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X

A NEW SYSTEM OF SHORT WAVE AMPLIFICATION*

By
Epwin H. ARMSTRONG

(CoLumBia UNIVERsITY, NEW YORK)

The problem of receiving weak signals of short wave length
in a practical manner has become of great importance in. recent
years. This is especially true in connection with direction finding
work where the receiver must respond to a very small fraction
of the energy which can be picked up by a loop antenna.

The problem may be summed up in the following words:—
to construct a receiver for undamped, modulated continuous,
and damped oscillations which is substantially equally sensitive
over a range of wave lengths from 50 to 600 meters, which is
capable of rapid adjustment from one wave to another, and
which does not distort or lose any characteristic note or tone
inherent in the transmitter.

It is, of course, obvious that some form of amplification must
be used, but a study of the various known methods soon convinces
one that a satisfactory solution cannot be obtained by any direct
method. In the interests of completeness, we will consider the
three well-known direct means which might possibly be employed,
and examine the limitations which apply to each. These three
methods are:—

(1) Amplification of the audio frequency current after
rectification;

(2) Amplification of the radio frequency current before
rectification; and

(3) Application of the heterodyne principle to increase the
efficiency of rectification.

Consider first the method of rectifying the radio frequency
current and amplifying the resulting audio frequency current.
Two limitations at once present themselves, one inherent in
audio frequency amplifiers, and the other inherent in all known
rectifiers. The limitation in the amplifier is the residual noise

* Presented before THE INSTITUTE OF RAD10 ENGINEERS, New York, De-
cember 3, 1919. Received by the Editor, January 12, 1920.
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which makes 1t impractical 1o use effectively more thun two stuges
of ammphification.  The second hmitation lies in the characteristic
of the detector or rectifier.  All rectifiers have s characteristic
such that the rectified or audio frequency current 1= roughly
proportiona] 1o the square of the nnpressed radio frequeney
emf. Henee the efficiency of rectification becomes ineren<ingly
poorer the weaker the signal until a point is reached below which
the detector practically ceases 10 respond.

The second method of attack on the problem i< the amplifica-
tion of the received radio frequeney currents hefore rectification
to g point where thev can be efficient!v dealt with by the deteetor.
This meihod i< adeal on Jong waves, and various methods of
inductanee. resistunce. and capacnty couplings heve been sue-
cessfullv used. but when the attenpt i< made 10 use the same
methods of coupling on wave lengths helow 609 meters, 1t results
in complete fullure.  This 1~ because the low capacity reactance
existing hetween the various elements of the tibes causes them.
in effeet, to aet g a <hort eireuit around the conpline means and
thereby prevents the establishment of o differenee of Potential
in the external plate cireult. It i, of course. possible 1o elminate
the <hort-circaiting by tunimg with a parallel indactanee b
this mmtroduces a complicati m of adiustment whieh i« highly
objectionable and the tuning of all cireuits also leads 1o difhealiy
with undesirable mternal oscilliations,

The third method which naght be used o~ the heterodyne
method 1o nerease the o aeney of rectification. Great Ierease

m signal strength 1= possibae by oncans of

this method, narticu-
larlyv where the <ignal is very weak. bat there are cortaln reasons
why it cannot bhe ¢ffectively used 1 practice at the present thne.
The chief regson i recelving continuous waves of short wave
length i~ the mstalbiliny of 1the beat tone which makes operations
below 600 mcters unsatisfuctory. This disadvantage does not
apply 1o the reception of spark <ienuls but here the loss of the
clear tone and 1t individaniny off<sets nach of the eain dae 1o
mereased ~ignal strength. T the case of telephiony the distor-
ton which alwavs results ikewise offsets the guin i ~trength,
It 1~ of cour<ec. nndeniable that there are miany spectal cases
where the use of the heterodyne on <hort wave lengths is of the
greatest advantage but the foregoing remarks :a]\;\]_\' to the broad
ficld of commercral working where the practical aspects of the
case greatly reduce the valne of the amplification obtained by
this method.

