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Message from the New Chairman

URING the next few years, members of the
IRE Professional Groups will have the added
responsibility of making the merger with the
AIEE become effective. The Groups have had the ad-
vantage of being sufficiently small so that many mem-
bers may actively participate in the affairs of their pro-
fessional society. It is anticipated that the PGA will
add considerably to their membership with the acquisi-
tion of almost double membership in our parent society.
It is hoped that the present members of PGA will wel-
come new members and encourage them to participate
in our meetings, read our TraNsacTIONs and publish
articles when they pertain to our aspect of engineering.

The officers of our Group are making additional
efforts toward planning meetings. Sessions at the New
York meeting have been a regular activity of PGA.

However, a regularly scheduled fall meeting has also
seemed desirable. With the numerous activities of vari-
ous organizations in the fall, the choice of a meeting
place is difficult when considering geographical location,
etc. Through adequate advance planning, we are at-
tempting to better serve our membership through
scheduled fall meetings in various parts of the country.

In the past year, you have all read and talked about
the proposed merger. You have undoubtedly wondered
how it will affect the Group structure of the IRE and,
more particularly, your own specific interests. Your
Administrative Committee and 1 would welcome know-
ing your desires and suggestions concerning the activi-
ties of the PGA so that we, in particular, may strengthen
and advance audio activities during the coming period of
transition.

RoBERT W. BENSO
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The Editor’s Corner

ZILCH'’S PRINCIPLE, A GENERALIZATION OF MURPHY’S LAW

One vacation day, as Mr. Zilch sat under a palm tree
contemplating the innate perversity of inanimate ob-
jects, a coconut fell, narrowly missing his cranium.
Zilch’s trend of thought turned towards broad, sweep-
ing generalizations. He had long been familiar with
Murphy’s Law, which states that at critical or em-
barrassing moments in an engineer’s career:

If anything can possibly go wrong, it will.

Murphy’s Law is better appreciated by experienced en-
gineers than by beginners. For example, one can re-
hearse an important demonstration a thousand times.
Unknowingly a minor component is wearing out. When
does it first fail? You guessed it: when all the vice-
presidents fly in to take a look.

Zilch generalized as follows:

“Inanimate objects, my eye. This happens also with
animate objects, and even more so. Why did Ruthie
break out with measles just as we were packed for
vacation?

“It happens on a grand scale in nature. The worst
rainstorm of the year began right after we washed all
the windows.

“Maybe these things happen especially to me. I al-
ways was a schliemiel. No, it can’'t be that. Everyone
complains about the same thing. So it must be that
things always turn out bad for everybody.

“But, wait a minute. Suppose I am seeding my lawn
at the same time as the neighbors have a backyard
picnic. What happens then? Will it rain, or won't it?”

Suddenly, in a flash of genius, the answer came to
him. Zilch's Principle may be stated crudely as follows:

“If an event can happen in two or more ways, it will
always happen in such a way as to cause the maximum
bother to the most people.”

Or more elegantly:

“The summation of the products of the inconvenience
factor and the individuals affected tends to be maxi-
mized.”

=n

> I;N; — max.

=1

Only after he had tested it thoroughly, did Zilch
realize the sweeping implications of his Principle. Just
as Einstein’s first theory was a special case of his later
generalized principle of relativity, so Murphy’s Law is
seen to be only a special example of Zilch's Principle.

By applying his Principle, Zilch realized that the
question of rain depended not only on his lawn and the
neighbor’s picnic, but also on what could frustrate
many other people.

Often, one seems to be able to influence events, as for
example if one carries an umbrella, it is unlikely to rain
that day, and vice versa. This is explained by a corol-
lary:

“Where there is a near balance of plus and minus in-
convenience factors with regards to an event that af-
fects a large population, then the acts of a single indi-
vidual can be the determining factor.”

As he thought more about it, many other things that
used to be puzzling fell neatly into place—superstitions
that had been handed down for centuries, primitive
tribal customs, making the telephone ring for you while
taking a bath, game theory, visits by vour mother-in-
law.

Mr. Zilch is as enthusiastic about his discovery as
Archimedes was about Archimedes’ Principle. He has
asked me to publish it in the Editor’s Corner of TRANS-
ACTIONS ON AUDIO, where it will be seen by the appreci-
ative audience it deserves.

Doubtless there will be skeptics. As with all basic
truths, Zilch’s Principle cannot be proved, but must be
accepted because of intuition and experience. This is
also true of other important principles such as the Con-
servation of Energy and Matter, the postulates of
Mathematics, the invariance of the speed of light, the
laws of thermodynamics, etc.

As this new Principle becomes better known and ap-
preciated, we look forward to many practical applica-
tions in fields which formerly were left to chance, or
where the Principle had been used unknowingly. It may
even become the basis for an entirely new branch of
science.

MARrvAN CaMras, Editor



1962

IRE TRANSACTIONS ON AUDIO 93

PGA News

CHAPTER NEWS

Ann Arbor

“Pulse Comparison in Acoustic Waveguides” was
presented by K. Walther of Bendix Research Labo-
ratory, Detroit, Mich., on January 17, 1962.

A talk on “Sources and Characteristics of Sounds at
High Altitudes” was given by J. Wescott of the Uni-
versity of Michigan, Ann Arbor.

Boston

At a meeting on December 12, 1961, A. D. Grinnell of
Harvard Biological Laboratories, Cambridge, Mass.,
talked on “Neural Correlates of Echo Location in Bats.”

On March 22, 1962, K. N. Stevens of the Massa-
chusetts Institute of Technology, Cambridge, Mass.,
presented a paper on “Machine Generation and Recog-
nition of Speech.”

Chicago

“Transducers for the Measurement of Sound, Vibra-
tion, and Strain,” by G. W. Kamperman of Bolt
Beranek, and Newman, Inc., was the subject of a meet-
ing on January 16, 1962.

On February 21, R. Schorev of RCA Victor told
about a “Novel Stereo Recording Technique.”

The March 9th meeting featured a panel on “High
Fidelity—Where Do We Go From Here?” which was
moderated by Karl Kramer of the Jensen Manufactur-
ing Company.

Dr. Harry F. Olson of RCA Laboratories, on May 11,
described “The Phonetic Typewriter and Other Audio
Information Processing Systems” at a meeting held in
the Western Society of Engineers Building, Chicago. A
summary of his talk appeared in the May, 1962, issue of
Scanfax:

The processing of audio information involves the analy-
sis of audio information, the conversion of this information
to a code, and the final synthesis of the information from
the code. Such audio information processing systems will
give many new facilities for the reproduction of speech and
music, the conversion of speech from the printed page, the
conversion of speech to the printed page, the direct control
of machines by speech, and the translation of speech from
one language to another. Audic information processing
systems now being developed include the phonetic type-
writer, music and speech synthesizers, printer readers, and
language translators.

The present stage of audio information processing sys-
tems was outlined and some of the elements were described
in detail.

Harry F.Olson received B.S.,M..S,,
Ph.D., and E.E., degrees from the
University of Jowa, and an Honor-
ary D.Sc. degree from lowa Wes-
leyan College. He has been affiliated
with the Research Department of
RCA, the Engineering Department
of RCA Photophone, the Research
of RCA Manufacturing Co., and
RCA Laboratories. He is Director of
the Acoustical and Electromechani-
cal Research Laboratory of RCA
Laboratories.

Dr. Olson is a past president of the Audio Engi-
neering Society, past president of the Acoustical Society
of America, past chairman of the Administrative
Committee of the IRE Professional Group on Audio,
and past director of the IRE.

He holds more than 90 patents, is the author of 85
papers and of the books, “Elements of Acoustical En-
gineering,” “Acoustical Engineering,” “Dynamical Anal-
ogies,” and “Musical Engineering.” He has received
many honors, including the Modern Pioneer Award of
the National Association of Manufacturers, and the
John Scott Medal.

The final social meeting of the Chicago PGA season
was held in Nielson’s Restaurant on May 29, 1962.

Cleveland

“FM Stereophonic Broadcasting” was described by
C. G. Eilers of the Zenith Radio Corporation on Novem-
ber 16, 1961.

“Information Storage Density of Magnetic Recording
and Other Systems” was given at a joint meeting with
the Akron Section by Marvin Camras of the Armour
Research Foundation. The meeting was held at the
Cleveland Engineering and Scientific Center on April
12, 1962.

Milwaukee

H. F. OLSON

“Engineering Design Aspects and Problems of
Modern Audio Equipment Manufacture” including a
live demonstration of stereo audio equipment was pre-
sented on April 3 at the ESM Building in Milwaukee.
The speakers were E. C. Fiebich, Manager of Engineer-
ing; W. Fannah, Junior Engineer; and J. Koppier, De-
sign Engineer; all of the Heath Company, Benton
Harbor, Mich.

On April 24, 1962, James F. Novak of the Jensen
Manufacturing Company talked on “Performance
Characteristics of Loudspeaker Arrays.”
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“Future Developments in Magnetic Recording” and a
demonstration of the Armour tape-cartridge by Marvin
Camras were the subjects of a meeting on May 22, 1962.
A summary of the talk was: Some intriguing magnetic
recording devices, now in the laboratlory stage, may be-
come available in the future. These include low cost
stereo cartridges with automatic changers for home
music-systems; electronic-magnetic video recording with
no moving heads; coil-less heads using Hall-effect prin-
ciples; ferrography; and cross-field heads for 15-kc re-
sponse at 1 inches per second.

Philadelphia

Mrs. E. L. R. Corliss and T. Priestly of the National
Bureau of Standards, Washington, D. C., talked on
“Transient Distortion in Hearing Aids” on December 8§,
1961.

“Diffraction Studies Using Temple’'s New Anechoic
Chamber” was presented by M. Harbold and B. Stein-
berg of Temple University, Philadelphia, on February 2,
1962.

R. N. Hurat and A. C. Luther of RCA-Camden de-
cribed a “Transistorized Video Tape Recorder—TR-
22” on March 2, 1962.

San Antonio-Austin

“Audio Semi-Conductor Circuits” was given by D.

July—August

Meyer of San Antonio at a meeting which took place
March 23, 1962.

San Diego

H. Souther of Sonotec, Inc., Santa Ana, Calif., spoke
on “Recent Developments in Miniaturization and
Transistorization of Professional Audio Components”
on January 26, 1962.

“Basic Requirements of Electronic Organs” were out-
lined by V. Smith of Veesmith Studios, San Diego, on
March 29, 1962.

San Francisco

Dr. Vincent Salmon of Stanford Research Institute
in Menlo Park, Calif., talked on “Measurements in
Architectural Acoustics” at the December 6, 1961, meet-

ing.
Note:

The Detroit Section and the Chicago Section had at
least one successful joint meeting with the Acoustical
Society of America local Chapter, or an organization
closely allied to it. This type of meeting should be en-
couraged as it not only provides a larger base for
attendance at the meeting, but also can spread the re-
sponsibility for providing speakers.

WiLLiAM M. IHDE
Chairman, Committee on Chapters
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A System of Electrostatic Recording®

D. E. RICHARDSON{, J. J. BROPHY?, H. SEIWATZf, J. E. DICKENSY, axp R. J. KERR]

Summary—A new system of electrostatic recording in which
electrical charges corresponding to the signal are injected into a thin
insulating tape record has been investigated. The recorded charge
pattern is produced by the application of ac or dc bias potentials to
the recording electrodes, in addition to the signal voltage, and sub-
sequently stabilized by treating the tape surface with ions to neutral-
ize excess charge. Electrostatic recordings with extrapolated life-
times in excess of several hundred years have been obtained.

