 96; January, 1931.

’ 2 8ee Stuart Ballantine, Note on the Effect of Reﬂectlon by the Microphone in
Sound Measurements, Proc. I.R.E., vol. 16, p. 1639, December,. 1928.

3 H. C. Harrison and P. B. Flanders, "An Efficient Miniature Condenser M),cro-
phone System, Bell System Tech. Jour., vol. 11, p. 451, July, 1932.

4 Also see The Calibration of Microphon'es, Elec. Eng., vol. 55, p. 241, March,
1936. : : .
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intensity of the free wave.! The Rayleigh disk consists of a very light
silvered disk hung vertically on a fine suspension and arranged with an
optical system so that small rotations can be accurately measured by
means of an optical lever. Sound waves in striking the disk tend to
turn it perpendicular to the direction of travel of the wave by an amount
proportional to the pressure gradient (or particle veloeity) of the sound
wave. '

_ Absolute pressure calibrations can be made by means of the thermo-
phone, the Rayleigh disk, or an actuator.? The thermophone method
produces calculdble sound pressures in a small inclosed space in the
front of the microphone by passing an alternating current superimposed
upon a direct current through a strip of gold or platinum foil so thin that
the temperature varies at the frequency of the alternating current.
In the Rayleigh-disk method the microphone is placed at the closed end
of a resonance tube, and the Rayleigh disk is used to measure the velocity -
at a pressure node. .

In the actuator method a calculable force is applied to the diaphragm
by electrostatic means. Such methods are primarily applicable to the
condenser microphone, and can be carried out in a number of ways. A
typical arrangement consists in sub;ectmg the microphone to sound
waves and then preventing the diaphragm from vibrating by means of
an equal and opposite force. This balancing force can be obtained by
applying between the diaphragm and back plate a voltage of the same
frequency as the sound and of adjustable magnitude and phase. The
magnitude of the resulting electrostatic attraction at balance can be
calculated from the dimensions involved, and equals the pressure of the
sound wave upon the diaphragm. The condition -of balance can be
detected by making the capacity between dlaphragm and back plate a
part of an oscillating circuit and by adjusting the balancing force until
there is no frequency modulation. ’

Loud-speaker Characteristics.*—The frequency-response eharactenstlc
of a loud-speaker is normally obtained by exciting the speaker under

1 An excellent description of the details involved in such a calibration is given by
" Harry F. Olsen and Stanford Goldman, The Calibration of Microphones, Electronics,
" vol. 3, p. 106, September, 1931.

2 For a more detailed’ discussion of pressure calibrations, see L J. Sivian, Absolute
Calibration of Condenser Transmltters, Bell System Tech. Jour., vol. 10, p. 96, Jan-
uary, 1931. :

3 A summary of factors involved in loud-speaker measurements is given by Frank
Massa, Loud Speaker Measurements, Electronics, vol. 9, p. 18, July, 1936. Also see
L. G. Bostwick, Acoustic Considerations Involved in Steady State Loud-speaker
Measurements, Beil System Tech. Jour., vol. 8, p. 135, January, 1929; I. Wolff and
A. Ringel, Loud-speaker ‘Testing Methods, Proc. 1.R. E vol. 15, p. 363, May, 1927;
I. Wolff, Sound Measurements and Loud-speaker Characteristics, Proc. I.R.E., vol.
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normal conditions and observing the sound with the aid of a calibrated .

microphone. In carrying out such measurements it is desirable that as

much as possible of the sound reaching the mlcrophone come directly.

from the speaker instead of indirectly as a result of a reflection. Other-
-wise interference effects will modify the pressure produced at the micro-

phone in a relatively complicated manner. Loud-speaker characteristics’
are accordingly obtained most satisfactorily from outdoor measurements ..

where the speaker can be mounted on a high stand or hung from ropes
in such. a manner as to be remote from reflecting surfaces. Where
" characteristics must be taken indoors, as is necessary in routine testing,
" this is best done in a room lined with sufficient sound-absorbing material
to minimize the reflected waves. Even then, the reflections at low

frequencies, where the sound-absorbing material is least -effective, will

be sufficient to produce pronounced standing wave patterns that will be

very critical with respect to frequency. The resulting irregularities -

in the response curve can be ironed out by rotating the microphone to
get an indication proportional to the average sound pressure over a

considerable area, although the presence of reflections still increases the:

apparent response observed. This effect is most pronounced at low
frequencies, where sound absorbents are least effective, and results in
indoor measurements always mdlcating a greater low-frequency output
than actually exists.

In the measurement of Ioud-speaker characteristics the effect of
reflections can be minimized by placing the microphone as close as
possible to the loud-speaker in order to increase the ratio of direct to
indirect sound intensities. There is a limit to the extent that one can
go in this direction, however, since with the microphone very close to a
loud-speaker the low frequencies register stroriger than they really are.

" In testing the over-all characteristics of radio receivers it is necessary
to take into account the acoustics of the space (commonly the home living
room) in which the receiver reproducesits sound. Considerable attention
has been given -to this problem in connection with the development of
high-fidelity receivers, and the factors that must be considered are
dicussed at length in the literature:! ‘ :

The efficiency of a loud-speaker can be determined by measuring the
electrical input to the voice coil -and observing the total sound power

16, p. 1729, December, 1928; Benjamin Olney, Notes on Loud-speaker Response
‘Measurements and Some Typical Response Curves, Proc. I.R.E., vol. 19, p. 1113,
July, 1931. )

1 Harold A. Wheeler and Vernon E. Whitman, Acoustic Testing of ngh Fidelity
Receivers, Proc. I.R.E., vol. 23, p. 610, June, 1935; Stuart Ballantine, High Quality
Radio Broadcast Transmlssmn and Reception, Proc. I. RE vdl. 23, p. 618, June,
1935.
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is extremiely tedious. A more satisfactory method of testing a loud-
speaker is to drive it with a-beat-frequency -oscillatqr, hunt for the peaks
and valleys in the characteristic, and make observations at these points
irrespective of the exact frequency intérvals that result. Even with
such a procedure the time required to obtain a complete calibration
is very great. When a large number of characteristics are to be obtained,
a more satisfactory test proceddure is to employ a photographic or curve-
tracing system of recording. A typical example consists of a two-element
.oscillograph arranged so that one element records the output level of the
microphone amplifier. The other is associated with the dial of the
beat-frequency oscillator in such & way as to give indications at certain
known frequencies by interconnecting the beat-frequency oscillator and
oscillograph drum mechanically. It ’is possible in this way to take a
complete calibration in a fraction of a minute. An example of such a
calibration is shown in Fig. 471.1 :

‘Problems

1. Explain how it is that men and ‘women are able to produce the same vowel
sounds in spite of the differences in pitch of male and female voices.