In spite of the great ditheulties involved in g direet solu-
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tion, great success was obtained by Round in England and Latour
in France in the production of radio frequency amplifiers to cover
effectively a range from 300 to 800 meters. This result was
accomplished only by the most painstaking and careful experi-
ment and it represents some of the very finest radio work carried
out during the war. Round secured his solution by construct-
ing tubes having an extremely small capacity without increase
in internal resistance above normal values and coupling the tubes
by means of transformers wound with very fine wire to keep
down the capacity and very high resistance to prevent oscilla-
tion at the resonant frequency of the system. The effect of
the high ratio of inductance to capacity and the high resistance
of the winding is to flatten the resonance curve of the system
and widen the range of response. Latour solved the problem
by the use of iron core transformers wound with very fine wire,
the iron serving the double purpose of increasing the ratio of
inductance to capacity and introducing resistance into the
system. Both these factors widen the range of response.

It is the purpose of this paper to describe a method of recep-
tion evolved at the Division of Research and Inspection of the
Signal Corps, American Expeditionary Force, which solves the
problem by means of an expedient. This expedient consists in
reducing the frequency. of the incoming signal to some prede-
termined super-audible frequency which can be readily amplified,
passing this current thru an amplifier, and then detecting or
rectifying the amplified current. The transform tion of the
original radio frequency to the pre-determined value is best ac-
complished by means of the heterodyne and rectification, and
the fundamental phenomena involved will be understood by
reference to the diagram of Figure 1. Here LC represents the

T rEEH B
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usual tuned receiving circuit, loop or otherwise, H a separate
heterodyne, and D, a rectifier. A is a radio frequency amplifier
designed to operate on some pre-determined frequency. This
frequency may be any convenient frequency which is substan-
tially above audibility. The amplifier is connected on its input
side to the rectifier D,, ahd on its output side to a second rectifier
D; and a telephone or other receiver.

Suppose now that the frequency to be received is 3,000,000
cycles per second corresponding to a wave length of 100 meters
and, for the sake of simplicity, that the incoming waves are
undamped. Also, assume that the amplifier A has been designed
for maximum efficiency at 100,000 cycles per second. The
circuit LC is tuned to 3,000,000 cycles, and the heterodyne H
is adjusted to either 3,100,000 or 2,900,000 cycles cither of
which will produce a beat frequency of 100,000 cycles per second.
The combined currents of 3,000,000 and 3,100,000 (or 2,900,000)
cycles are then rectified by the rectifier D, to produce in the
primary of the transformer T, a direct current with a superim-
posed 100,000-cycle component. This 100,000-cycle current
is then amplified to any desired degree by the amplifier A and
detected or rectified by D,. In order to get an audible tone where
telephone reception is used some form of modulation or interrup-
tion must, of course, be employed in connection with this second
rectification as the current in the output circuit of the amplifier
is of a frequency above audibility. While this frequency is
only 100,000 cycles and while it is therefore well within the range
of practical heterodyning, its steadiness depends on the beats
between 3,000,000 and 3,100,000 cycles per second and hence
in any attempt to heterodyne it to audibility the same difficulties
due to fluctuation would be encountered as in heterodyning the
original radio frequency to audibility. However, the inability
to use the heterodyne on the second rectification is not of great
importance because the amplitude of the signal to be reetified
is large and hence the difference (as far as signal strength in the
telephone is concerned) between heterodyne and modulated
reception is not great.

It is important to note here that the value of the heterodyne
_current in the first rectifier should always be kept at the optimum
value in order to ensure the carrying out of the first rectification
at the point of maximum efficiency. This adjustment, however,
is not a critical one, and, once made, it is seldom necessary to
change it. The amplifier A may be made selective and highly
regenerative if so desired, and some very great increases in the

6



selectivity of the system as a whole can be secured. Figure 2
illustrates the principle involved. This arrangement is sub-
stantially the same as Figure 1 except that the primary and
secondary coils of the transformer T, are tuned by means of
condensers as shown and the coupling between them is reduced
to the proper value to insure sharp tuning. This system of

O, M
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FIGURE 2
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connection has all the advantages of tuning to the differential
frequency in the manner well known in the art and an additional
one due to the fact that since it is above audibility the musical
character of atmospheric disturbances so troublesome in audio
frequency tuning, does not appear.