INTRODUCTION

REVIOUS electrostatic recording techniques have
Pgenerally employed either electrical polarization
of the record medium, based on electret! or ferro-
electric? properties, or surface charging of an insula-
tor.3 These methods vield electrostatic records which
lack the desired permanence. A new system of electro-
static recording reported here utilizes charge penetra-
tion into an insulating recording material. Such record-
ings are permanent and can be replayed repeatedly.
Early experiments showed that charge injection is
most advantageous when charges of equal and opposite
sign are produced at points apposite one another
through the tape. This is accomplished by drawing
certain plastic films (i.c., Teflon FEP fluorocarbon film,
“Mylar” polyester film, and polyethylene film) between
a knife-edge electrode and a resilient conducting back-
ing electrode. Bias and signal voltages applied to the
electrodes produce a charge pattern in the film corre-
sponding to the signal which may be played back in-
ductively by passing the film through a similar elec-
trode structure. Most of the results reported here refer
to recording systems using “Mylar” tapes 0.25 inch
wide and either 0.25 or 0.50 mil thick.

RECORDING TECHNIQUES

With the simple recording and playback arrangement
of Fig. 1(a), little charge is injected into the moving
tape until the electrode bias potential exceeds a thresh-
old value as shown in Fig. 2. This motional tape current,
which is a linear function of tape speed, demonstrates
that electrical charge corresponding to the electrode
potential is delivered to the tape. The signal-to-noise
ratio (SNR) and other properties of such a recording

* Received April 18, 1962. This paper was presented at the IRE
International Convention, New York, N. Y., March 28, 1962.

t Armour Research Foundation of Illinois Institute of Technol-
ogy, Chicago, Ill.

1 Film Department, E. I. Du Pont de Nemours and Co., Wil-
mington, Del.

TR. E. Rutherford, U. S. Patent No. 1,891,780; December 20,
1932.

2 C. F. Pulvari, U. S. Patent No. 2,698,928; January 4, 1955.

3 F. Gray, U. S. Patent No. 2,200,741 May 14, 1950.

4 V. C. Anderson, “Dielectric Recorder,” Rev. Sci. Instr., vol. 28,
pp. 504-509; July, 1957.
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Fig. 1—Electrostatic recording and playback circuits. (a) Elementary
recording and playback circuits. (b) Recording circuit for Ip=1Ip,
dc bias. (c) Recording circuit for ac bias.
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Fig. 2—Recording current characteristics for }-mil-thick, }-in-wide
“Mylar” at a tape speed of 3.75 inches per second (ips).
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Fig. 3—Frequency response curves for dc bias electrostatic recording
at 22 ips. Indicated noise levels are total wide-band noise with
bias but without signal taken immediately before and after signal
response reading.

are measurably improved by subjecting the tape to a
reverse polarity prebias treatment with a prior knife-
edge and backing electrode combination. The subse-
quent motional tape current at the second electrode
pair is labeled “—1000 volts prebias” in Fig. 2. In the
absence of signal the net result of the prebias-bias
treatment is an essentially neutral tape, for properly
chosen values of electrode potentials. Signal voltages
are applied only to the second electrode combination
and result in a charge pattern interior to the tape corre-
sponding to the applied signal. It is possible to erase
this charge pattern by subsequently re-recording the
tape.

Experiments have shown that maximum SNR, min-
imum playback distortion and maximum record life are
obtained when the prebias electrode current is equal to
the bias electrode current, which can be realized by
proper adjustment of the bias and prebias voltages ac-
cording to Fig. 2. The proper division of voltages may
be obtained automatically through the use of the circuit
in Fig. 1(b). Here the voltage of the single bias source
divides between the bias and prebias electrodes such
that I, =1Ip on the average while the signal voltage is
effectively applied only to the bias electrodes. Repre-
sentative values for the bias potential and signal level
in this circuit are 1500 volts dc and 100 volts rms, re-
spectively.

Playback of these electrostatic records is simply
accomplished by drawing the tape between a knife-
edge and backing electrode combination as indicated in
Fig. 1(a). Tape signal charges induce potentials on the
playback electrodes which may be amplified by a con-
ventional electronic amplifier. The magnitude of the
signal depends upon the load resistance R; and is of
the order of 40 mv for R, =10¢ ohms. Typical playback
frequency response spectra and wide-band noise levels

July—-August

a0f- BIAS FREQUENCY - MC

SIGNAL /NOISE RATIO, DB

[ 7.5m/s€C ~ ‘\
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Fig. 4—Comparison of frequency response curves at 7.5 ips for
various ac bias frequencies and for dc bias.

are shown in Fig. 3. In the figure the noise data points
refer to wide-band noise (10 cps to 20-kc bandwidth)
taken immediately before and after each signal response
point on adjacent regions of the tape record.

An effect similar to the bias-prebias combination in
dc bias recording is achieved through the use of ac bias
at a single pair of opposed knife edges, as sketched in
Fig. 1(c). Recordings result which have a larger SNR
than for dc bias, as indicated in Fig. 4. Present results
also indicate less second distortion in the case of ac bias.

JoN NEUTRALIZATION

The recorded tape is treated with an atmospheric ion
bath prior_to spooling after recording and after each
playback. This ion neutralization treatment improves
recording permanence, greatly reduces layer-to-layer
print-through during storage. Present evidence in-
dicates that the function of these ions is to neutralize
uncompensated charge on the tape. The ion bath is
produced by a high voltage corona discharge from
pointed electrodes located between the recording elec-
trodes and the take-up spool as indicated in Fig. 1(b).
A similar ion source between the feed reel and the
electrodes may also be employed, but is often unneces-
sary. The ion bath neutralizes net charge on the record
medium produced by triboelectric charging or the re-
cording process and is applied each time the tape passes
through the electrodes.

NoiIse

Noise in the electrostatic recording system is due to
random electrical charge patterns in the tape and to

‘recorded noise produced by the recording process. The

playback noise spectrum of virgin tape, Fig. 5, indicates
a very large low-frequency component, presumably the
result of triboelectric charging during handling and
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Fig. 5—Playback noise spectra at 11 ips.

spooling. This is greatly reduced by ion neutralization
as also shown in Fig. 5. The noise spectra of neutralized
tapes are quite reproducible and may be interpreted in
terms of a stable random array of charged spots pro-
duced by air breakdown at the tape surface because of
triboelectric charging. This charge pattern is altered by
the application of bias and prebias voltages as indicated
by the third spectrum of Fig. S.

The recorded noise spectrum also can be analyzed in
terms of a random array of (much smaller) charged
spots produced by the recording process. These spots
are in agreement with the observed spark-like character
of the gas discharge at the electrodes during recording.
The total wide-band recorded noise level is greater than
that of neutralized tape, although, as the spectra in-
dicate, disagreeable low-frequency rumble is much
reduced. Therefore, dc electrostatic recordings are re-
cording-noise limited with regard to SNR. Under ac
bias the character of the recording discharge is such
that the spark-like character is reduced and the SNR is
improved as implied in Fig. 4.

REsoLUTION

The linear resolution of electrostatic records is in-
fluenced by the effective electrical width of the elec-
trodes on both recording and playback. It is possible to

analyze response curves such as in Figs. 3 or 4 in terms
of an effective electrode width quite satisfactorily. A
minimum wavelength of the order of 0.7 mil is obtained
for the sample knife-edge playback electrode.

Playback resolution can be improved through the
use of a shielded-blade electrode construction in which
a center pick-up electrode is shielded on each side by a
close-fitting electrostatic shield. This configuration
restricts the region of tape effective in inducing signals
on the active electrode and results in a playback elec-
trode having a resolution equivalent to the distance be-
tween the shields. In application it is convenient to
electrically drive the shields through the use of a cath-
ode-follower input stage in order to reduce the capaci-
tive loading effect of the shields. The improved resolu-
tion obtainable is indicated by the curves of Fig. 6 which
were taken under identical conditions except for the
size of the electrode gap between the shields.

Resolution limitation in recording appears to be asso-
ciated with the gas discharge at the recording elec-
trodes. The finite size of the charged spots produced in
dc bias recording and the spread of the discharge away
from the knife edge tend to introduce a minimum wave-
length. In the latter regard, change in the ambient
atmosphere is known to influence resolution to some
extent.
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Fig. 6—Representative playback frequency response curves at 7.5
ips obtained with sandwich playback electrodes having various
gap widths.

RECORDING LIFE

One of the outstanding features of this new electro-
static recording system is the long record life, which is
attributed to the particular charge distribution pro-
duced in the tape by the recording process. Typical
signal and noise decay characteristics are shown in
Fig. 7 for a tape stored under room ambient conditions.
For a period of time following recording, the signal
and noise decay together, preserving the SNR, while
longer storage increases the noise somewhat, possibly
due to a noise print-through effect. The signal decay
may be reasonably represented by a power law as shown
on the curve with an exponent of 0.3. Values of this
exponent as large as 0.7 have been observed for re-
cording prepared under nonideal conditions, for ex-
ample when bias and prebias currents are not equal.

Tapes stored under low relative humidity conditions
have even longer lifetimes than indicated in Fig. 7. At
low humidity, exponents as small as 0.07 are observed.
The life of such recordings is clearly of the order of
hundreds of vears. The other aspect of record life,
multiple playback, appears to be affected by the ion

July—August
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Fig. 7—\ariation of signal and noise with time for “Mylar” tape
stored in room ambient atmosphere.

treatment. Recordings given a suitable neutralization
treatment can be played back hundreds of times with
relatively small diminution of signal.

CONCLUSION

Based on these results it appears that the new elec-
trostatic recording system derives its performance
characteristics from the specific charge distribution
pattern produced in the record medium by the record-
ing process. The effect of ion treatment is to help pre-
serve this pattern through neutralization of net surface
charge produced by triboelectricity. The recording
noise limitation on SNR in dc recording may be removed
by ac bias. Linear resolution on the record is a function
of both recording and playback processes but the
limitation due to the latter may be largely eliminated
by the proper electrode configuration. Excellent signal
life, both with respect to storage time and multiple
playback, is attainable. Further improvements in the
system performance will result from a detailed under-
standing and control of the gas discharge at the record-
ing electrode.
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High-Impedance Drive for the Elimination
of Crossover Distortion®

J. J. FARAN, JR.f, SENIOR MEMBER, IRE, AND R. G. FULKS{, MEMBER, IRE

Breadboard of a 20-watt class B power amplifier making use of complementary symmetry.

Summary—Crossover distortion in a class B transistor power
amplifier can be greatly reduced by driving the output stage from a
high-impedance source. Doing this capitalizes upon the fact that the
current-to-current gain characteristic of a class B stage is much more
linear in the crossover region than the voltage-to-current gain. High-
impedance drive can be most easily applied to a complementary out-
put stage, but can also be applied ta two transisters of the same polar-
ity if a driver transformer is used. In circuits of this type, no tempera-
ture-compensated bias arrangements are necessary, and “thermal
runaway” is virtually impossible, as only one of the output transistors
can be biased on at a time. Moreaver, reverse bias is applied to the
“off” transistor, reducing its turn-off time and minimizing the in-
crease in power supply drain at high signal frequencies. Amplifiers
designed according to this principle have operated with very low dis-
tortion and have exhibited unequalled thermal stability.

* Received April 2, 1962. Revised manuscript received, April 16,
1962. Reprinted with permission from the Solid State Journal, August,
1961.

t General Radio Co., West Concord, Mass.