2. Explain why it is found that musical instruments produsing low notes must .

develop much more ‘power to be effective than when pitches of the order of 500 to
1000 cycles.are involved. .

3. Explain why subjective tones are much more pronounced when dealing with -

loud sounds than with weak sounds.
4. Explain why high-pitched sounds mask low frequencies only slightly if at all.
5. A particular piece of music when listened to in a theater is assumed to have a

loudness level of 80 db according to Fig. 448. If reproduced with a loudness level of '

50 db in the home by a radio, calculate and plot with the aid of Fig. 448 the relative

response as 8 functlon of frequency which the compensated tone control must provide

to make up for the difference in reproduction level.

6. Explain why the optimum reverberation time for an audltonum is different
when a speaker is addressmg a large audience with and without the help of a pubhc-
address system.

7. In view of the situation illusttated in Fig. 448, explain why the reverberatlon
time should be different for different frequencies,

8. Explain why sounds such as s, f, ch, v, and sh are reproduced very poorly, if at
all, by the ordinary telephone, while the vowel sounds are always understandable.

9. In.the transatlantic telephone it is found desirable deliberately to introduce
frequency distortion by increasing the relative intensity of the voice frequencies
above 1000 cycles before transmission, and then after reception to restore the original
proportigns. What advantages can be expected from such an arrangement?

10. Why is it that articulation tests are never used in testing broadcast stations,
but are employed extenswely in connection with radio extensions of the telephone
system? :

11. Demonstrate with the aid of Eqs. (253) to (258) that at frequencies high
enough for the radiation resistance to be independent of frequenty the total sound

1 This particular technique for the rapid recording of loud-speaker characteristics
was developed in 1930 by C. R Skinner, graduate student at Stanford University.
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power radiated for a given voice-coil current is greater the smaller the effective area

of the diaphragm if it is assumed that the effective mass is proportional t6 the effective

area.

12. Calculate the required size of baffle as a function of the lowest frequency to be
reproduced: over the range 50 to 250 cycles, and from the results discuss: (a) the
necessity of inclosing the back side of the loud-speaker or of using some form of acous-
tic labyrinth or network if frequencies below 125 cycles are to be satisfactorily
reproduced by a loud-speaker mounted in an oxdinary radio-receiver cabinet, (b) the
low-frequency response that can be expected of midget radio receivers.

13. Demonstrate with the aid of Eqs. (253) to (258) and Fig. 454 that, at low
frequencies where the cone diameter is appreciably less than a half wave length and
piston action can be expected, the efficiency increases as the cone diameter is increased.
Assume that the mass of the moving system and the length of the voice-coil wire
(and hence the voice-coil resistance) are proportional to the area of the cone, and be
sure to take into account the change in input power with change in- Vome—coﬂ
resistarnce. ’

14. Derive Eq. (258). °

16. In an 8-in. cone speaker the coil and cone mass is 14 grams, the compliance
of the suspension 5 X 1077 ¢m per dyne, the length of wire in voice coil 1200 cm, and
the air-gap flux density 8000 gausses Assuming piston action, and assuming a voice
coil ecurrent of one ampere, calculate and plot (a) force on voice coil, (b) total radiation
resistance for both sides of cone, (¢) mechanical 1mpedance of Vlbratmg system, (d)
velocity of vibration system, (e) total sound power radiated, and (f) motional imped-
ance, as a function of frequency over the range 80 to 1000 cycles. ~Neglect the mass
effect of the fluid air, and also all losses jn the vibrating system except radiation
resistance. .

16. Determine the rate of taper, the mouth area, throat area, and length of a
horn which will -reproduce frequencies down to 100 eycles and which will load a .
diaphragm having an effective area of 100 sq cm with an acoustic load of 300 mechani-

"cal ohms per square centimeter.

17. Explain why the mass of diaphragm and coil in a horn speaker causes the
response to fall off at very high frequencies but does not have much eﬂ'ect at low and
moderately low frequencies.

18. What would be the effect upon the sound output of the horn in Fig. 460 if the

sound-absorbing material were omitted from the box inclosing the back s1de of the
cone?
" 19. When a loud-speaker system employing horns is called upon to develop a very .
large power output, explain why a dual speaker system (separate high- and low-
frequency units) will eliminate substantially all trouble from non-linear action of the
air in the throat of the horn,

'20. Explain why the quahty of sound output developed by a telephone receiver
will change when the receiver is removed from the ear.

21. In pressure-operated microphones such as the carbon and condenser types, the
output voltage for a given sound pressure decreases as the resonant frequency to
which the diaphragm is stretched is increased. Explain.

22. In the velocity microphone, increasing the distance from front to back of the
ribbon increases the sensitivity in direct proportion to the reduction in high-frequency
limit. Explain the reason for this. )

23. Calculate and plot as a function of frequency the relative response of a velocity
microphone when the distance from the microphone to sound source is 1, 2, and 5 ft.
Cover the frequency range 50 to 500 cyecles. .




APPENDIX A

FORMULAS' FOR CALCULATING INDUCTANCE, MUTUAL
INDUCTAN CE, AND CAPACITY .

157. Formulas for Calculating Inductance, Mutual Inductance, and
Capacity.'—This section gives formulas for calculating inductance, mutual
inductance, and capacities for the cases commonly encountered in radio

work. ‘Most of these formulas involve small approximations but will -

give results sufficiently accurate for all ordinary requirements.