So far, the reception of undamped waves only has been con-
sidered, but this method of amplification is applicable also to the
reception of damped wave telegraphy and to telephony with
practically equal efficiency and without distortion of any char-
acteristics of tone. It is somewhat difficult to understand this,
particularly in the case of the reception of spark signals as in
all previous experience the heterodyning of a spark signal has
resulted in the loss of the note, whereas in the, present case the
individuality between stations is more marked even than on a
crystal rectifier.

This is the most interesting point in the operation of the
system and the reason will be understood from the following
analysis:

In heterodyning, the efficiency of rectification of the signaling
current depends on its phase relation with the local current. If
the two currents are either in phase or 180° out of phase the ef-
ficiency of rectification is a maximum; if 90° out of phase a min-
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This 1s because the transformation of frequency is accomplished
only by a certain loss so that something between one and two
stages of amplification is required before this is overcome and it
is possible to realize a gain. In this figure a separate heterodyne
is shown, and it will generally be necessary to use it on account
of the mistuning which is involved in the use of the self heterodyne
This mistuning is considerable on 600 meters but on the shorter
waves it is possible to use the self heterodyne method with equal
efficiency as far as signal strength is concerned and a great gain
in simplicity, as adjustments have been reduced to the minimum
of a single one.

!
)

Fiaure 3

It may be observed here that this method is not limited to
one transformation of frequency with one subsequent amplifica-
tion. If the frequency to be received is 5,000,000 cycles this
may be stepped down to 500,000 cycles, amplified, stepped down
again to 50,000 cycles, re-amplified and detected. The great
advantage of this method of amplification is that the tendency
to oscillate due to the reaction between the output of the ampli-
fier and the input is eliminated as the frequencies are widely
different. The only reaction which can take place is in each
individual amplifier. Hence, the process of extreme amplifica-
tion is best carried out in stages of several frequencies, the ampli-
fication on each frequency being carried as far as possible with-
out loss of stability. As soon as the limit of stable operation is
approached, no further amplification should be attempted until
the frequency has been changed.

The foregoing descriptions and explanations do not pretend
to any save a most superficial treatment of the phenomena present
in this method of reception. Lack of time has prevented a care-
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ful study and quantitative date only of the roughest sort has been
obtained. Sufficient work has been done, however, to demon-
strate the value of the method particularly in the case of modu-
lated continuous wave telegraphy and telephony. In this field
neither the amplification nor the selectivity can be equalled by
any direct method.

O, D’ Te DJ
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Fi1GURE 4
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The practical results which have been obtained may perhaps
be of interest. With a ten-turn, three-foot (1 meter) loop an-
tenna and an amplifier consisting of six stages, resistence coupled,
making a total of eight tubes, the night signals of ships working
with the Florida and Gulf stations are loudly received. The
night signals of amateur stations in the Middle West are regularly
received as are also the signals of stations in the Gulf States.
The general arrangement of the apparatus used is shown in
Figures 5 and 6 which illustrate the scheme of connections of
the frequency transformer and amplifier respectively. Four
stages of amplification only are shown but six were actually used.
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It is beyond question much more efficient to use some form of
inductive coupling since the amplifier is intended to operate
on only one frequency and the use of a resistance coupled ampli-
fier is not recommended where one of the former type is available.

The new practice of this method involves the use of many
known inventions, but in connection with the production of a
superaudible frequency by heterodyning I wish to make due
acknowledgment to the work of Meissner, Round, and Levy,
which is now of record. The application of the principle to the
reception of short waves is, I believe, new and it is for this reason
that this paper is presented.
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F1GURE 6

While the fundamental idea of this method of reception is
relatively simple, the production of the present form of the ap-
paratus was a task of the greatest difficulty for reasons known
only too well to those familiar with multi-stage amplifiers; and
to Lieutenant W. A. MacDonald, Master Signal Electricians
J. Pressby and H. W. Lewis, and Sergeant H. Houck, all of the
Division of Research and Inspection Signal Corps A. E. F,,
I wish to give full credit for its accomplishment.

Hartley Research Laboratory,
Columbia University, New York City.

SUMMARY: The various possible known methods of amplifying incoming
signals of very short wave length (below 600 meters) are described and their
limitations considered.