INTRODUCTION

N A push-pull class B amplifier, one output transis-
]:[ tor ideally conducts current only when the input
signal is positive and the other conducts only when
the input signal is negative. Class B amplifiers operate
with significantly greater power efficiency than class A
amplifiers. The class B amplifier, furthermore, has
negligible power consumption when there is no input
signal. Far these reason, and because transistors are
especially vulnerable to heat, class B circuits are ex-
tensively used in transistor power amplifiers.
Unfortunately, crossover distortion is a characteristic
of nearly all class B amplifiers. It occurs because of
failure to accomplish a smooth transition from con-
duction in one output transistor to conduction in the
other. Consider, for example, the complementary class
B output stage of Fig. 1. A plot of its output voltage
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Fig. 1—A complementary class B emitter-follower
power amplifier output stage.

against input voltage is shown in Fig. 2. It can be seen
that there is a region of input voltage around the zero
level for which the output voltage is very small. This
produces crossover distortion in a sine-wave input
signal as illustrated in Fig. 3. This is a strong source of
harmonic distortion as well as an almost complete loss of
gain for small signals—a serious defect, for example,
in servo amplifiers.

Various remedies have been devised for eliminating
crossover distortion. One of these is simply to enclose
the class B output stage in a loop with enough feedback
to reduce the distortion to an acceptable level. How-
ever, this distortion is composed of frequencies much
higher than that of the signal being amplified, so this
method requires that the frequency response around
the feedback loop be flat far above the highest frequency
at which the amplifier is intended to operate. Another
method is to apply a bias voltage to the base of each
transistor to cause it to conduct slightly even when
there is no input signal. This is a very effective method
of preventing crossover distortion, but it creates another
problem. The “standby” current in each transistor is
strongly dependent upon temperature, increasing at
higher temperatures. There is, therefore, serious danger
of thermal runaway, in which further increases in cur-
rent cause further increases in temperature, and so
forth, until the transistors are permanently damaged.
To prevent this, temperature-sensitive elements such
as diodes or thermistors can be included in the base
bias network to change the bias voltage in such a way
as to hold the standby current constant. This method
can correct satisfactorily for ambient temperature
changes, but the temperature-sensitive element cannot
instantaneously follow the temperature of the junc-
tions of the transistors and there is danger that a sud-
denly-applied signal may heat up the transistors before
the bias voltage is corrected. In such systems, although
crossover distortion is eliminated, there is introduced
the danger of thermal runaway.

HiGH-IMPEDANCE DRIVE

A method of operating a class B output stage so that
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Fig. 2—Output voltage (vertical) vs input voltage (horizantal) of the
output stage of ¥Fig. 1. Q1, 2N1218; Q2, 2N176; load, 10 ohms.
Both scales, 0.2 v per major division.

70N

Fig. 3—Input voltage (upper) and output voltage (lower) of the out-
put stage of Fig. 1 when driven from a low-impedance source. Q1,
2N1218;Q2, 2N 176; load, 60 ohms. Both traces, 0.2 v per division.

crossover distortion is inherently eliminated is based on
the discovery that the output voltage of the circuit of
Fig. 1 much more closely reproduces the input current
than the input voltage. To illustrate this, the output
voltage of the circuit of Fig. 1 is plotted as a function of
the input current in ¥ig. 4. By comparison with Fig. 2,
it can be seen that the crossover distortion is no longer
present. The residual nonlinearity visible near the cross-
over in Fig. 4 is due to the decrease of beta (k) at very
low current levels in each of the output transistors.

To reduce the erossover distortion, then, it is neces-
sary to drive the circuit of Fig. 1 not with a voltage but
with a current whose waveform is undistorted. Because
the input impedance of the transistors becomes rela-
tively high when the input voltage is near zero, the cur-
rent must be supplied from a high-impedance source.!
Then, at each axis-crossing of the input signal, the
input voltage will “jump” fram the voltage at which
one transistor turns off to the voltage at which the
other turns on. The input voltage is therebyv auto-

1H. J. Woll, “Handbook of Semiconductor Electronics,” Mc-
Graw-Hill Book Co., Inc., New York, N. Y., Section 11, pp. 11-33 ff.;
1956.
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Fig. 4—Output voltage (vertical) vs input current (horizontal) of the
output stage of Fig. 1. Q1, 2N1218; Q2, 2N176; load, 10 ohms.
Vertical scale, 0.2 v per division; horizontal scale, 0.25 ma per
division.

matically predistorted in such a way as to produce an
output substantially free of crossover distortion. This
system represents a sharp departure from the practice
of driving emitter-follower circuits from low-impedance
sources to take advantage of the inherent voltage feed-
back for reducing distortion due to nonlinearity of cur-
rent gain.

It would appear that to drive this circuit from a very-
high-impedance source would be the worst way to in-
sure thermal stability. However, the interconnection of
the two transistors itself provides the thermal protec-
tion. The most serious type of thermal runaway that
might occur with the circuit of Fig. 1 would be current
flow through the two transistors in series, from the
positive pawer supply to the negative. With the bases
and emitters tied together, however, if one transistor
should become biased on (a necessary condition for
thermal runaway), the other will be biased off by the
same voltage. The runaway current path is very effec-
tively interrupted by the transistor that is biased off,
and so the thermal stability of this circuit is excellent.

A further advantage of the direct interconnection of
the bases and emitters of the output transistors is that
the reverse bias which is applied to the base of the “off”
transistor comes from a relatively low-impedance source
(the “on” base-emitter junction of the other transistor);
this reduces the turn-off time of the transistor and
lowers the current drain and power dissipation at high
frequencies.

H1G6H-SOURCE-IMPEDANCE DRIVER CIRCUITS

It is difficult to determine theoretically just how high
the driving source impedance should be for any particu-
lar eircuit. However, the following empirical formula
can be used to estimate the magnitude of the crossover
distertion:

KR,
anlin
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where

d is the total harmonic crossover distortion in per
cent;

K is a constant found to be between 1 and 4 volts
for germanium power transistors;

R,, is the maximum input resistance in the crossover
region—on the order of 60 ohms for a common-
base output stage and 2500 ohms for common-
emitter and common-collector stages using ger-

manium power transistors;
R, is the source resistance; and

I;, is the input drive current in amperes.

A convenient rule of thumb is that the driving source
impedance should be high compared to the maximum
value of the input resistance in the crossover region.
Fortunately, it is possible to build a source using con-
ventional transistors whose impedance is more than
adequately high for most class B output stages. One of
the possible configurations for such a circuit is used in
the amplifier shown schematically in Fig. 5.2 The high-
impedance source for the output transistors is the junc-
tion of the collectors of Q3 and Q4. The impedance at
this point is half the collector impedance of a grounded-
base amplifier, and can easily be of the order of
hundreds of kilohms. In order to maintain the voltage
at this point at the correct dc level, it is necessary to
use feedback. The feedback, however, cannot be taken
directly from the junction of the collectors of Q3 and
Q4 because a feedback resistor would itself lower the
impedance at that point. Therefore, the feedback is
taken directly from the output at the emittérs of Q1
and Q2. In addition to maintaining the proper dc level
at the output, the feedback is effective at signal fre-
quencies for making the output impedance low and for
reducing distortion from other sources such as beta
nonlinearity and unequal betas in the output transistors.
The voltage gain of the amplifier shown in Fig. 5 is ap-
proximately equal to the reciprocal of the voltage divi-
sion of the feedback network, R1 and R2. This amplifier
requires two positive and two negative power supplies.
The lower voltage supplies, marked + and —, provide
the high current for the output stage. The higher voltage
supplies, marked + + and — —, supply only the much
smaller current required by the input and driver stages.
The average current in transistors Q3 and Q4 (which
operate class A) must be at least equal to the peak base
current required by the output transistors. Because
they must conduct this much current steadily, the
power dissipation in Q3 and Q4 may be considerable.

2 ], J. Faran, Jr., “Elimination of crossover distortion in class-B
transistor amplifiers,” Proc. IRE (Correspondence), vol. 49, pp.
834-835; April, 1961.
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It can be reduced to a much lower level if additional
driver transistors Q7 and Q8 are added as shown in
Fig. 6. The steady current in Q3 and Q4 can then be
reduced in proportion to the current gain of Q7 and
Q8. Q7 and Q8 operate class B and are protected
against thermal runaway in the same way as the

output transistors.

Fig. 7 is a detailed schematic diagram of a practical
audio amplifier of this type and its power supply. The
amplifier is designed to have a music-power rating of
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20 watts and to work into an 8-ohm load.
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the output.
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The amplifier must not be directly connected to a
load having dc resistance less than 8 ohms. If the output
is connected to a transformer whose dc resistance is
less than 8 ohms (as it would usually be), a capacitor
must be connected in series to block the large current
which might flow if there is a slight dc unbalance at

An accidental short circuit on the output could ruin
both output and transistors. The 1-ohm resistors are
included to provide partial protection against such an

occurrence. They limit the maximum sine-wave output

Fig. 5—A class B power amplifier using the complementary emitter-
follower output stage of Fig. 1 driven from a high-impedance

source.
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power to about 12 watts but the “music power” rating
is still about 20 watts.

For lowest distortion, as in hi-fi applications, the
current gains of the output transistors and of the two
driver transistors should be closely matched. The power
supplies do not require complicated regulation. The
circuit is arranged so that ripple on the power-supply
voltage does not cause any serious problem.

An audio amplifier of the type shown in Fig. 7 has
produced 16-watt output into an 8-ohm resistive load
with less than 0.03 per cent total harmonic distortion.
There was approximately 34-db reduction in gain due
to feedback. To achieve this performance, the output
transistors were selected to have nearly equal current
gains. This figure is quoted, however, to demonstrate
the virtual elimination of crossover distortion. The dis-
tortion did not increase at lower output power levels.

OTHER COMPLEMENTARY QUTPUT STAGES

The class B output stage which we have considered in
some detail above can be classified as the common-
collector type. If we drive a similar circuit through a
transformer whose secondary is connected as shown in
Fig. 8, the transistors will be operated effectively com-
mon-emitter, with the possible advantage that the in-
put impedance will be independent of the load im-
pedance. This circuit is just as well protected against
thermal runaway as the common-collector circuit,
since only one of the transistors can be turned on at any
time. The circuit will operate without crossover dis-
tortion if the transformer is driven from a high im-
pedance. In addition, the transformer must have suf-
ficient inductance that it does not lower the effective
impedance of the driving source beyond an acceptable
limit.

Another interesting output stage results when the
transistors are connected in a common-base configura-
tion as shown in Fig. 9. Although the current gain in the
output transistors is only unity, this circuit has the
advantage of much higher frequency response than
either of the other two types discussed above. Its
greatest advantage, however, is that when crossover
distortion is eliminated by the use of high-impedance
drive, the residual distortion due to variations in beta
at both low and high current levels is almost entirely
absent. This is so because fairly large changes in beta
correspond to only very small changes in alpha (kp).
In Fig. 10 the output voltage for the circuit of Fig. 9
is plotted against the input current. This is a very linear
relationship, and comparison with Fig. 4 shows the
great reduction in distortion which is brought about by
common-base operation. Input and output voltage
waveforms for a sine-wave input current applied to the
common-base circuit are shown in Fig. 11. The input
emitter-base voltage is characterized by steep vertical
transitions at the crossover region where the input
impedance is high, but no distortion is visible in the
output voltage. Because the current gain in the tran-
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sistors is only unity, the driver stage must be able to
provide current equal to the peak output current. The
steady current in the driver stage can be reduced by
making use of the current gain of the transformer. The
highest peak current is then generated at a lower cur-
rent level (where beta is more constant) in the driver
transistors. The thermal protection of the common-base
output stage is again the same as for the other com-
plementary circuits discussed above. The advantages of
the common-base output stage, higher frequency re-
sponse and lower distortion, are obtained at the expense
of lower power gain and higher standby power con-
sumption (in the driver stage).