Inductance of Single-layer Solenoid.—The equation applying. in this

case has alrea,dy been discussed in Seec. 6 and is

Inductance in microhenries = n?dF ‘ (262)

where n is the nuinber of turns, d is the diameter of the coil measured to
the center of the wire, and F is a constant determined by the ratio of
length to diameter, and given in Fig. 7. This formula can also be used to
_ obtain the inductance of multilayer coils provided that the radial depth of
- the winding is small compared with the radius and length of the coil. In
such cases the equivalent diameter is taken as the diameter measured to

the center of the winding. Equation (262) can also be used to calculate -

the inductance of polygonal coils, when the number of the sides of the

polygon is fairly large, by assuming that the coil is equivalent to a helix

whose mean radius is the mean of the radii of the circumseribed and
inscribed circles of the polygon. '

' Inductance of Single-layer Rectangular Cosl. -

- Inductance in microhenries = an?[G 4+ H] (263)

where S

a = length of long side in inches

= number of turns

factor determined by al/a and b/a and given in Flg 472

diameter of wire’
lentgth of coil

n
G

H = factor determined by number of turns and and

* given in Fig. 472,
a; = length of short.side in inches
b = axial length of coil in inches

1 Most of the formulas given here are taken from Bur. Standards Cire. 74, Radio
Instruments and Measurements. This book is the standard’ authority on the subject

.. and contains formulas for making caleulations- of any desired accuracy for almost

. every case that can be encountered in practice.
: - 791
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This formula finds its chief application in calculatlng the inductance
of loop antennas.

Inductance of Multilayer C’ozls with Winding Having a Rectangular
Cross Section.

* Inductance in microhenries = ﬁI : (264)
or , L .
' Inductance in microhenries = an?J : (265)
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F1a. 472.—Factors for use in Eqs. (263) and (266).

where 1'is the length of wire in inches, D the distance between centers
of adjacent wires, a the mean coil radius in inches, n the number of turns,
and I and J factors given by Fig. 473. It will be observed .that the .
maximum inductance is obtained from a given length of wire when the
cross section of the winding is square and the side of the cross section is
0.662 times the mean coil radius. :
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* Inductance of a Flat Spiral.—A flat spiral is a special case of a multi-

layer coil having a winding of rectangular cross section, and so can be
handled by Eq. (265). With a fixed width of coil, the maximum induec-
tance with a given length of wire is obtained when the radial depth of the
coil is three-fourths of the mean radius. :
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Fic. 473.—Factors for use in Eqgs. (264) and (265). ¢

Inductance of M ultzlayer Rectangular Coils H avmg Windings of Rectan-
gular Cross Section.

Inductance in microhenries = an’G, (266)

where ¢ is the length in inches of the longer side of the rectangle measured

. between centers of the rectangular winding tross section, n is the number -

‘of turns, and @ is given by Fig. 472, where a/a, is taken as the ratio

~of short side to long side of the rectangle and b/a is considered to be

circumference of winding cross section
2a

Inductance of Torozdal Coils with Smgle—layer Windings.—When
the toroid is a clrcular ring of circular cross section (doughnut ‘shape)
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R - ——— 0
Inductance in microhenries = 0.0319n2R[ 1-— \/ 1 — (%) ] (267)
where R is the distance in inches from the axis to center of cross section

of winding, @ is the radius of the turns of the Wmdmg, and n is the number
of turns.. o :

. (&) Coaxial Solenoids not Concentric
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Fm. 474.—Factor for use in Eq. (271). FIG.. 475.—Possible arrangements of
' . coaxial solenoids. .

When the toroid is a ring of rectangular cross section
Inductance in mjicrohenries = 0.0117n2h logio :72 (268)
. 1 .

where 7 is the number of turns, h the axial length of the ring in inches,
and rlland 72 the inner and outer radii of the ring. :
Inductance of Parallel-wire Transmission Line.

‘Inductance in microhenries per foot = 0.281 log1o g + 0.030 (269)

where b is the spacing between centers and @ the radius of the wire. -
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Inductance of Cable with Sheath Serving as Return Conductor.
Inductance in microhenries per foot = 0.140 logyo g +0.015 (270)

where b is the radius of the inner side of the sheath and a is the radius of
- the céntral conductor. This formula neglects the small contribution
to the inductance made by the flux within the sheath metal.

- Mutual Inductance between Two Parallel Coaxial Circles.—Using the
notation shown in Fig. 474, with the dimensions in inches

Mutual inductance in microhenries = N+/4a (271)

where N depends upon r;/r; and is given by Fig. 474.

Mutual Inductance between Two Coaxial Circular Coils of Rectangular
Cross Section.—If the windings are of square or approxunately square
cross section, then

" Mutual inductance in microhenries = nyn.M, : (272)

where n; and 7, are the number of turns in the two coils, and M, is the
mutual inductance as caleulated by Eq. (271) for two coaxial circles which
" are located at the centers of the cross sections of the two coils. Equation
(272) will hold with good accuracy even when the cross section departs
widely from a square provided the. coils are not close together.

Mutual Inductance between Coaxial Solenoids.—There are three cases
to distinguish, as illustrated in Fig. 475.

Coaxial solenoids hot concentric

: ) a?A’nin,
where . ' , » .
o a = the smaller radius, measured from the axis of the coil to
the center of the wire, in'inches . :
A = the larger radius, measured in the same way, in inches
21 = length of the coil of smaller radius = number of turns
times the pitch of winding, in inches

2x = length of the coil of larger radius, measured in the same

way, in inches
n1 and nig = total number of turns on the two coils

K, =~i(3”-2 - ﬂ>, by = 21

A? T2 T1
.x1=D—:c T1=\/$12+A2
z22=D+4+zx . =z2+ A? Az

D

ax1al dls’cance between centers of the coxls in inches.

[Kik: + Kaks + Kikd), (273)
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. 2| 2
. .‘ 4
s = a4l<§ ~ 105 + 4(%) :

‘Concentric Solenoids (Figs. 475b and 475c).—The formulas for these
two cases are the same provided g is defined for eachcase as shown in the
figure, and the dimensions are in inches.

2, 2 2' . o
Mutual inductance in microhenries = 0.05012 Zmz[l + f;g‘: (3 - 4x_2>]

a2
| | (274)
Capacity of Parallel-plate Condenser. .
Capacity in micromicrofarads = 0.‘22441{% : - (275)
where
K =‘dielectric constant
S = area of .dielectric in square inches
¢ = thickness of dielectric in inches.
Capacity of Two-wire Transmission Line.
Capacity in micromicrofarads per foot = 3.680 (276)

logio (b/a)

where b is the spacing between wire centers and a is the radius of the.
wire. ) : ‘ '
Capacity of Round Wire in a Concentric Sheath.