The new method then described consists (for continuous wave reception)
of the following steps: —

1. Heterodyning, with the production of a beat frequency which is
itself a radio frequency (for example, 100,000 cycles per second).

2. Rectification of the beat current.

3. Amplification at the beat radio frequency, preferably by a tuned
amplifier.

4. Audio frequency modulation of the amplified current.

5. Rectification of the modulated current.

For reception of damped wave or radiophone signals, step 4 is omitted.
It is shown that in this case the quality (characteristic tone) of the incoming
signals is preserved.
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brought to act on the second detector or else some form of chopper
must be used. For very short waves of the order of 50 meters,
it is possible to make a self-heterodyne of the first tube and thus
avoid the extra adjustments and apparatus required by a separ-
ate local oscillator. In this case it is advisable to use as low a
beat frequency as possible in order not to necessitate too much
mistuning, and to design the amplifier circuits accordingly. The
question, however, of selecting the proper super-audible beat
frequency and the actions involved in the performance of these
circuits are not as simple perhaps as Major Armstrong may have
led some of us to believe. Upon closer inspection it is found that
certain limitations must be imposed upon the design, especially
in application to the reception of spark and telephone signals,
and it appears likely that the system cannot be used to advantage
at all radio frequencies.

The following paragraphs may be of particular interest in
connection with the opinion held by some that the present ampli-
fier will tend toward returning spark radio systems to the favor
accorded them before the advantages of continuous waves were
so fully appreciated and utilized. '

GENERAL THEORETICAL CONSIDERATIONS

In the reception of continuous waves by the method under
consideration the actions involved are relatively simple. The
interference of the incoming signal oscillation with that produced
locally results in a beat frequency which is almost truly sinusoidal
and makes the design of the coupling transformers a very satis-
factory proposition with the possibility of securing maximum
amplification through sharp tuning and accurate resonance
adjustments. In this case also, it is quite immaterial, as far
as the operation of the amplifier is concerned, whether the super-
audible beat frequency used is adjusted to something of the
order of 100,000 or 200,000 cycles or whether it is set at a low
value of say 15,000 cycles.

For receiving spark signals, however, and for telephony the
situation is somewhat different. Special precautions must be
taken in order to avoid distortion effects, and the selection of
proper value of the super-audible beat frequency is important.

Figure 1 is supposed to represent trains of damped voltage
oscillations such as are produced at the detector of a receiving
circuit by a spark transmitter. The successive groups of oscil-
lations recur at tonal frequencies, each group being the result of
a discharge at the spark gap of the transmitter. The mathe-
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matical expression for such a train of oscillations may be written
as follows:

[V+Visin (pt+¢ )+ V,sm (2pt+es)+Visin (3 pt+¢:) +
<+ Vasin(npt+de,)]sinwt (1)

wherein the bracketed expression is the equation of the envelope
curve bounding the amplitude of the radio frequency oscillations,
expressed in the form of a Fourier's series, and the last term,
8in wy !, refers to the radio frequency oscillation of periodicity w,
which is to be considered as an oscillation modulated at audible
frequency according to the envelope curve just mentioned.

FiGtRre 1

The envelope contains a fundamental frequency corresponding
to p and all the harmonics2p, 3p, 4p, + - * np characteristic of
the spark frequency and of the decrements of the transmitter and
receiver. Thus, ordinarily the periodicity p would correspond
to a 500- or 1000-cycle spark and the harmonics may run to the
10th or 20th before their amplitudes are small enough to make
them negligible. V,, Vy, V5, - - -V, designate respectively the
amplitudes of the fundamental and the various harmonics.
é1, ¢2, -+ - ¢, and so on represent their phases.

The voltage produced by the local oscillatiin for heterodyning
is

V' cos (wa t+16) (2)

The total or resultant voltage acting on the first detector at
every instant is thercfore given by the sum of expressions (1)
and (2). This can be written in the following form

14
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In cach of the bracketed terms four different frequencies
appear, namely,
m—m—kp

4=

o — w2tk p
4=

it m—kp
E ¥

o+ ws+kp
4=

k having the different values 1.2.3. 4, - - - 1 corresponding to the

1st, 2nd, 3rd, 4th, or nth bracket involving the 1st. 2nd, 3rd, or
nth harmonic.