NONCOMPLEMENTARY OUTPUT STAGES

All of the circuits discussed above depend for their
thermal stability upon the use of complementary sym-
metry. n-p-a germanium power transistors, however,
are still few and expensive. Those that are presently
available have neither the current ratings, the power
capacity, nor the frequency response of readily-available,
reasonably-priced p-n-p germanium power transistors.
It is therefore desirable in certain cases, particularly
that of very high power output, to use two transistors
of the same type in class B output stages. High-im-
pedance drive can be applied to a “noncomplementary”
output stage without jeopardizing the thermal safety
by simply using a driver transformer with two secondary
windings. A schematic diagram of a common-emitter
output stage using two p-n-p transistors is shown in
Fig. 12. The thermal stability of this circuit is not
provided automatically as in the circuits discussed
above, but can be made quite good by making the re-
sistances of the secondary windings very low. They can
readily be made less than an ohm, which is some orders
of magnitude less than the resistance of a temperature-
compensated bias network. Again, as with the com-
plementary circuits, whenever one transistor is driven
on, the other is driven off by a voltage of the same
magnitude. Tight coupling in the transformer is neces-
sary because current flows only half the time in each
secondary, and there is the possibility of the generation
of undesirable transients in the leakage inductance. It
is not difficult in practice, however, to design trans-
formers which have adequately high inductance, low
resistance, and tight coupling, since the power level is
relatively low and the required turns ratio is not large.

An amplifier using an output stage of the form of
Fig. 12 has produced 200 watts in a resistive load with
less than 1 per cent total harmonic distortion. At lower
power levels, the distortion is considerably less.

The common-base output stage can also be con-
structed of transistors of the same polarity as shown in
Fig. 13. Input impedance, gain, and frequency re-
sponse considerations are the same as for the comple-
mentary common-base output stage. Protection against
thermal runaway is again achieved by making the re-
sistances of the secondary windings very low.
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Fig. 8—A complementary common-emitter class B

power amplifier output stage. Fig. 9—A complementary common-base class B

power amplifier output stage.

Fig. 11—Input (emitter-to-base) voltage (upper) and output voltage

Fig. 10—Output voltage (vertical) vsinput (base) current (horizontal) (lower) for sine-wave input current applied to the output stage
for output stage of Fig. 9. Q1, 2N1218; Q2, 2N176; load, 100 of Fig. 9. Q1, 2N1218; Q2, 2N176; load, 100 ohms. Upper trace,
ohms. Vertical scale, 0.2 v per division; horizontal scale, 2 ma per 0.2 v per division; lower trace, 0.5 v per division.
division.
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Fig. 12—A noncomplementary common-emitter Fig. 13—A noncomplementary common-base class
class B power amplifier output stage. B power amplifier output stage.
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CONCLUSIONS

The principle of high-impedance drive for eliminating
crossover distortion in class B transistor amplifiers can
be applied to circuits having the highest possible degree
of protection against thermal runaway. This can be ac-
complished most easily with complementary output
transistors, but examples have also been given of how
this can effectively be done with two transistors of the
same type.

Several high-impedance-drive amplifiers have been
constructed to date, and they exhibit very low distortion
without the use of bias networks in the output stage.
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They have a few disadvantages, one of which is that it
is not possible to take advantage of the transconduct-
ance linearity at high current levels which can be
realized if the transistors are driven from a low im-
pedance. It has been found, however, perfectly possible
to reduce the distortion due to beta nonlinearity to a
negligible amount by the use of simple feedback ar-
rangements. Circuits employing high-impedance drive
do show significant reduction of crossover distortion
and possess unequaled thermal stability. For these
reasons, circuits of this type appear to be by far the most
satisfactory for class B amplifiers.

Electro-Pneumatic Air Modulator
for Fog Signals*

J. K. HILLIARDf, reLLOW, IRE, AND W. T. FIALAT

Summary—This paper describes a highly-directional electro-
pneumatic loudspeaker system capable of radiating any type of warn-
ing signal in the 100-1000 cps range as well as speech. The mecha-
nism of the electropneumatic device is described in detail. Field
measurement data on the directional characteristics, maximum
range, and the effect of wind, which we gathered on tests performed
at Point Montara, Calif., are presented. Aspects of signal duration,
threshold, and new requirements for fog signal resulting from new
trends in coastal shipping patterns, as for example, the increase in
private craft, are discussed.

INTRODUCTION

ECENT TRENDS in coastal shipping patterns,
R plus changing conditions in the areas directly
adjacent to lighthouses or other navigation-aid
installations, have created a need for new types of
audible sound generators.

For many vears the principal source of fog signals
has been the familiar air horn, pitched at a low (100-
200 cps) frequency in order to obtain a maximum
hearing range. Such a sound generator has been difficult
to make directional, since any reasonably-sized horn
would have a small mouth diameter compared with the
wavelength of the sound transmitted.

In the days when most lighthouses were in unpopu-
lated areas, the nondirectional chracter of the air horn
presented no particular problem. But today the in-
creased mobility of the population, plus the pressure

* Received April 27, 1962; revised manuscript received, May 22,

'f'LTV Research Center, Western Division, Anaheim, Calif.

for attractive building sites in coastal regions, has
created entire communities in the immediate vicinity
of many fog signal installations. Under such conditions,
a nondirectional fog signal can become a serious public
nuisance.

At the same time that the need for a highly-direc-
tional signal has increased, the total power and range
required of such signals has tended to decrease. In
earlier days, nearly all commercial ships traveled with-
in 1-to-3 miles of the coast. The radius of turn of
such vessels required a minimum 6-to-10 miles warn-
ing range if safe navigation were to be achieved. Today,
however, with the advent of radar and sonar, most
major ships follow a course that keeps them a safe
4-to-10 miles from land. Only small and maneuverable
craft, private and commercial fishing boats, stay close
to shore. To service these craft, a fog signal with a
3-to-5 mile range is more than satisfactory in many
instances. Because of the inverse square law, cutting
the range in half lowers the power requirements by
75 per cent.

A third important new trend is the increasing number
of private craft in coastal waters manned by amateur
or only partially trained crews. Such individuals may
not know, or may choose to ignore, storm warnings
and similar safe-navigation instructions or signals. At
harbor entrances and similar locations, therefore, it
would be advantageous to have an audible signal that
could be voice modulated to produce intelligible speech.

The purpose of this paper is to describe a highly-
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directional electropneumatic, air-modulated loud-
speaker capable of radiating any type of warning signal
in the 100-1000 cps range, as well as speech. Results
are also given for a series of tests conducted to delineate
the directional qualities of the sound generator, both in
absolute terms and in a practical navigation situation.
In these tests, 200 and 400 cps warbled tones, plus a
voice signal, were compared with the standard dia-
phone fog signal presently installed at the U. S. Coast
Guard Lighthouse station at Point Montara in the 12th
U. S. Coast Guard District.

An interesting adjunct of the test was the establish-
ment of a shadow zone in the up-wind direction, fully
substantiating the effect of wind and wvertical tem-
perature gradients on the transmission of sound over
water as described by Wiener.!

TECHNICAL DESCRIPTION OF THE ELECTRO-PNEUMATIC
FoG SigNAL GENERATOR-LOUDSPEAKER

The electropneumatic equipment used for the tests
included, in the case of the 200 and 400 cps warble
tones, a single unit consisting of four air-modulated
loudspeakers driving an exponential horn. Fig. 1 is a
photograph of the type of horn used in this test. The
total length of the horn is 15/, and the mouth area is
large enough to be capable of radiating audio fre-
quencies down to approximately 60 cps. The sound
pressure level at the throat is 173 db, which corresponds
to about 75 acoustic watts per square inch. The walls
were made sufficiently stiff to handle this power by
constructing the horn of aluminum with adequate wall
reinforcing.

In the electropneumatic transducer, the flow of com-
pressed air through a orifice is modulated at audio
frequencies by the valve action of a diaphragm at-
tached to an electric coil. The coil assembly is almost
identical with the voice coil in a loudspeaker of the
type commonly used in theaters.

Each of the air-modulated speakers is capable of
developing in excess of 2000 acoustic watts, with a 40-
psi air pressure input. Fig. 2 is a cross-sectional view of
this unit, showing the inner and outer modular rings
that form the internal air valve. The inner ring contains
two rows of eight slots, equally spaced around its cir-
cumference. Each of these slots has a height of 0.060
inch. The outer modulator ring also contains eight
slots of the same width, spacing, and height. The inner
ring is fixed in a stationary position, while the outer
ring “floats” on eight quarter-inch butyl rubber blocks
bonded onto the inside circumference of a fixed sup-
porting ring.

Electrical impulses directed to the loudspeaker drive
the outer modulator ring in an axial direction, increas-
ing and decreasing the alignment of slots in the inner

1 F. M. Wiener, “On the propagation of audible sound over water
in fog,” Sixth Internat’l Tech. Conf. on Lighthouses and Other Aids to
Nawvigation, Washington, D. C. no. 6-1-2; September, 1960.
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Fig. 1—Electro-pneumatic loudspeaker system with exponential horn.
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Fig. 2—Cross-sectional view of electro-pnecumatic transducer.
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Fig. 3—Acoustic output as function of pneumatic input.

and outer rings. In the quiescent state, with no modula-
tion occurring, the slots of the inner ring are half
closed, presenting an effective slot height of 0.030
inch to the stream of air flowing radially inward. Elec-
trical signals change the area of air passage, modu-
lating the flow in accordance with the signals received.
As presently constructed, one hundred watts of audio
power are required for 100 per cent modulation. Fig. 3.
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shows how the acoustic output varies with the pneu-
matic input.

PoLar SPL TEsT

Before transporting the equipment to Point Mon-
tara, the Ling-Altec loudspeakers and horn were
checked for directional quality in polar tests conducted
over flat terrain at the Orange County Airport. Warble
signals were used, modulating the tone +100 cps at a
2-cps rate. A sound level meter was positioned 60 feet
from the air valve. Observations were made at 10°
Two sets of readings were taken, one with a 200-cps
signal, a second with a 400-cps tane.

Results of these tests are shown in Fig. 4. As might
be expected, the 400-cycle signal was more directional
than the 200-cycle signal, since the horn dimension
more closely approximated the wavelength of the
emitted sound. But both signals displayed an effective
concentration of sound directly in front of the horn. In
the case of the 200-cps signal, a difference of approxi-
mately 20 db was measured between the 0° and 180°
points. Increasing the frequency to 400 cps increased
this directional difference to 25 db.

Similar polar tests of the diaphone installation at
Point Montara would have been valuable, but houses
and other structures prevented such measurements.
The voice loudspeaker used in the subsequent tests had
a distribution angle of 90°. The directional qualities of
the electro-pneumatic signal were clearly evidenced in
the results of the later tests off the Point Montara
coast, including the effect of increasing the frequency
from 200 to 400 cps.