7.354K
logyo (b/a)

where K is the dielectric constant of the insulation (K =1 for air), b
is the radius of the inner side of the sheath, and a is the radius of the
central conductor.

Capacity in micromicrofara,ds‘per foot = (277) .
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A.F. C, 559

A.V.C., 224, 557 .

Absorption, acoustic, 761

Acorn tubes, 151

Acoustic feedback in radio receivers, 577
Acoustics, elements of, 750761
‘Adcock antenna, 728

Admittance, input (see Amplifiers, input

admittance of)

Aerial (see Antenna)

Aircraft, anode power for radio in, 502

antennas for, 713
. radio beacons for, 730-732
© Alignment in broadcast receivers, 561-

565

Alloys, magnetic, 21

Amplification; expressed in declbels, 259- v

261

Amphﬁcatlon factor, of pentodes, screen--

" grid, and beam tubes, 140
of triodes, 122-123
Amplifiers, 167-345
amplitude distortion in, 264-273
band-pass, 216-219.
buffer, 506
Class A, 276-309
Class A power, using pentode and beam
tubes, 302-305 :
. clagsification of, 169
cross-modulation in, 264-273 .
decibels gain in, 259-261 '
.delay time in, 261
- direct-current, 263
distortion in, types of, 170—172
dynamic characteristic of, 276, 283—-
287, 302
equalization of, 259
equivalent circuits of, 172-174
taking into account higher order
effects, 268-273 - -
feedback, 248-256 '
hum in, 226

803

Amphﬁers, impedance-coupled 207

input admittance of, 185 231-238
linear, 342-345 .

with dynamic shift, 537

with high efficiency, 539-543
load lines for, 286, 304
microphonic noises in; 228
modulated, van der Bijl, 409

grid, Class C, 404407

high-efficiency grid and suppressor-

grid, 543

plate, Class C, 397-404

suppressor-grid, 407
‘““motorboating’’ in, 245
neutralized, 235-238
noises in, 228-231
phase distortion in, 261

. power, 276-345

Class A, when grid is driven positive,
287-292 .
when grid is not driven positive,
277287
Class AB, 306
Class B, 309-314
Class C; 314-331
ad]ustment of, 329-331 )
calculation of performance of, 323—
329
“design. and operatlon of, 317—323
‘tubes suitable for, 331-337 .
voltage and current relations in,
314-317
tubes for, 292-296
push-pull, 305-309"
radio-frequency, 210-221
with reactive load, 286

‘reflex, 264

regereration in, 238248
resistance-coupled, 174-188
with grid choke, 204
 universal amplification curve of,
179-181
resistance-inductance-coupled, 202
shot effect in, 228
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Amplifiers, thermal agitation in, 229
" transformer-coupled, 188-202
universal ampliﬁcatlon curve of, 193
transit time in,, 256-258
tuned, 210-221
voltage surges in, 262
volume control in, 223 |
volume expansion and eontraction in,
225
Amplitude distortion in amplifiers, 171,
264-273 °
Arniode current (see Current, plate)
Anode power, from dynamotor, 500 °
sources of, 471
from Vlbrator system, 500
Antenna arrays, 663679 .
arrays of, 668-671
broadside, 664-665
colinear or stacked, 665
diamond (or rhomblc) 671-675
end-fire, 665—-667
fishbone, 667
gain of, 662
harmonic-wire, 676
. phasing systems for, 704
polyphase, 677 :
rhombie (or dlamond) 671-675
V, 375-376
Antennas, 648-719
Adcock, 727
a.ll-wave, types of, for receiving, 715—
717
Beverage, 678
current distribution in, 649-650
directional, for receiving, 717

directional characteristics of, desired at -

broadecast frequencies, 619
at high frequencies, 627
directional characteristics of grounded
vertical, 658
of isolated wire, 657, 661
of non-resonant wire, 661 -
of simple, 656-663
of spaced, 660-662
effective height of, 652
energy abstracted by, 9, 654
energy radiated from, 651
energy relations in, 651, 654, 689-694
formulas for, 685-689 )
gain of directional, 662
goniometer arrangement with, 728
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Antennas, ground, ‘effect of, on direc-
tional characteristics of, 680-685
ground system for, 710, 713
‘image, 650
1mpedance matching of to transmis-
sion line, 701-704-
induction fields about, 652
loop, 722-727
direction finding with, 723-725 -
errors in bearings of, 725-727
“multiple tuned,” 713
parasitic, 694
power relations in, 689694 .
from radiated field, 689-691
from self and mutual 1mpedances,
.691-694.
radiation from, laws of, 648649
radiation resistance of, 652
receiving, 653-656, 713-719
* reciprocal relations in, 655
reflectors for, 695
resistance of, 651
- tower, 708-712
transmitting, 706-713
wave, 678
wavelength of, natural, 707
Zeppelin, 707

. Aperture distortion, 746
- Arc, Poulsen, 7

Articulation, 763
Atmospherics (see Static)
Austin-Cohen formula, 613

‘Autodyne (see Detectors, oscillating)

Automatic-frequency control, 559
Automatic-volume control, 224, 557

B

- Baffles, 769

directional, 772 -

‘Baldwin telephone receiver, 777
.Band-pass amplifiers, 216-219

Band-pass filters, 88-92
Band-switching arrangements, 568
Barkhausen oscillators, 385-391
Bass compensation, :559

Beacons, radio, 722-732

Beam tube, 143

Bias, grid, 468-471

Blind-landing systems, 732
Blocking of oscillators, 355
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Broadcast antennas for transmitting,
708-712 )

Broadcast coverage, 615-623

calculation of, 621-623

effect of directivity and other factors

on, 617— 621

various service areas in, 616

Broadside antenna arrays, 664-665

C

C battery (see Bias, grid)
Capacitance (see Capacity)
Capacity, calculation of, 24, 796
of coils, 33-34
definition of, 24
input, of tubes, 185, 231-238
properties of, 24
See also, Condensers; Dielectrics
Carbon microphone, 778
Carrier, controlled, transmitters, 536
Carrier wave, 11-12, 394
suppression of, 415417
Cathode-ray tubes, for modulation tests,
402
for television, 739
Cathodes, heater, 107
hum with, 465
heating power for, 107
operating temperature and life of, 109-
111
oxide-coated, 106
thoriated-tungsten, 105
tungsten, 105
virtual, in pentode tubes, 128
in space-charge-grid tubes, 148
See also Filament
Characteristic impedance of transmission
lines, 71
Choke coils, for filters, 499
for radio-frequencies, 43