The explicit values of these frequencies depend prineipally
upon the values w, and w» of the incoming and local radio fre-
quencies and also to an increasing extent upon the periodicities
kp, of the audio harmonic spark frequencies, for the higher
harmonics. Relatively the four frequencies concerned may he
of the same or very different orders of magnitude, and the two
cases presented hereby involve important practical considerations
in the design and use of the amplifier.  The two different con-
ditions may be treated separately under the headings (1) Short
Wave Reception and (2) Long Wave Reception,
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SHORT WAvE RECEPTION
The wave lengths to be considered here are of the order of
50 or 100 meters, or shorter. In this case @ and @, are both
very large and of the four frequencies mentioned above the two
involving the differences w;—w; are considerably smaller than
the two comprising the sums @, +w®,;. Thus, the two trigono-
metric products which appear in each of the bracket terms of
(3) indicate a radio frequency voltage of frequency
w1+ w2tk p
4z
modulated by a considerably lower, tho still super-audible,
frequency, in the present amplifier, of value
@ —wrEkp
4z
The form of such a voltage wave for one of the trigonometric
products is shown in Figure 2.

= (3

FI1GURE 2

After rectification at the first detector tube the above fre-

quencies are still essentially present and are impressed upon
. . w—wetkp
the amplifier proper. The frequencies — 4, are the heter-
odyne beat frequencies produced by interference of the local and
signal voltages. The transformers of the amplifier are designed
for frequencies of their order of magnitude and are not, therefore,
. +k
affected by the radio frequencies (Bli:—:?j——p . No cnergy of

these latter frequencies passes thru the amplifier. Neither does
16




energy of the incoming signalling (radio) frequency w; repre-
sented by the last term of (3), particularly if the transform-
ers between stages of the amplifier are not broadly tuned. This
is the normal way in which the amplifier works and is that de-
seribed by Major Armstrong.

It is only the beat or difference frequencies

w1—ws—kp wr—wr+kp
P and i
that have to be considered in designing the transformers and
circuits. All of these frequencies lie in the neighborhood of the
value
) — w2

4z

which i3 the fundamental or basic beat frequency produced by
the signal and local oscillations. They are greater and less than
this value by the amounts

P 2p _3p np
p sl . . . i
:t4::’ :t47r’ :b47r’ 4z

The transformers are fundamentally designed for the basic
or mean frequency (w,—w:)/4x. This can be adjusted by regu-
lating the local oscillation but its proper value is by no means
immaterial. It is limited in the lower ranges by the fact that it
must be above audibility, and thus about 20,000 cycles is as low
as is permissible. The limitations in the other dircction are
those usually encountered in amplification of extremely high
frequencies and a value of 5X10° cycles is about as high as can
be used effectively.

The transformers should be as sharply tuned as possible to
permit the building up of high voltages and avoid losses in re-
sistance. A second requirement is that there shall be no dis-
tortion in the tonal quality of the received signal as it passes
thru the transformers. This means that essentially all of the
harmonics contained in the envelope curve of the arriving modu-
lated oscillations must appear in the telephone current of the last
detector. Thus, it is necessary to transmit equally thru the
coupling transformers of the amplifier all of the frequencies.

o —wet+kp o —w2—kp
4z and =0
and while designing the transformers for the basic frequency
(w1 — w2)/4 = the tuning must be broad enough so that the response
ispractically uniform over all the frequencies up to n p/4x oneither
17



side of this basic value. A spark signal may contain appreciable
harmonics up to the 10th or 20th which in a 500 cycle transmis-
sion of the usual type would mean that the amplifier transform-
ers at the receiver would have to pass side frequencies up to
10,000 or 20,000 cyecles above and below the basie frequency on
which the design is based.