AuDpIBILITY THRESHOLD RANGE TESTS

At Point Montara, a repetitive sequence of sounds
was established in order to eliminate any variance in
the test conditions. The order and timing of this se-
quence was as follows:

1) Standard diaphone—4 sec

2) 200-cycle air-modulated tone—4 sec
3) 400-cycle air-modulated tone—4 sec
4) Voice signal announcements—10 sec.

The “audibility threshold” was defined as the point
at which all five observers aboard the vessel approach-
ing Point Montara from seaward could clearly hear the
signal indicated. Five cardinal runs were made at 000°,
030°N, 060°N, 030°S, 060°S. The run originated 10
nautical miles from the noise sources.

The exponential horn used to transduce the 200- and
400-cps signals was located directly below the Point
Montara diaphones mounted on a building wall and
supported by an external scaffold. The voice signal
generator was independently mounted and located di-
rectly south of the diaphones.

Observations were made of the exact point at which
the first observer claimed to hear each signal source,
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Fig. 4—Polar pattern of exponential horn.

Fig. S—Maximum range pattern.

and again when all five observers were able to detect
the signal. The latter points were used to develop the
range limits indicated in Fig. 5.

ANALYSsIs OF 400-cprs SIGNAL RESULTS

The lower range of the 400-cps signal as compared to
both the 200-cps signal and the diaphone, can be ex-
plained on several counts.

It is well known that signal attenuation over turbu-
lent water is greater for higher frequency components
than lower frequency. Also, higher frequency signals
require a greater difference limen, if the tone is to be
readily picked out from background noise.



108

However, the principal reason for the sharply re-
duced range is that the steam-powered Coast Guard
cutter Willow, while crusing at the speed indicated for
the tests, produced a background noise heavy in the
300-to-600 cycle band, effectively masking the 400-cps
signal to a far greater extent than the lower 200-cps
signal.

The highly-directional quality of the 400-cps signal,
however, indicates that it would be the preferred sound
source in any condition where directivity was more im-
portant than range. Note also that the speech signal
had a range almost equal to that of the 400-cps tone,
indicating that loudspeakers of this type should be
completely practical for harbor applications and other
instances where the sea-going traffic is restricted within
a known area.

WIND SHADOWS

Over the open ocean the speed of sound varies with
the height as a result of the vertical temperature and
wind gradients. As a result, sound waves are bent up-
ward or downward. Under these conditions it is possible
to have shadow zones into which no direct sound can
penetrate. A shadow zone is most commonly encoun-
tered upwind from a source, where the wind gradient
bends the sound waves upward. Downwind, the wind
gradient bends the sound waves downward.

In the test at Point Montara, the prevailing wind was
from a northwesterly direction, and therefore it was to
be anticipated that shadow zones would exist. Previous
information indicated that these shadow zones should
exist at ranges less than 1 mile; however, it was found
that along the 60° heading north of azimuth, no sig-
nals were observed at 3.8 miles, at 3.15 miles, and at 1.1
miles, with the three different types of tone signals.
However, at the 1.1-mile position, speech was audible.

This data confirms other measurements to indicate
that in the shadow zone there is considerable frequency
selective attenuation and in some cases the higher fre-
quencies have less attenuation than the lower fre-
quencies.

The observation of this wind shadow substantiated
the theory governing phenomena such as this, and
provided excellent proof of the many and often in-
tangible variables that can be expected in empirical
tests of this type.

SIGNAL DURATION THRESHOLD

The ability of the electro-pneumatic transducer to
convert a large amount of pneumatic energy into an
acoustic signal with a very high power level of a very
short duration offers another advantage which is not
generally appreciated.

In psycho-acoustics there is a relationship between
signal levels and signal duration which parallels the
relationship between the threshold flash intensity and
flash duration of lights often referred to in optics as
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the Blondel-Rey effect. The threshold sound pressure
level for a pure tone acoustic signal masked by broad-
band noise is independent of signal duration for signals
longer than 0.5 sec. For signals shorter than 0.5 sec the
threshold sound pressure level increases about 3 db for
each halving on the signal duration. This reciprocal
relation between threshold sound pressure level and
duration holds for signal durations down to a few milli-
seconds. For shorter signal durations the threshold
sound pressure level increases by as much as 5 to 6 db
per halving of signal duration. This means that a con-
stant amount of acoustic energy is consumed to elicit a
threshold response of hearing for pure tone signals hav-
ing durations between a few milliseconds and 0.5 sec.
For signal durations greater than 0.5 sec, the amount
of acoustic energy consumed to elicit a threshold re-
sponse doubles for each doubling of signal duration.

The efficient generation of short blasts is practical
with this electro-pneumatic type of signal. At least
under laboratory conditions with a constant level of
masking noise, it is possible to decrease the duration of
fog signal blasts from the commonly used 4 sec to 0.5
sec without requiring a change in sound pressure level.
This would result in an eightfold reduction in the
energy required per blast for a given range of audibility.
If the number of fog signal blasts per unit time is un-
changed, this would result in an eightfold reduction in
the primary power requirements for a given fog signal in-
stallation. Conversely, the power level of the primary
source could be maintained and the sound power of the
0.5-sec blast could be increased eightfold with a result-
ant increase in sound pressure of 9 db. This would just
about double the range of audibility of an intermediate
range (2 to 4 mile) fog signal.

CoNcLUSsION

It may be that the capability to transmit voice
signals over great ranges might prov'de a very useful
auxiliary service for fog signal stations; for example:
to transmit weather bulletins or advisories to the
many small boat operators who may not recognize dis-
played storm warnings or who may imprudently neglect
to act on such warnings. In any case it appears that the
electrically modulated air stream transducer offers
promise as an intermediate long-range fog signal for
general Coast Guard use.

In addition, these tests demonstrate the feasibility
of using such equipment for a number of applications
where high-powered speech communication and warn-
ing systems are needed to provide a range of 2 miles in
any direction.

In disaster warning systems many forms of com-
munication are in use; however, at the present time the
pedestrian has been left without contact since he has
no receiving equipment except his ears, and he is also
the most vulnerable in terms of protection.
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Stereophonic Frequency Test Record for
Automatic Pickup Testing”

A. SCHWARTZt, associaTE, g, G. W. SIOLES{, MEMBER, IRE, AND B. B. BAUERT, FELLOW, IRE

Summary—The recently issued CBS STR-100 stereophonic test
record enables the user to make a rapid and accurate assessment of
phonograph pickup characteristics.

An important feature of the record is the synchronized sweep
frequency bands which are used in conjunction with a level recorder
to obtain an automatic plot frequency response and crosstalk in a
fraction of the time previously required. A synchronizing circuit for
the level recorder is described. Spot frequency band with voice an-
nouncements also are provided..Other test bands permit measure-
ment of pickup sensitivity, stylus-tone arm resonance compliance,
and wavelength loss based on Miller’s equations.

A significant proportion of the effort was devoted to calibration of
recorded amplitudes. Microscopic, light paitern and variable speed
turntable methods were used, and the resultant calibration curves
are shown.

INTRODUCTION
THE RECENT ISSUE of the CBS STR-100

stereophonic test record is a matter of importance

for those engaged in the measurement of phono-
graph pickup characteristics. The salient feature of this
record is the frequency sweep bands which will yield
continuous response data that can be automatically
plotted by a level recorder.

The first portion of this paper will describe the test
bands and their application to measurement of pickup
characteristics. The second half of the paper will de-
scribe the design, calibration and mastering procedures.

APPLICATION
Pickup Response

The accuracy and ease of measurement of pickup
frequency response characteristics has been greatly im-
proved with the introduction of the synchronized fre-
quency sweep bands. Complete response data for left
and right channels can now be obtained in the frequency
range from 40-20,000 cps where heretofore only spot
frequency measurements were available. Accuracy is
improved by eliminating the judgement required in
reading meters especially when fluctuations are present
at high frequencies. In addition measurements can be
made in a fraction of the time previously required.

The sweep is logarithmic at a rate of 1 decade each
24 seconds and corresponds to the chart speed of the
General Radio Graphic Level recorder. The response
is obtained by having the level recorder plot the pickup

* Received April 27, 1962; revised manuscript received June 11,

1962.
t CBS Laboratories, Stamford, Conn.

output to the recorded frequency sweep. A 1000-cps
reference tone precedes the sweep and can be used to
automatically start the recorder. Fig. 1 (next page) is the
schematic of such a synchronizing circuit. All relays are
initially de-energized as shown in the schematic dia-
gram. Left and right channel inputs are combined in the
cathode of V1 insuring that the keying tone will be
present for either direct or crosstalk measurements. The
cathode follower output is fed to the V2 high gain
amplifier through a high-Q LC 1000-cycle filter allowing
only 1000 cps to feed through. Following this stage isa
cathode follower V3 employed as a power amplifier to
drive a sensitive relay K1, after the signal is rectified by
the two 1N2482 diodes. A Zener diode and clipping-
range control prevent high signal levels from overheat-
ing the sensitive relay.

With K1 energized, relay K2 is energized and locks
itself across the power supply through contact 1. At the
cessation of the keying tone, K1 is de-energized—
thereby actuating K3, which starts the recorder motor
at the instant the sweep beings. At the termination of
the sweep band, the reset switch is manually set at
RESET momentarily to de-energize K2, and the circuit
is then ready for the next sweep.

In addition to the sweep, a set of spot frequency
bands from 20 to 20,000 cps, with voice announcements,
have been recorded for manual response plotting and
for playback of single tones when required. Discrete
frequency bands facilitate the absolute calibration of
recorded amplitudes, a procedure which will be de-
scribed below.

Sensitivity

Pickup sensitivity is measured with the left and
right channel 1000-cps calibration bands. The recorded
level is 3.54 cm/sec rms, which is an equivalent lateral

velocity of 5.0 cm/sec rms and is accurate to within
+0.25 db.

Stylus-Tone Arm Resonance

Stylus-tone arm resonance is measured with the high-
level low-frequency sweep bands which extend from
250 to 10 cps. These sweeps can be plotted by the level
recorder and are also adaptable to automatic starting.

Compliance

Compliance can be determined with calibrated 100-
cps lateral and vertical modulation. If tracking force
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Fig. 1—Schematic diagram of synchronizing circuit.

and the peak groove displacement are known, the com-
pliance can be calculated. This data may differ some-
what from that obtained by use of compliance meters,
and is due in part to the differential force between the
inner and outer groove walls arising from pickup and
tone arm geometry.

Wavelength Loss

Fig. 2 is the equation derived by Miller! depicting
the pickup response for lateral recording. It has been
verified experimentally at CBS Laboratories and found
to be applicable to single channel recording. The second
factor in the equation is a function of playback fre-
quency, pickup characteristics, and the modulus of
elasticity of the disk. The first factor in the equation, a
quantity that varies from 1 to 0, can be termed the
wavelength loss and is a function of recorded wave-
length, pickup characteristics, and modulus of elasticity
of the disk. For convenience in the expression shown
here, recorded frequency and medium velocity, i.e.,
diameter and recording rotational velocity, have been
substituted for wavelength.