Class A, AB, B, and C amplifiers (see

Amplifiers)
Class B tubes, 147
Code receivers (see Receivers, radio-
telegraph) .
transmitters, 506-518
Coefficient of coupling, 2223
Coil antenna (see Antenna, loop)
Coil switching arrangemerits, 568
Coils, bank wound, 34
choke, filter, 499 oL

Coils, choke, radio—frequéncy, 43

dielectric losses of, 3¢ . .

distributed capacity of, 33-34, 67

effect of shield or metal mass on, 77

inductance of, 791-795

with magnetic cores, 47-49

multilayer, 34

Q of, 37-41

for receivers, 41

shielding of, 4447

for transmitters, 42

"of variable inductance, 44
Colpitts oscillator, 349

Condenser microphone, 779
‘Condensers, air dielectric, 29

electrolytic, 31
inductance of, 33
losges of, 25-28
‘phase angle of, 26
power factor of, 25
resistance of, equivalent series and
shunt, 26
_ straight-line capacity, frequency, and
wave-length types, 30
types of, used in radio work, 28-32
voltage rating of, 32-33
Contact potential, 114, 118, 129, 136
effect of on amplifiers, 183
Co-planar-grid tubes, 150
Conversion transconductance, 451 .
Converters, pentagrid, 452
for superheterodyne receivers, 449, 453
Coupled circuits,, coupled impedance
with, 73
“critical” coupling in, 79, 82 -
methods of coupling in, 85-87
with primary ‘and secondary circuits
tuned to same frequency, 78-84

tuned to different frequencles, 84-85 -

theory of, 72-76-
with tuned secondary and untuned
primary, 77-78
with two or more mutual inductances,
94
with untuned secondary, 76
Coupled impedance, 73

. Coupling, coefficient of, 22-23
complex, tuned amplifiers with, 214~

216
types of, 23
Critical frequency of jonosphere, 636
Cross modulation in amplifiers, 264-273

.
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Cross-talk in receivers, 573
Crystal microphone, 783
Crystals, quartz, 374-385
cuts for, 379-383
equlvalent electrical circuit of, 376
modes of vibration of, 379—382
mounting for, 384
Current, plate, of diodes, 113
‘expressions for, 153-157
of pentodes, 130
of screen-grid tubes, 136
of triodes, 119
space, expressions for, 153-157
Cutoff, definition of, 121, 129
tubes having remote, 144

D

Decibels, 259-261
Delay time, 261
A-Y transformation, 86
Detectors, 424-461
comparison of types of, 445
converters for heterodyne, 449-453
diode, 425-434
electron-oscillator, 444
filters for, 429
for frequency-modulated waves, 444
function of, 10
grid-leak power, 438
grid-leak weak signal, 442
heterodyne, 446-449
linear, 424 .
apparent selectivity obtamed with,
460 .
oscillating, 453-456
threshhold howl in, 456
pentagrid, 452
plate, 434-438, 450
regenerative, 453-456
with signal of two modulated waves,
459-461
square-law, 440-442
superregenerative, 456
types of, 424
types of distortion in, 424
Wunderlich, 439
Diamond antennas, 671-675
Dielectrics, dielectric constant of com-
mon, 25
effect of frequency and temperature on,
26
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Dielectrics, power factor of common, 25
used in radio condensers, 28-32
See also Condensers; Capacity
Diode detectors (see Detectors, diode)
Diodes, anode current of, 112-115
definition of, 112
hot-cathode gas, 158
Direction. finding, 722-732

. Directivity steering, 591

Distortion, in power amplifiers, caleula-

tion of, 284-285, 289 :
quality, in radio signals, 617, 628
in sound reproduction, effect of, 761—
763

Distributed capacity, circuits with (see
Transmission lines) | '

Distribution systems,
quencies, 705

Diversity, types of, 588

Diversity systems, 587-591

Dual-grid tubes, 147 i

Duplex-tubes, 147 :

Dynamic characteristic of amplifiers, 276
283287, 302 :

Dynamic floud-speakers (see
speakers)

Dynamic mircophone, 781

Dynamotor, 501 ' .

Dynatron, 137 -

Dynatron oscillators, 369

for radio fre-

Loud-

E
E layer, 600
Ear, characteristics of, 756—759
Echo signals, 629

" Eclipse, solar, effects of, on radio waves,

640
Electron oscillators, 385-391
Electron-coupled oscillators, 360
Electrons, 99-103 -
emission velocity of, 111
motion of, in electrostatic and magnetic
fields, 100-103
production of free, 100 -
properties of, 99
radiation of energy by moving, 102
secondary emission of, 100
thermionie emission of, 100, 103-104
Emissiorni*thermionic, 100, 103-104
Emitters, electron (see Cathode, Fila-
ment) . -
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End-fire antenna arrays; 665-667
Equalization of amplifier gain, 259
“Extraordmaly” ray 603

F

“F, F, and F, layers,: 600
Fading, receiving systems for minimizing,
587 . :
- selective, 617, 628
Feedback, acoustic, 577

from common plate impedance, 240"

245
in radio-telephone transmitters, 529
 See also Regeneration
--Feedback amplifiers, 248-256
Feeder (see Transmission lines) -
Fidelity, of broadcast receivers, 548
Field 'of radio wave, induction, 652
radiated, 648
Field calibration of mlcrophones, 784
Field strepgth of radio waves (see Radio
waves) '
Filament, effect of voltage drop in, 115,
- 120
See also Cathode
Filters, band-pass, 88-92
<« for detectors, 429 )
for power rectifiers, 482—498

for preventing regeneration, 243, 247

series-inductance input, 482-491
shunt-condenser input, 491498 =
with tapped chokes, 499
icker in television, 747
Frequeney control, automatie, in broad-
cast receivers, 559 -
Frequency distortion in amplifiers, 170 _
Frequency modulation, 417-422
transmitters using, 533 .
" Frequency multipliers, 338-341
Frequency stablhty, of crystal oscillators,
385
of oscillators, 356-364
Frequency-modulated signals, reception
of, 586

e
Gain, of'ampliﬁer in decibels, 259
of antenna array, 662

Gas, effect, of, on tube characteristics,
157-160

Gas diodes, 158

Gas triodes, 159

“Getter,” 163

Goniometer arrangements, 728

Grid, action of, in triode, 115-119
“effect of positive, 145-147

Grid current, 145-147

‘Grid input admittance, 231-238, 256-258"
" Grid modulation, 404—407 ’