Laboratory experience has shown that it is difficult to build
high frequeney transformers tuned flatly enough to pass fre-
quencies more than about 40 per cent above and beliw their
best frequeney.  Even this value is accompanied by a marked
loss of over-all efficieney beeause of the resistance effeet, that must
be introduced to broaden the tuning. It is obviously imprac-
ticable, therefore, to use transformers designed for a heterodyne
frequency of 20,000 or 30,000 eyveles, beeause a great many of the
harmonice side frequencies that have to be transmitted to pre-
serve the quality would be lost, and in order to get even a few
of-them the flat tuning required and the resistance inserted to
seceure it would mean low efficiencey. It is mneh better in this
ease to work at a beat frequeney of 100,000 eveles. The 10th
harmonic in the spark =ignal under consideration, that is, 10,000
eveles, is then only off tune by 1€ per eent which allows fairly
good efficieney to be realized in the transformers. A beat
frequency of 200,000 eyeles would be even better.

There is another cireumstance which favors the use of high
heat frequencies, at least for the reception of short wave lengths,
and that is that small changes in either the signal or the local
oxeillator frequencies such as might be eaused by movements
of the operator’s hand or body in the neighborhood of one of
the cirenits, cause a much smaller pereentage change in the beat
frequencey when this is high than when it is low, and the apparatus
thereby becomes more nearly immune to such variations. At
longer wave lengths, however, conditions are altered somewhat
and there is an upper limit to the usable beat frequencey.

The beat frequeney ean be produced with the loeal frequeney
(@) either less or greater than the incoming frequency (wi). It
ix usually best, with short waves, to make @, less than w. beeause
it ix then more easily controlled and freer from variations of the
type just mentioned.

Loxg Wave REckprTiON
In the reception of long wave lengths a condition arises in
which the incoming signal frequeney ix of the same order of mag-
nitude as the heterodyne frequeney for which the transformers
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are designed. Such is the case, for instance, when receiving a
wave length of 3,000 meters with an amplifier tuned to the beat
frequency of 100,000 cycles. When this condition exists, the
incoming frequency, w/27, represented by the last term of
(3), passes thru the amplifier together with all the heterodyne
frequencies

wr—w2t+kp

and - 4*z" -

@ —wr—kp

 4x

and interfering with all of them in their different amplitudes and
phases produces a conglomeration of resultants which will be
heard in the telephones, after rectification at the last detector,
as a badly distorted, mushy signal like that usually heard when
receiving spark signals on an ordinary oscillating receiver. This
will always happen if the incoming signal frequency passes
thru the amplifier. In order to avoid the effect, therefore, it is
necessary to design the amplifier for heterodyne frequencies that
lie wholly outside the range of wave lengths to be received. It is
easy to accomplish this, as will readily be seen, when short wave
lengths are involved but when waves of one or several thousand
meters are to be handled the proper selection of the value of the
heterodyne frequency requires careful consideration.

As an example, consider the case of a receiver to function on
all wave lengths from 1,000 meters to 5,000 meters; that is,
300,000 cycles to 60,000 cycles. In order to avoid distortion of
the kind just mentioned on certain wave lengths this whole band
of frequencies is at once eliminated from use as heterodyne fre-
quencies in the amplifier, and the range ought to be extended at
least 10,000 cycles beyond this at both ends because the spark
signal may contain appreciable harmonies up to this value and
certain of the side frequencies of the incoming oscillation might
therefore get directly through the amplifier and produce distor-
tion. In the case under consideration, therefore, the amplifier
ought to be designed for a frequency either less than 50,000
cycles or greater than 310,000 cycles.

The disadvantages in using low heterodyne frequencies (on
the 50,000 cycle end in this case) have been pointed out above
in discussing the reception of short waves. Broad transformer
tuning with comparatively low efficiency is required to avoid the
other kind of distortion due to elimination or at least the re-
duction of the higher harmonies. But in addition to this there
must be considered the fact that static is always more pronounced
at long wave lengths and an amplifier designed for low frequencies
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might therefore be expected to be more affected by these dis-
turbances than one using higher frequencies.

For these reasons it appears very desirable to design the
amplifier transformers for a beat frequency of the order of 350,-
000 or 400,000 cycles, that is, about 750 meters, in the case under
consideration.