The wavelength loss is measured by means of identical
frequency bands from 1000-20,000 cps and recorded at
maximum and minimum diameters. The inner group has

1F. G. Miller, “Stylus Groove Relations in Phonograph Records,”
Acoustics Res. Labs., Harvard University, Cambridge, Mass., Off.
of Naval Res. TM 20; March, 1950.
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f=frequency in cps
Sfe=cutoff frequency in cps
fo=stylus-groove resonance in cps
D =recorded diameter in inches
N =recording revolutions per minute
E =modulusof elasticity of disk material indynes/cm?(3.3 X 101¢
for vinyl)
R =playback stylus tip radius in centimeters
F=tracking force in dynes
€= rM/21rfnm
m =mass at playback stylus tip in grams
ry =resistance at playback stylus tip in mechanical ohms

Fig. 2—Pickup response asa function of record and pickup constants.

been compensated for the wavelength losses expected
from a pickup having a 0.7X10~® inch tip radius
tracking at 2-4X10%® dynes. Playback under these
conditions should produce response within 2 db be-
tween the outer and inner diameter at a given frequency.
Increasing tracking force or tip radius should cause a
corresponding loss in high frequency response at the
inner diameter.
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Fig. 4—Sweep frequency calibration apparatus, block diagram.

MASTERING AND CALIBRATION
Recording Characteristics

Selection of the recording characteristic was based on
obtaining the maximum recorded level while staying
within the limits imposed by the disk recording medium.
Peak displacement is limited, in stereophonic recording,
by the groove depth and groove pitch. At high fre-
quencies the power handling capacity of the cutter,
the Westrex 3C in this case, must not be exceeded. A
peak displacement of about 0.63 X 10~% inch and a peak
velocity of 5 cm/sec were selected to accommodate
these limitations. The characteristic is, therefore, con-
stant amplitude below 500 cps and constant velocity
abave 500 cps. The transition is abrupt, so that varia-
tions in pickup response can be readily determined by
the deviation from two straight lines. This “ideal”
straight line characteristic was obtained by switching
from a constant amplitude to a constant velocity char-
acteristic at 500 cps during the recording of the glide
tone.

Calibration

Absolute and relative calibration of the recording
system proved to be the most time consuming part of
the preparation. The three established methods of
measuring recorded amplitudes are microscopic observa-
tion, light pattern and variable speed turntable. The
first two methods, which do not require playback of the
recording, are fundamental methods and are to be
preferred wherever possible.

Measurement of the discrete frequency bands up to
10,000 cps was performed primarily by the microscope
method. In this frequency range recorded amplitudes

Fig. 5—STR-100 calibration, left channel;
right channel is missing.

vary from 0.6X107% inch to 0.03X107% inch. Above
10,000 cps amplitudes were too small to measure by
observation so that photomicrographic techniques were
used. Fig. 3 shows a photomicrograph of 10,000-cps
wave, typieal of those used in the calibration procedure.
The amplitude can be measured directly from the
projected image of the photomicrograph. Substantially
the same recorded amplitudes were measured by the
light pattern method.

Measurement of the frequency sweep bands presents
a difficult problem since neither the microscope or light
pattern method is applicable for continuous plotting.
A modification of the variable speed turntable method
was developed which was able to provide continuous
calibration of the sweep bands. A block diagram of the
measurement apparatus is shown in Fig. 4. The syn-
chronous turntable motor is excited by a variable fre-
quency power supply which in turn is fed by the sweep
frequency oscillator that has been previously used to
record the glide tone. The oscillator tuning is me-
chanically driven by the level recorder, and synchro-
nous drive motor of the latter is driven by the variable
frequency power supply. Playback of the sweep under
these conditions will present a constant frequency to the
pickup over a 20:1 frequency ratio. The characteristics
of the pickup are thereby eliminated so that plotted
response is that of the recording system alone.

Fig. 5 is a comparison of the recording system calibra-
tion by microscope, light pattern, and variable speed
turntable methods. The three measurements show
good agreement. Response characteristics of the cutter
head is irregular above 10 kc so that the recording was
made at 162 rpm at half the playback frequency. The
response data shown is on a playback frequency basis.
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Right-channel and left-channel response characteristics
are equal within 1 db of each other.

Crosstalk measurement for either the spot frequency
or sweep bands cannot be made by either microscope
or light pattern because of the small amplitudes in-
volved. Based on playback measurements, crosstalk is
better than —20 db from 100 to 10,000 cps.

Cutting Stylus

High-frequency response of the recording system
varies inversely with the size of the cutting stylus
burnishing facet or “dub.” To insure accuracy, the
recording system must be calibrated each time a cutting
stylus is installed. A damage to the stylus during the
recording requires recalibration and scrapping of the
completed portions. For these reasons the cutting stylus
was carefully selected so that the dub size was suffi-
ciently small for adequate high-frequency response
without being unduly fragile.

Critical stylus selection was made possible by the
development of a special microscope fixture. The stylus
is positioned by the fixture so that it can be viewed and
measured from any angle under 1300 X magnification,
without being defocussed. Measurements of the dub
size and tip radius are accurate to within 0.5 micron
or 20X 107% inch.

Mastering

Despite the increase in complexity involved, the fre-
quency recordings were made directly from an oscillator
to avoid introducing tape recorder distortion and modu-
lation noise. Voice announcements were taped. Precise
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timing, which was required to synchronize the glide
tones and tape recorded announcements, was achieved
by use of an elaborate step-by-step procedure. Because
direct recording introduces the possibility of human
errors, as many as 12 lacquers of each side were cut.
From this group the best two copies of each side were
selected to be processed. At the processing end, careful
quality control is being maintained at all stages to in-
sure against possible deterioration in the quality of the
recording.

CONCLUSION

The STR-100 Test Record has been an outgrowth
of more than two years of intensive disk recording re-
search. Advances have been made in calibration meth-
ods and the development of the associated calibration
apparatus. Studies have been made of the cutting process
and the dependence of recording response on stylus
geometry. Miller’s pickup response function has been
investigated and experimental verification obtained.
As a result, the record is an accurate and reliable instru-
ment with which to measure stereophonic pickup
characteristics. In addition, its adaptability to auto-
matic testing can effect significant economics for pickup
manufacturers and users.
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Drop-Outs in Instrumentation Magnetic-
Tape Recording Systems*

ROBERT H. CARSONt

Summary—A method of measuring drop-outs from magnetic-
tape recording systems has been designed and built so that quantita-
tive data can be quickly obtained from any tape on any machine and
under any condition. Conclusions are made as to the relative effects
of tape, machines, reels, recording processes, reproducing processes,
environmental dirt, tensions, etc., on the drop-out count. It has been
found that drop-out measurements can be used to evaluate tape and
machines in regards to wear characteristics, to evaluate tape-clean-
ing methods, and to determine techniques in handling tape and oper-
ating tape machines to minimize drop-out effects both for analog and
digital applications.

* Received April 30, 1962,
1 U. 8. Naval Research Laboratory, Washington, D. C,

INTRODUCTION
Background

HE PHENOMENA that occurs in an output
signal of a tape recorder, now generally known
as “drop-outs,” have long been known by those
who have worked closely with magnetic recording sys-
tems. However, up to about 1950, drop-outs, as known
today, were very numerous and were usually masked by
an over-all variation in the output level that was con-
tinuously changing. The envelope from such a tape is
shown in Fig. 1(a). A constant level sine-wave signal
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APPROXIMATELY TWO INCHES OF TAPE

FILM SPEED - 30'/SEC
TRACK WIDTH = 50 MILS

-7 \/2"/SEC
- 7500 CPS

TAPE SPEED
FREQUENCY

(c)
Fig. 1—Types of modulation envelopes of tape—past and present.

was recorded with a recorded wavelength of 1 mil.
Due to steady improvement in both tapes and ma-
chines, the output of present-day systems may be as
shown in Fig. 1(b). Unfortunately, however, this is an
exception rather than the rule. The usual envelope is
the one shown in Fig. 1(c), though this represents the
output of a system somewhat worse than the average.
These discrete drops in signal are known as drop-outs.
With an envelope as in Fig. 1(a) the modulation noise
figure was a good indication of the envelope character;
but, with discrete drops in signal, this figure has less
meaning. Various shapes of drop-outs are shown in
Fig. 2. These were selected from a large number of tapes.

Definition

The definition of the term drop-out has not been
standardized so its meaning can be somewhat different
as used by various groups who use magnetic recording
systems.

In this study, a drop-out has been considered any
reduction of signal level, as reproduced from a mag-
netic recording system, of a specified amount (either in
db or per cent) and lasting no longer than 100 msec at a
tape speed of 7% ips (123 msec at 60 ips) provided a
constant level signal was recorded. The time indicated
represents 75 mils in actual length of tape.

This definition resulted from study and experience
with many magnetic tapes. In making a thorough search
with many tapes and machines, it was found that the
average length of drop-out with a signal reduction of 3
db (about 30 per cent) was about 15 mils, with only
very few extending beyond 7§ mils. Many observers,
nevertheless, have noted that signal reductions cor-
responding to much longer lengths of tape, even up to
several inches, may be found. It is true that such reduc-
tions can be found under certain special conditions, but

(b)
T N

TAPE SPEED -7 I/2'/SEC

7 FILM SPEED -30'7SEC
FREQUENCY -7500 CPS

TRACK'WIDTH-50 MIL

(©)
Fig. 2—Types of drop-outs.

they do not result from the same causes as the shorter
drop-outs.

Drop-outs that fit the definition result almost en-
tirely from loss of contact due to nodules or holes in
the tape surface, or from foreign particles either em-
bedded in the tape or on the surface or a combination
of both. Longer drops in signal level are caused by
skew (azimuth misalignment) or loss of contact over
longer lengths of tape due to physical deformities of the
tape that may result from improper tensions applied by
machine and reels, and from severe temperature and
humidity changes.

Though these longer drops in output can be quite
important, they were not included in this study since
it was considered necessary to first determine the basic
nonuniformity characteristics of tapes and machines
under normal laboratory conditions. This study was
initiated because of the many confradictory opinions
generally prevalent concerning which tapes have the
most or least drop-out effect, which machines cause
more or less drop-outs, and to what extent various en-
vironmental conditions affect the signal loss from
drop-outs.

Measuring Technique

The design, construction, and calibration of the
measuring system was a major problem and the final
design resulted from considerable trial and error ex-
perimental experience. These design problems will not
be detailed, but to aid in the interpretation of the data,
some understanding of the basic measuring technique is
necessary.

Many systems using demodulation techniques have
been used to show the nonuniformity of output, and for
modulation envelopes that were continuously changing,
such systems can give a general figure of merit. With
only discrete drops in output, a more precise system
must be utilized. Since the objective was to make a basic
study of factors affecting drop-out formation and not
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just total loss of information, a digital system was con-
structed that would count the number of times that the
signal drops below a selected threshold level, and, in
addition, would also measure the length of time that the
signal stays below the threshold.

Fig. 3 is a block diagram of the basic system for one
threshold level. The system shown is the latest revision
of the measuring system. It is completely solid state,
completely digital, and will operate at frequencies up to
100 kc. The system used previously was all vacuum
tube plug-in units, was limited to frequencies up to 15
ke, and used one shot controlled gates that measured
the time that the signal stayed below the threshold level.
In the present system, the timing system is based on a
free running multivibrator, synchronized to the signal
frequency, whose output is fed into a binary counter
which can be tapped off at any count to control a gate
through which the counting pulse must pass. This sys-
tem inspects every cycle or pulse of the reproduced
signal and, if the signal is above the threshold, the one
shot will fire. The leading edge of the one shot pulse is
the counting pulse and will go through any gates that
are open. The trailing edge of the one shot pulse is used
to reset all flip-flops so that the gates are closed, if not
already closed.
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Fig. 3—Block diagram of basic drop-out measuring system.

All pulses going through the gates are counted in deci-
mal counters and, after the run is completed, the various
numbers are either recorded on a data sheet or punched
out on tape for entry into a computer.