Grid-bias voltage, by bias resistors, 468
regeneration with, 469
methods of obtaining; 468-471
Grid-leak detectors, 438, 442

*Ground, effect of, on antennas, 650, 680

685, 694
reflection coefficients of, 610
Ground systems for tower antennas, 710
Gound wave, Sommerfeld analysis of,
593-599

H

Harmonie (see Distortion) °

Harmonic generators, 338-341

Hartley oscillator, 349

Hazeltine neutralizing ¢ircuit, 236 *

Height, effective, of antennas, 652

Heterodyne detectors, 446-449
converters for, 449-453

Hexode mixer tubes, 451

High-fidelity broadcast receivers, 578

. Homing devices, 728-730

Horns, 770-773

Hum, in amplifiers, 226
with filament cathodes, 466
with heater cathodes, 465
in receivers, 574

Iconoscope, 738
Ignition noise, 575

Image dissector, Farnsworth, 735

Image response in superheterodyne re-
ceiver, 570
suppression of, 572-573

- Impedance, motional, 766, 788 .

Impedance-coupled amplifiers, 207 )
Impedance-matching systems, 701-704
Inductance, to alternating current super-
imposed on a direct current, 1820
definition of, 14
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Inductance, formulas for, 15, 17, 791-
795 '
incremental, 18-20
mutual, definition of, 21
formulas for, 795
measurement of, 22
properties of, 14

* Inductance coils (see Coils)

Induction fields, 652. .

Input admittance of amplifiers, 231-238
" at ultra-high frequencies, 256-258
Interlaced scanning, 747

Intermediate frequency, 551

Intermittent oscillations, 354 - *

Interrupted continuous waves, tra,ns- .

- mitters using, 534
Inverted tube, 149
Tonization by collisipn, 100
Ionosphere, characteristics of, 599-602
critical frequency of, 636
effect of, on polarjzation, 603
on radio wave, 602-605
effect of earth’s magnetic field on, 602—
604 ‘ :
- investigations of, 635-637
losses in, 604, 611
refraction of wave by, 605—610
sky-wave path in, 605-610 -
virtual height of, 636
Ions, motion of, in electrostatic and
maghnetic fields, 100-103
production of free, 100-103
properties of, 100

K

Kennelly-Heaviside layer (see Iono-
sphere) .

Keying of radlotelegraph transmitters,
516-518

L N

Layers in ionosphere, 600

Linear amplifiers, 342-345

Linear detector, 424, 460

Lines, resonant, for oscillators, 361
transmission (see Transmission lines)

Loop antennas, 722~-727

direction finding with, 723-725
Loudness, 758

Loud-speakers, amplitude distortion in,

774

baflles for, 769, 772

dynamije, 764-770 -
analysis of, 764-769

" with. articulated voice coil, 769

horns for, 770-773

magnetic, 773

measurements on, 786789

motional impedance of, 766, 788

.M

Magnetic alloys, 21
Magnetic- storms, effect of, on radio
waves, 638
Magnetron oscillators, 374
of electron type, 389-391
Magnetron tubes, 151--152
Masking, 758
Master-oscillator power-amplifier arrange-
ments, 360
Mercury-arc rectifiers, 478 »
Mercury-vapor rectifiers, hot cathode,
474, 478
Metal tubes, 161
chrophones,_ 778-785
calibration of, 785
carbon, 778
condenser, 773
crystal, 783
moving coil, 781
pressure and field response of, 784
ribbon or velocity, 782 -
Microphonic noise, in radio recéivers, 577
in tubes, 228

- Mixer ‘tubes, 449453

Modulated amplifiers . (see Amph.ﬁers,
modulated)
Modulated oscillators, 411
Modulated Wa.ve, analysis'of, 11-13, 394~
396
Modulation, 393-422
amplitude, 393-396 )
comparison of methods of, 414
degree of, 12, 393-394
with dynamic shift, 537
frequency and phase, 417422
reception of, 586
function of, 8
grid, 404—407
high eﬂiclency syst.em of 543-545
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Modulation, by non-linear impedance,
412 '
outphasing, 544
- plate, 397404 . ,
single side-band system of, 415-417
. suppressor-grid, 407409
transmitters using phase or frequency,
533 - .
van der Bijl, 409
" by variable impedance, 413
Modulators, balanced, 415
Motional impedance, 766, 788
“Motorboating,” 245
Moving-coil microphone, 781
Multiple signals, 629
Multiplier, electron, 737
Multivibrator oscillator, 372-374
Music, characteristics of, 754
Mutual conductance, of sereen-grid and
pentode tubes, 142 ’
- of triodes, 125-126 .
Mutual impedances in antennas, 691-694
Mutual inductance, definition of, 21
formulas for, 795
measurement of, 22

N

Navigation, radio dids to, 722-732

Negative resistance by means of tubes,
152 ‘

Neutrodyne, 236

Noise, in amplifiers, 226-231

characteristics of, 755

ignition, 575

interchannel, suppression of, 560

microphonic, 228

in receivers, 575

shot effect, 230

suppression of, by limiting, 576

thermal agitation, 228-231

0

“Ordinary”’ ray, 603
Oscillating. detectors, 454456
Oscillators, 349-391
-with amplitude control, 370
Barkhausen, 385-389
blocking of, 355
circuits for, 349-350 -
crystal, 374-385

Osclllators, crystal frequency, stabxhtv
of, 385
design and adjustment of, 350-354
dynatron, 369 :
“electron, 385-391
employing magnetron tubes, 389-
391 .
electron-coupled, 360
frequency and frequency stability of,
356-364 -
frequency-modulated, 418
- intermittent operation of, 354
magnetron, 374
master, 360 )
modulated, 411-412
with more than one‘tube, 369
multivibrator, 372-374
negative resistance, 369
_ parasitic, 364-368
relaxation, 372-374
resistance-stabilized, 371
with several resonant frequencies, 363
synchronization of, 368
tubes for; 356
using resonant lines, 361