If spark or telephone signals were to be received on extremnely
long wave lengths such, for instance, as 15,000 meters (20,000
cycles) there is another consideration that would come in to
limit the upper value of heterodyne frequency that could be
used. This may best be explained by reference to the formula
(3) above. High heterodyne frequencies of the order of 500,000
cycles cannot be used in this case because the sum of the signal
and local frequencies (wi+wskp)/4= (carrier frequencies)
would come thru almost as well as the difference or desired bheat
frequencies, namely, (w1 —wik p)/4 = (modulating frequencies)
and very bad distortion would result. To take the figures given,
fi, would be 20,000 cyeles and f, 520,000 cycles. Their sum
would be 540,000 and their difference 500,000, a variation of less
than 10 per cent and both therefore conceivably within the work-
ing range of an amplifier transformer.

The type of distortion discussed above which is caused by
the passage of the incoming frequency direetly thru the amplifier
and which results in a mushy, harsh signal can be confined to a
rather narrow range of wave lengths by making the tuning of
the amplifier transformers sharp. But this cannot be carried
to extremes or, as has already been explained, it will then not
be possible to pass the side frequencies. These will, in telephone
transmissions, probably not exceed 2,000 cycles either side of
the basic frequency but in spark signals may run to 10,000 cycles
or sd in extreme cases.

SHARPNEsS OF TRANSFORMER TUNING

In order to get an idea of the sharpness of tuning desirable
in the transformers under different conditions the curves of Figure
3 are given showing the variation of secondary transformer po-
tential as function of the ratio f2/fi that is the ratio of the fre-
queney to which the transformer secondary is tuned to the varying
impressed frequency. Curve “a” isfora broadly tuned transformer
of decrement 0.8; curve “b” represents sharper tuning with a
decrement of 0.2. It will be seen that in the first case a fre-
quency change of 10 per cent from the best value will cause a
reduction in signal of about 5 per cent. In the second case, a
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difference in frequency from the best value of only 2 per cent
causes the same change in signal.

If the 5 per cent reduction in potential for the side frequencies
is assumed to be as much as is allowable in order to avoid dis-
tortion, and if it is further assumed that as sharp tuning as is
represented by the curve “b” with 0.2 decrement is to be usable
and the harmonics or side frequencies to be passed are to run to
5,000 cycles then the basic heterodyne frequency for which the
transformers must be set will have to be at least 250,000 cycles;
and if 10,000 cycles either side of the basic frequency are to be
passed the latter cannot be less than 500,000 cycles, which is
about the upper practical limit. It turns out, therefore, that

$=02

Wz 4 16 718 W

W

FiGuRre 3

curve ‘‘b” corresponding to a decrement of 0.2 represents about
" as sharp tuning as can be used, and even then it is necessary to
use the higher range of available heterodyne frequencies. It is
to be noted that this tuning is by no means sharp as judged by
the standards usually set for radio circuits.

With such tuning, frequencies 15 per cent greater and 30
per cent less than that to which the transformer is tuned are
only reduced in amplitude by one half, and considerable encrgy
within these frequencies would get directly thru the amplifier
and produce the distortion just mentioned with harsh signal.
In figures, it may be expected, if the amplifier were tuned to
3,000 meters, that mushy signals would be obtained for all
waves between 3,900 meters and 2,550 meters.
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If low heterodyne frequencies are to be employed then the
tuning must be broader and the resonance curve ‘“a’ applies.
Here, the allowable reduction of 5 per cent in response occurs
for a change of about 10 per cent in frequency from the optimum
value which means that the latter must be set for at least 50,000
cycles if a side frequency of 5,000 cycles is to get thru sufficiently
to prevent distortion. With such broad tuning, however, even
frequencies of half the value for which the transformers are de-
signed get thru directly with very little loss and distortion with
the mushy, harsh type of signal may be expected over a wide
range of wave lengths.

For purposes of design of the transformers it is possible from
the above considerations to decide on the most suitable heter-
odyne frequency, the sharpness of tuning and the approximate
decrement and to determine roughly the constants of the trans-
former from the relations
C2fL,

1

f 2 K\/LQ Cz

Still another point is involved here. In a pair of tuned
coupled circuits such as must be used in the amplifier, the sec-
ondary and primary voltages are proportional inversely to the
square root of the tuning capacities in the two circuits. That is

o

Ve=0o V) \/%‘
. 2

To get large secondary potentials, therefore, it is best to use small
capacity and large inductance. Then, in order to keep the tun-
ing or decrement to the desired value, the resistance must be
increased, and these statements would hold without any quali-
fication were the output of the vacuum tubes not definitely
affected by the transformer load in their plate circuits.
When tuned, the secondary of a transformer introduces an
effective resistance into the primary equal to
M? ?