In addition, a 20-channel event recorder is available
so that the counting pulses can also be made to operate
the marking pen. This gives a graphic presentation of
the location of drop-outs along the tape.

A timing system is used that allows a tape to be rerun
and started at exactly the same place. Therefore, a com-
plete history of any particular drop-out can be followed
through any number of runs.

REsuLTS
General Survey

In starting to investigate any complex phenomena,
the experimenter is confronted with decisions as to what
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factors to investigate first. In this study, it was thought
advisable to first make a general survey of the types of
tapes available to determine the general distribution of
drop-outs, in amplitude and in length.

Amplitude Distribution: Fig. 4 is a plot of the num-
ber of drop-outs per 1000 ft of tape vs per cent signal
reduction, regardless of length. While these curves are
from 1959 tape, data from recent tapes show the same
general curve shape, but may vary in actual numbers.
The curve D-4 shows why it is often difficult to obtain
consistent measurements from a tape, even when run
through the same machine on successive passes. As
shown, if the output level changes from one run to the
next by as little as S per cent in the 3-db threshold
region, the actual count of drop-outs could vary about
250 out of a total of 800. A 5 per cent change in output
level can easily occur due to normal tension variations
in the best instrumentation recorders.

In order to obtain more consistent data, it was de-
cided that on most tests an AVC circuit would be used
to drive the drop-out measuring equipment. A time
constant was selected that would allow all drop-outs to
pass but would eliminate changes of the average output
level due to machine tension, tape skew and other long
term effects.

Length Distribution: This general study also showed
that the distribution of drop-outs by length was very
similar for all standard tapes. This is shown in Fig. 5.
The tape that is somewhat different is one that has a
thin plastic coating over the oxide.

Data Requirements

Using this general survey as a basis, a system was
selected that would give the most useable information
with the least possible data numbers, and also consider-
ing the practical limitation of the number of thresholds
and gate lengths that could be used simultaneously. Dur-
ing a period of two years, over 185 reels of instrumenta-
tion tape representing 38 types from four manufacturers
have been tested using 3 amplitude thresholds, 3, 6, and
12 db, and 4 time gates for each threshold, 3-8, 9-15,
16-35, and over 36 cycles. As a result of considerable
effort spent in determining the most efficient data-
processing technique and data presentation, it now
seems possible to obtain all useable information with
only 9 data numbers per run. These include the total
count for 5 amplitude thresholds, 2, 3, 6, 12, and 18 db,
with the 4 time gates for the 3-db threshold only. It is
believed that this amount of data from each run will
make possible a thorough evaluation of tapes and ma-
chines in respect to any specified application. There is a
strong possibility that with added experience and knowl-
edge even less data may be required for such evalua-
tions. Undoubtedly the ultimate objective would be to
arrive at an index figure of merit for certain major types
of applications such as an analog index, digital index, etc.
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Data Processing

Even after very few tapes had been run and drop-outs
counted, it was apparent that the processing of the data
into a useful form was going to be a difficult problem. It
seemed that the only solution would be the use of a
computer. Considerable time and effort were spent in
determining the way in which the data was to be proc-
essed and the format in which to present it. It was
realized that a true statistical analysis could not be
made, but it did seem that statistical methods of treat-
ment of the data could be utilized.

Data Presentation Format: Several formats of data
tables were programmed threugh a computer and the
final results submitted to various laboratory personnel
and visitors for comment. As a result a compact format
was selected that is believed to contain all the informa-
tion required to evaluate a tape and/or machine. Table I
(next page) represents the data from testing of any

number of reels of tape of the same type, run on the
same machine, and represents the initial condition of
the tape as received from the manufacturer. A brief
explanation of the table will be given:

1) The left column “Amplitude threshold” designates
the amplitude threshold used.

2) The column “Total number” first gives the aver-
age number of drop-outs per 1000 ft, for all reels and
runs, and below this, the standard deviation of the
average from reel to reel. This shows the consistency
from reel to reel.

3) The next column “Reel standard deviation”
shows first the average of the standard deviation of the
means for each reel, and the lower figure shows the
standard deviation of this mean of standard deviations.
The top figure indicates how much variation to expect
within any ane reel of this type of tape while the lower
figure indicates the consistency of the standard devia-
tion from one reel to another.

4) The figures in the “Slope” column indicate the
average per cent increase (positive number) or decrease
(negative number) in drop-outs which can be expected
on each successive pass of the tape relative to the first
pass.

5) The column “Minimum-Maximum” shows the
minimum and maximum drop-out counts that were
encountered in the complete test.

6) The next column shows the percentage of total
drop-outs represented by the drop-outs for the par-
ticular amplitude threshold shown.

7) The rest of the data is concerned with the break-
down of the drop-outs into lengths, with a percentage
of the total number and its standard deviation shown
for each length. This data is useful in determining, for
any given application, how much information would be
lost. It has been found that only the 3-db figures are
sufficient. Therefore, all future data tables will have
only the 3-db drop-outs broken down into lengths.

This data can be arranged in graphs and tables of
various types to bring out certain relationships, such as
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Fig. 6—Number of 3-db drop-outs and standard deviations for §
reels of each type of tape (1959 tapes).

to determine if there is any significant difference in
backing material among all manufacturers, or whether
all tape of the same manufacturer exhibit similar
characteristics.

Data Graphs: One type of plot was made from all this
data and is shown in Figs. 6 and 7. A standard oxide
coated on 13-mil acetate, 13-mil Mylar and 1-mil Mylar
was selected from each manufacturer, where possible,
and the average number of 3-db drop-outs per 1000 ft,
the standard deviation reel to reel, and the average
standard deviation of all reels are shown for tapes of
1959 and of 1960 production. This same type of informa-
tion will be available this summer for 1962 production
tape.

Wear Tests: After running very few tapes, it seemed
that the measurement of drop-outs could be a very
sensitive method of determining the wear characteris-
tics of a tape with only a few passes. Therefore, tests
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Fig. 7—Number of 3-db drop-outs and standard deviations for 5
reels of each type of tape (1960 tapes).

were set up to run every tape several times with a new
recording made on each run since evidence clearly
shows that the recording process determines the drop-out
condition of a tape to a greater extent than the repro-
ducing process. This had been assumed for years as a
result of obtaining considerable qualitative data, but
the use of the chart recorder has given quantitative
data to prove it.

Drop-out Repeatability: Table 11 shows the per cent
repeatability of drop-outs on reproducing runs only,
and then on recording-reproducing runs. Chart re-
cordings were used and drop-outs were compared each
to each.

As can be seen from the table, for reproducing runs
70 per cent of the drop-outs that occurred once re-
appeared on all runs. Only 10 per cent appeared only
on one run. However, with new recordings made for
each run, only 45 per cent of the drop-outs appeared
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on each run, but 20 per cent appeared only once. It
should be pointed out that these figures show the most
favorable relation since all runs were made under fairly
high bias conditions. If the bias were to be adjusted for
maximum output, as is usual, the repeatability of drop-
outs from one recording to another would drop con-
siderably. And in non-biased saturated systems, the

TABLE 11

REPEATABILITY OF DROP-OUTS ON SUCCESSIVE
RUNs (PER CENT* OF TOTAL NUMBER)

Number of runs the same | Reproduce | Record and reproduce

drop-out occurs ‘ each run | each run
4 50 45
20r3 20 1 35
1 10 1 20

* Average per cent from 4 tapes.

repeatability from one run to another can be so low
that it is difficult to obtain any kind of statistical
correlation.

Figs. 8 and 9 are short samples of the chart recording
that was used to obtain the repeatability figures of
Table I1I. Fig. 8 shows a tape that was reproduced 4
times. There is a slight timing error between runs, but
it is always easy to recognize and compensate for such
error. The chart paper is generally run at 3 inches per
minute and only on very bad tape do drop-outs occur so
frequently that one mark on the chart may represent
more than one drop-out. The tape speed was 73 ips.
Since one minute of time represents 37.5 ft of tape, the
chart is quite compressed. Higher chart speeds (up to
12 ipm) have been used to study a particular phe-
nomenon.

A study of the 6-db and 12-db drop-outs shows that
generally they are quite repeatable, and even when not,
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a drop-out of lesser magnitude can usually be found to
correspond to the nonrepeating higher magnitude drop-
out. Two of these cases are noted in the 6-db plot. The
6-db drop-out on the first reproduction at the far left,
A, did not repeat. It can be seen, however, that although
a 3-db drop-out occurred on both the first and second
runs, it did not appear on the third and fourth runs.

There is a different situation with the two close 6-db
drop-outs in the fourth run shown at C. These did not
show up until the fourth run, but an inspection of the
3-db charts show that these drop-outs were there all
the time. A final example is that of the 12-db drop-out
at E. It appeared only on the third run, while a 3-db
and 6-db drop-out occurred at this point for each run.
This is an indication of how machine variation in ten-
sion can cause such different drop-out counts on suc-
cessive runs.

Fig. 9 shows another chart sample, one made where
each successive run was of a new recording. While there
still are a large number of drop-outs that repeat exactly,
the general pattern does appear more irregular than
Fig. 8. Some specific examples are noted. The 6-db
drop-out at A, and the corresponding 3-db drop-out at
B, appeared only on the fourth recording. There were 6-
db drop-outs, C and D, on recordings 1 and 4, with a
12-db drop-out, E, appearing only on the fourth record-
ing. There were 3-db drop-outs at this location on all re-
cordings.

Another general effect can be seen from these charts,
although on such a short sample it is not so striking.
Drop-outs often occur in groups. A section of tape that
contains large drop-outs often is preceded and followed
by smaller drop-outs. This can be seen in Fig. 9 at the
left of the chart.

A brief explanation of why the recording process is
more responsible for the formation of drop-outs than
the reproducing process will be given. The signal drop
due to loss of contact in the reproducing process can be
calculated by the separation loss formula of 54.6-db loss
per wavelength of separation. With a 1-mil recorded
wavelength, a separation of % mil would cause a 5-db
drop in signal. Obviously it would not take much dirt to
cause severe drop-outs during the reproducing process.
On particularly bad or dirty tapes, the drop-outs due
to the reproduction process can become very large and
numerous. However, under some conditions this same
loss of contact distance of f mil can cause more than

THE QUTPUT - BIAS CURVES
FOR ALL TAPES FALL WITHIN
THE SHADED AREA
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Fig. 10—Output-bias curve limits for all tapes used.

IRE TRANSACTIONS ON AUDIO

July—-August

a 5-db drop in signal during the recording process. This
may be explained by the use of Fig. 10 which shows the
range of the output vs the bias curves for all the tapes
used in obtaining the data for this study. In order to
improve high-frequency response, most recording sys-
tems are set to use the lowest bias possible, perhaps in
the region of A. Below this point the output decreases
very rapidly for less bias. Limited measurements taken
by the author have indicated that the cffective bias in
the tape itself is quite sensitive to the loss of contact
between tape and head. A 1% mil separation can easily
reduce the effective bias to about 50 per cent or even
25 per cent of its original value. At 50 per cent, the out-
put could be down over 15 db while at 25 per cent it
could be down by 30 db. Obviously, if drop-out effects
are to be reduced in the recording process, the bias used
should be higher on the output bias curve.