" Output transformers, 206-301

Oxide-coated emitters, 106
P .
Parallel resonance, 59-67

Parallel-resonance effects in inductance
coils, 67"

. Parasitic antennas, 694
- Parasitic oscillations, 364-368

Pentagrid converter, 4562
Pentode tubes, 126-133
coeflicients of, 140-143
Permeability, incremental, 18-20
Phase angle of condensers, 26
Phase distortion, 261
in amplifiers, 171
Phase modulation, 417422
transmitters using, 533
Phase-reversing tube, 309 :
Phasing systems for antennas, 704
Photoelectric effect, 100
Piezo-electric (see Crystals, quartz)
Plate current, of diode, 112-115
expressions for, 114, 118, 129, '153+-157

of pentode and beam tubes, 126—133 :

143
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Plate current, of screen-grld tubes, 133- Radio receivers, 548-591

140
"“of triodes, 115~121
Plate detectors, 434-438, 450
Plate resistance, dynamlc, 124-125
of pentode and screen-grid tubes, 141
Polarization, effect of ionosphere on, 603
elliptical, 604
‘of radio wave, definition of 3
Polyphase rectifier circuits, 480
" Poulsen are, 7 :
Power, anode, 417
for tubes, 465-502
Power amplifiers, 276-345
See also Amplifiers
Power factor. of condensers, 25
Power series, use of, m amplxﬁer analysis,
268-273
Power-emission chart, 108-109
Power-law method of expressing tube
characterigtics, 153-155
Power-series method of expressing tube
characteristics, 155-157 -
"Pressure calibration of microphones, 784
Propagation of radio waves (see Radio
wayes, propagation of) :
Pulse experiments, 635-637
Push-pull a,mphﬁers, 305—309

Q

Q, of circuit, 51
of coils, 3741 ]
" definition of, 37"
of tuned amplifier, 212
Quality distortion, of received sugnals,
617, 628
Quartz crystals (see Crystals, quartz)
Quieting systems in broadecast receivers,
560. :

R

Radiation, conditions necessary for, 5-6
laws of, 648-649
from transmission lines, 700
‘Radiation resistance of acoustm radia~-
tors, 767
of antennas, 652, 691-694
Radio compass, 722-730
Radio range, 730-732

acoustic feedback in, 577
antennas for, 713-719
automobile, noise in, 576
band switching in, 568
broadcast, 548-580
a-¢c hum in, 574
alignment’or tracking of, 561—565
automatic frequency control in, 559
bass-compensation in, 559
characteristics of, 548—550
construction and design considera-
tions of, 565568, 579
cross-talk in, 573 -
high fidelity, 578
quieting systems in, 560
tone control in, 559
tuning indicators in, 559
typical, 551-557 - ]
volume control in, 557-559
for frequency-modulated signals, 586 -
microphionic action in, 577
noise level in, 575-577
for single-side band reception, 585
stage gains in, 580
superheterodyne, in age suppression in,
572
spurious reponses in, 570-573
superregenerative, 586
telegraph, 580-584
single-signal, 582
telephone, miscellaneous types, 584
Radio waves, classification of, 3-4
description of, 1
fading of, 617, 628
for ionospheric investigation, 635637
polarization of (see Polarization)
propagation of, 593—645
of broadcast frequency, 615-623
See also Broadcast coverage
differences in east-west and north-
south, 626 i
of high- frequency range,; 623-630
of low frequency, 612-615
magnetic storms as influence on, 638
reciprocal relations in, 644
solar activity as factor on, 637-640
of ultra-high frequencies, 630-635
See also Ground wave; Ionosphere
strength of, 2
required for reception, 2
wave front of, 2
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_Ra.dlo-frequency amplifiers (see Ampli-

fiers)
Range, radio, 730-732
Rayleigh disk, 786
Receivers, radio (see Radio receivers)
- telephone, (see Telephone receivers)
Receiving systems, diversity, 587-591
for minimizing fading, 587-591.
Reciprocal relations in antennas, 655
Reciprocity theorems, 644
Rectifiers, circuits for, 479-482
copper-oxide, 479
high-vacuum, 472-474
hot-cathode mercury-vapor, 474478
mercury-are, 478
tubes for, 474, 478
See also Detectors
Reflection of radio waves by earth, 610
by ionosphere, 610
Reflection coefficients of earth, 610
Reflectors for antennas, 695
Refraction of radio wave, by earth’s
atmosphere, 633
by lower atmosphere of earth, 605—610
Regeneration, from bias resistor, 469471
filters for reducing, 243, 247
in multlstage audio- and radio-fre-
quency amplifiers, 238248 -
Regenerative detectors, 453
Regenerative receivers, 581
Relaxation oscillator, 372-374
Remote-cutoff tubes, 144
Resistance, antenna, 651
definition of alternating-current, 35
- negative, in screen-grid tube, 137
radiation, 652, 691-694
See also Skin effect; Plate resistance
Resistance-coupled amplifiers (see Ampli-
fiers, resistance-coupled)

Resonance (see Parallel resonance; Series -

resonance)
Resonant lines, 71
oscillators using, 361
Reverberation, 760
Ribbon microphone, 782
Rice neutralization, 236
Ripple in television, 747

8

Saturatxon voltage, 112
Saw-toothed waves, 740-742

811

‘Scanning, 734-739
interlaced, 747 :
saw-tooth waves for, 740-742-
Screen grid, in pentodes and screen-grid
tubes, 126-140
Screen-grid tubes, 133-140
coefficients of, 140-143
Secondary electron emission, 100
in screen-grid tubes, 134-140
Selective fading, 617, 628
Selectivity of broadcast receivér, 548
of linear detectors, 460 '
" of tuned amplifiers, 220

" Self-bias, 468

Self-rectifying circuits, 500501
Sensitivity of broadeast receiver, 548
Series resonance, 51-59
Service area of broadcast station, 617-623
Shielding, effect of, on coil properties, 46
electrostatic and magnetlc, 44-47
Shot effect, 230
Shunt feed of output transformer, 300
Side bands, nature of, 12-13
required for 'diﬁerent types of com-’
munication, 395-396
single, 415417
production of, 531
reception of, 585
Signal generator, 550
Single-signal telegraph receivers, 582
Single-wire feeder, 701
Skin effect, 35-37
Skip distance, 624
Sky wave, 599 :
attenuation of, 611
path followed by, 605-610
. reflection of, by earth, 610
Sommerfeld analysis of ground wave
. propagation, 593-599
Sound and sound equipment, 752-789
Sounds, charactens‘ucs of audlble, 752~
756
effect of distortion in reproductlon of,
761-763 .
Space charge, 112
Space current, expressions for, 153-157
of diode, 114
of pentode, 129, 145
of screen-grid tubes, 136, 145-
of triode, 118, 145
Space-charge-grid tubes, 148
Spa.rk generator of darmped oscillations, 7
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Speech, articulation of, 763
characteristics of, 752-754
Square-law detectors, 440442
Static, 640644
minimization of, 643
Stub lines, 703 . J
Subjective tones, 757
Sun-spot cycle, relation of, to radio wave
propagation, 637-640
Superheterodyne, 447
converters for, 449453
spurious responses in, 570-573
Superregénerative detectors, 456-459
Suppressed carrier, 415
Suppressor grid, in pentodes, 126-133
Suppressor-grid modulation, 407

-Synchronism of oscillators, automatic,

368
Synchronizatjon in television, 742
Synchronous operation of radiotelephone
‘transmitters, 531
T .
Telegraph receivers (see Receivers, radio,
telegraph) ‘ .
Telegraph transmitters, 506-518
Telephone receiver, 775778 .
balanced-armature type, 777
moving coil, 777
Telephone transmitters, 518——528
Television, 734-750
aperture distortion in, 746
flicker and ripple in, 747
interlaced scanning in, 747
relation of frequency band and picture
detail in, 743-746 '
saw-tooth waves for, 740-742
scanning in, 734-739
synchronization in, 742
typical system of, 748
Television receiver, 739
Thermal agitation, 228-231
Thermionic emission, 100, 103-104
Thévenin’s theorem, 95
Thona.ted—tungsten emitters, 105
: Thyratrons, 159
Tone control in broadeast receivers, 559
Tower antennas for broadcast trans-
mitters, 708-712

~ Tracking in broadcast receivers, 561—565 .

RADIO ENGINEERING

Transconductance, conversion, 451
See also Mutual conductance
Transformer-coupled - amplifiers
Amplifiers, transformer-coupled)
Transformer-utilization factor, 490
Transformers, audio-frequency, 188-202
input, 209
interstage, 188-202
output, 206-301
with shunt feed, 300
universal-amplification curve of, 297
power, utilization factor of, 490
push-pull, 201

(see

" Transit time, effect of, 256-258

Transmission lines, current distribution
in, 67-72
for distributing radio fréquency, 705
matching of, to antenna, 701-704
radio frequency, 696—-706
attenuation of, 699
. characteristic impedance of, 698 .
current distribution of, experimental
,determination of, 705
oscillators using, 361
radiation from, 700
resistance of, 699
resonant and non-resonant, 697
types of, 696
wavelength of, 68
Transmitters, 505-545
antennas for, 706=713
feedback in, 529
- keying of, 516-518
monitoring of, 528
with phase or frequency. modulatlon,
533
suppression of harmonics in, 530
_telegraph, 506-518
' using interrupted continuous Waves,
534
telephone (including broadcast), 518
528
adjacent channel mterference in, 532
controlled-carrier, 536
with dynamic shift, 537
high efficiency, 535-545

hum in, 529

production of single side-band signals
in, 531 :

providing simultaneous .two-way

conversation, 530
secrecy systems in, 534
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Transmitters, telephone, synchronous
operation of, 531
for ultra-high frequencles, 535
. Triodes, characteristic curves of 119—121
* constants of, 121
definition of, 115
gas, 159

Tube' charactenstlcs, effect of. gas on,'

157-160
power-law method of expressing, 163
155 .
" power-series methoed of expressmg,
. 155-157
tablés of, 163
Tubes, beam, 143

behavior of, at ultra-high frequencles, '

256—-258
characteristics of, 163, 2900-291, 294—
295, 474, 478

characteristic curves of dlode, 113
_of pentode, 130-132
of screen-grid, 136-138, 146.
.of triode, 119-121, 146
construction of, 16Q-164 -
converter, 449-453
diode, 112-115 -
dual grid (Class B), 147
evacuation of, 162
inverted, 149
metal, 161
. “mixer,” 449453

pentagrid converter, 452

pentode, 126-133 .

for power amplifiers, 331-337

rectifier, 474, 478

screen-grid, 133-140

space-charge grid, 148

_special connections for, 149

triode, 115-126 . )

for ultra-high frequencies, 150

variable-mu, 144 -

water-cooled, 333
" Wunderlich (co-planar grid), 150
Tuned amplifiers (see Amplifiers, tuned)
Tuned-grid tuned-plate oscillator, 349
Tungsten emitters, 105

Tuning indicator in broadeast receivers,
559

“Turnover” in vacuum-tube voltmeters,
444

U

Universal amplification curve, of output
transformers, 297 +
of resistance-coupled amplifiers, 179-
181 .
of transformer-coupled amplifiers, 194

~ Universal resonance curve, 5457

Utilization factor of power transformer,
490 ) ‘

v

'V antennas, 675-676

Vacuum tubes (see Tubes)
Variable-mu tubes, 144

‘Variometers, 44

Velocity microphone, 782

Vibrator power-supply systems, 500
Video-frequency, 169, 746

Virtual cathode (see Cathode)

Virtual height, determinations of ionb-
. sphere, 636

" Voltage, anode, 471

Voltage saturation in diodes, 113

" Voltmeters, vacuum-tube, 443 |

“turnover’ in, 444

Volume control, 223-225

automatic, 224, 557
manual, 558 :
Volume expansion and contraction, 225,
561 :

w

Water-cooled tubes, 333
Wave antenna, 678
Wayve front, of radio wave, 2, 649

Wavelength of antenna, definition of, 1 *

of transmission line, 68
Wunderlich tubes, 150
as detectors, 439