It has long been assumed that the biased recording
process might result in more drop-outs than in the
saturated unbiased recording process as is used in FM
carrier and digital applications. The previous paragraph
points out how the changing effective bias level would
affect the amplitude of the recorded signal. It would
seem that if no bias is used, then this cirtical condition
would not exist. However, actual tests of unbiased
saturation systems indicate that the drop-out count is
slightly higher than in a well-biased system. This would
seem logical since the curve of output vs recording
signal level (unbiased) is somewhat like Fig. 11. The
curves rise sharply just before saturation; therefore, if
a loss of contact occurs while a normal saturating signal
is being applied, the actual flux reaching the tape can
easily drop low enough to reduce the output consider-
ably. Fig. 12 is a small section of a chart showing the
same section of tape recorded with the standard biased
signal, shown as A (for analog) and then erased and re-
corded with a saturated square wave of the same fre-
quency and is shown as D (for digital).

Qualitative Rankings: One further example of the way

400 ~ BIASED

400 ~ UNBIASED|

7500 ~
UNBIASED

7300 ~ BIASED

e
S

QUTPUT (db}

LIMITED ONLY
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-

| 1 | | 1 (
-spbl—1___ i I A_L4 _L_l_L,;
=I5 =10 -5 o S 10 % 20 28 30 35 40 45 SO
SIGNAL LEVEL (db)

Fig. 11—Output vs input for biased and unbiased recording signals.
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DIGITAL VS ANALOGUE DROP-QUTS
,:[’iff""! T O T T T AT L]
i ani T
(il [l 1l ! I [ ) (
iy P i | il g g L D ia
At I i 1Ll ] Ly AN wlimn i Loyl
o ! a ] ‘
¢ —t - : SSER RS
5 i | | ﬁ_‘\
| "TaR RS ! ot Il AEDE
£ iy Ll . I by | Ll : 1o
iq S " ! ! | | | i | :
: il KM ‘ !
! : ; Lo ATl L1y
13 Lo I Lir ),
iy 0 I L [Tido 2
Fig. 12—Small section of chart. Biased and nonbiased recordings.
TABLE 111 TABLE 1V
ANALOG-IIGITAL RATINGS RATING SCALE FOR ANALOG-DIGITAL RATINGS
T g l Analog ratings Digital ratings Initial values in number per 1000 ft | Wear in per cent
ape code |—— — — — - T i
l Initial | Wear Initial | Wear Rating 3 db 12 db | 3dband 12 db
8-1 l B C A ‘ (& % 0-100 (‘)—i ; ny—value to +2
-2 | A C A A 100-200 -1 2to 15
c3 | A D A ’ D C 200-500 -4 | 15 to 50
C-4 D B F B D 5001000 5-10 50 to 150
C-5 ‘ C | B C A F Over 1000 Over 10 | Over 150
D-1 C B A ’ D - — — [—
D-2 D B F | B
F1 | F | C C F
F-2 | B A C B CONCLUSIONS
F3 | F B F A _
H-1 | A B 1 C A As a result of over two years of testing tapes and
]:{:é | ]2 , g ﬁ g machines, measuring drop-outs with the equipment de-

in which the drop-out data can be and is being used is in
the relative ranking of tapes according to analog and
digital capabilities. Such a ranking is only a very crude
first step in trying to arrive at some kind of classifica-
tion system, and was used only because of a special
requirement.

This particular rating was done to supply data to the
National Bureau of Standards to help determine the
correlation between the the drop-out measurement
technique and a Bureau of Standards chemical tech-
nique of testing the quality of tape.

Tapes were grouped into 5 classifications, A (Excel-
lent), B (Good), C (Average), D (Poor), and F (Very
Poor). The table of rating that resulted from such a
treatment is shown in Table III. At least a definite
idea can be obtained concerning the relative merits of
tapes for analog and digital applications, though these
ratings are not proposed as, or can they be considered
as, rigidly correct. The kinds of figures encountered
and the rating scale used to arrive at the grades listed
are shown in Table IV. It must be repeated that these
figures should not be used as an absolute guide to
classify tapes.

scribed, using the chart recorder, constantly monitoring
the output signal on an oscillosope, and noting the
oxide build up on heads, rollers, and guides, the follow-
ing conclusions have been reached:

1) Reel effects on these short-term drop-outs is rela-
tively minor. Warped and eccentric reels would usually
affect several inches of tape so the variations in output
signal would be relatively long. However, the shorter
drop-outs can be affected by the way a tape winds on
itself on a reel. If an edge of the tape protrudes from
the stack, it may become scalloped and thus make poor
contact when pulled across a head. It is recommended
that tape never be leftin a high-speed wind condition.

2) Environmental dirt in a normal laboratory at-
mosphere is relatively minor. Tests made with tapes
that had no oxide to shed showed remarkable consist-
ency run after run, and even drop-out to drop-out.

3) Difference in drop-out counts on different ma-
chines, excluding any obvious physical damage to the
tape, are determined by the manner in which the trans-
port controls the tape as it is drawn over the heads.
Transports with tight loops are generally better than
those with open loops, though the wear is usually more
severe. It would seem reasonable to assume that the
tighter the tape is held against the head, the less effect
a tape imperfection or physical deformity would have on
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the signal output, while at the same time more wear
could be expected. Machines do not generate drop-outs.?
They do change the effective size of any given drop-out.

4) Self-dirt in the form of oxide flaking and build-up
is certainly one of the main causes of increased drop-out
counts with use. If it is assumed that a new tape has a
clean surface (and this assumption is by no means
always valid) the first run of a tape should be a good
indication of the imperfections of the surface of the
tape. As tapes are run repeatedly, flakes of oxide coat-
ing wear off or flake off and can become attached to
the heads, the rollers, and pressure idlers, or to the tape
itself. Photographs of oxide particles building up on
tape surfaces have been published by many researchers.
Such self-dirt does play an important part in the drop-
out history of a tape. If the machine surfaces are kept
thoroughly clean, the drop-out count tends to remain
more consistent. However, even machine cleanings
after every 1000-ft pass of tape fail to prevent the oxide
from building up on the tape itself. One possible solution
to this problem is the continuous cleaning of the tape
as it is passing through the machine as some machines
now are equipped to do. However, it has yet to be
proven by quantitative data just what is the most ef-
fective cleaning technique. Various methods of cleaning
are being investigated using the drop-out measuring

! If machine guides and rollers are not properly aligned with the
reels, drop-outs on edge tracks can increase due to physical action on
the tape edges.
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equipment. While the information is still not complete,
results so far show that ultrasonic cleaning techniques
improve very dirty tape, especially where large drop-
outs are numerous, but that small drop-outs may even
increase. Preliminary tests of a vacuum cleaning unit
show very little effect on drop-out count. It would be
expected that loose particles would be removed, but it
has been shown by others that oxide particles are usu-
ally fused onto the surface of the tape, apparently by
the pressure and heat to which a tape is exposed while
going through a tape drive system. Knife edge cleaning
systems have not been tested as yet. It would seem
that such a method could remove some fused flakes but
the danger of physically injuring other areas of the tape
must be considered.

ScopE OF PRESENT AND FUTURE EFFORTS

In addition to a study of various cleaning methods,
wide tapes are being investigated to determine channel
to channel correlation, and effects on various channels
due to wear on various types of machines. Efforts will
continue to simplify the amount of data required to
properly evaluate any given recording system for a
specific type of application. There has been considerable
evidence that some recent tapes have been remarkably
improved so it is expected that during the next few
months another complete testing will be made of all
current 1962 production instrumentation and digital
tapes.
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Benjamin B. Bauer (S'37-A'39-SM'44-
¥'53), for a photograph and biography,
please see page 181 of the September—Octo-
ber, 1961, issue of these TRANSACTIONS.
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Corporation, Teterboro, N. J.; the Sonotone
Corporation, Elmsford, N. Y.; and Univer-
sity Loudspcakers, Inc.,, White DPlains,
N. Y., in design and production engineering.
Since 1959 he has been employed by CBS
Laboratories, Stamford, Conn., as a Project
Engineer in the Audio Research Section,
where his activities have included stereo-
phonic disk recording research requiring
psychoacoustic stucies in sound localization
and the importance of source symmetry,
ceramic microphone development, and non-
linear circuitry development for use with a
transmission system in such a manner that
the output is related to the input linearly.

Mr. Schwartz is a member of the Acous-
tical Society of America and the Audio En-
gineering Society of America.

Henry Seiwatz was born in New York,
N. Y, on January 27, 1931. He received the
B.A. and M.S. degrees in physics from
Cornell University, Ithaca, N. Y. He did
graduate work in biophysics as an N.S.F.

July—August

Fellow at Yale Uni-
versity, New Haven,
Conn., from 1954 to
1956.

He has been a
member of the Phys-
ics Research Divi-
sion of Armour Re-
search Foundation,
Chicago, Ill., Since
1956 where he is
presently an Associate Physicist in the
Solid State Physics Section.

George W. Sioles
(M’52) was born in
New York, N. Y., on
October 15, 1924,
During World War
II he served as a
combat B-29 bom-
bardier-navigator.He
received the B.S. de-
gree from Columbia
University, New
York, N. Y. in 1949 and has taken graduate
courses in mathematics and theoretical
physics there and at New York University,
N.Y.

He has a broad background in engineer-
ing and electroacoustics, with specialized
experience in loudspeaker research and de-
velopment. I-rom 1950 to 1953 he was Proj-
ect Engineer for navigation training de-
vices with the U. S. Naval Training Device
Center, Port Washington, N. Y. In 1953 he
became associated with University Loud-
speakers, Inc., White Plains, N. Y., where
he engaged in research and development of
all types of loudspeakers; he became Engi-
neering Manager, responsible for the or-
ganization’s research, development, design,
and production. Presently he is Section Head
for Acoustical Research at CBS Labora-
tories, Stamford, Conn., where his responsi-
bilities include the technical direction of
psychoacoustic research involving maximi-
zation of speech intelligibility in the pres-
ence of noise, stereophonic recording and
reproduction research, studies of acoustics
of bounded space, and research in very short
wavelength disk recording, including distor-
tion cancellation by “complementary distor-
tion” techniques.

Mr. Sioles is a member of the Acoustical
Society of America and the Audio Engineer-
ing Society of America.
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INSTITUTIONAL LISTINGS

The IRE Professional Group on Audio is grateful for the assistance given by the
firms listed below, and invites application for Institutional Listing
from other firms interested in Audio Technology.

BALLANTINE LABORATORIES, INC., Boonton, N.J.
AC Voltage Measuring Instruments (0.01 cps-1000 Mc), Laboratory Voltage Standards (0-1000 Mc)

JAMES B. LANSING SOUND, INC,, 3249 Casitas Ave., Los Angeles 39, Calif.
Loudspeakers and Transducers of All Types

JENSEN MANUFACTURING CO., Div. of The Muter Co., 6601 S. Laramie Ave., Chicago 38, Ill.
Loudspeakers, Reproducer Systems, Enclosures

KNOWLES ELECTRONICS, INC., 10545 Anderson Place, Franklin Park, Ili.

Miniature Magnetic Microphones and Receivers

SHURE BROTHERS, INC., Evanston, lIl.
Microphones, Phonograph Pickups, Magnetic Recording Heads, Acoustic Devices

UNITED TRANSFORMER CORP., 150 Varick St., New York, N.Y.; 3630 Eastham Dr., Culver City, Calif.
Transformers, Inductors, Electric Wave Filters, High Q Coils, Magnetic Amplifiers, Pulse Units

Charge for listing in six consecutive issues of the TRANSACTIONS—$75.00.
Application for listing may be made to the Professional Groups Secretary, The
Institute of Radio Engineers, Inc., | East 79 Street, New York 21, N.Y.