T2
so that changing the resistance of the secondary to secure the
dcerement required to pass the side frequencies affects the load
on the tube. What is desired is to get as high a potential V,
across the transformer primary as possible. This requires the
load impedance to be high as compared with the internal tube
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impedance. Increasing r. therefore militates against this and the
best results can only be secured by careful adjustment of all of
the factors, coupling, resistance, and inductance to the frequency
involved.

WaAvELErGT™H » 3000 m.
8§ = ooe

FiGure 4

EFfFect oF TRANSMITTER DECREMENT AND ATMOSPHERICS

It appears that this type of amplifier functions most ef-
fectively on incoming waves of low decrement and that atmos-
pheric disturbances which are always highly damped or else
actually dead beat may be eliminated to a very considerable
degree.

p Curve “b” of Figure 4 shows a train of oscillations in a re-

ceiving circuit such as would be produced by a spark transmitter

operating at 3,000 meters wave length and decrement 0.12.

The decrement of the receiver for this curve was taken as 0.08.

Curve ““a’ is similar but drawn for an excitation of high decre-

ment, 2.08, approximating a static disturbance of the same
23



frequency as that to which the receiver is tuned, that is, 3,000
meters. These curves can both be represented by equations of
the form of equation (1) in which the Fourier’s series gives the
equation of the envelope curve of the oscillations.

For the curve “b,” that is, the case of smaller damping, the
different amplitudes of the harmonics and of the constant term
in the representative series are as follows:

V = 7.86
Vi =12.23
V, = 5.92
"3 = 3.72
Vi= 2.09
V, = 1.56
Vie= 0.40
For curve “a” with high decrement the constants are:

V" =23.6
"1 =384
Ve =24.0
V; =19.2
V4 = 143
1’5 = 12.2
V|o= 6.3
Vm_—’ 3.36

The amplitudes of the fundamental and various harmonics in
the two cases are plotted in Figure 5 assuming the fundamental
to be 1,000 cycles as in the usual spark transmission. It is scen
that the amplitudes in the highly damped signal fall off much less
rapidly than those of the more lightly damped signal. This
means that in the former case a great deal of the total energy is
contained in the harmonics, and if these are not passed thru the
amplifier there will not only be distortion but loss in volume of
signal as well. The use of a feebly damped spark transmission
with an amplifier tuned just sharply enough to pass the principal
harmonics or side frequencies produced therefore gives a svstem
which largely eliminates static disturbances.

In this respect the present arrangement is more effective
than the ordinary radio frequency amplifier. In the latter the
presence of strong signal oscillations at the detector, after having
passed the amplifier, amplifies the static in the same way that
a locally produced frequency would, so that when the receiver
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is tuned to the incoming signal very loud sounds are caused by
the static. These diminish rapidly, however, as the receiver is
detuned, because the signal energy then falls off and the ratio
of this, the equivalent local oscillation amplitude, to the static
amplitude being thus reduced there results a much greater than
proportionate decrease in the endodyne amplification effect on
the static, as has already been shown by Major Armstrong in
another paper.! But in the new amplifier only the fundamental
and the first few harmonics of the static impulse are amplified
by these interactions and thus much of the energy of such dis-
turbances is lost.
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FiGgure 5

SuMMARY AND CONCLUSIONS

The above discussion has referred particularly to signals
produced by spark transmitters, but the same general considera-
tions are involved in telephone transmissions, except that in the
latter the harmonic side frequencies to be considered will not
generally exceed 2,000 cycles. The only point concerned in the
case of sustained wave reception is that involving the passage of
the incoming frequency directly thru the amplifier and this

"E‘f-l Armstrong, PROCEEDINGS OF THE INSTITGTE oF RAp10 ENGINEERS,
April, 1917,
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should be avoided with sustained waves for the same reasons
that have been given to cover spark transmission.

Several practical considerations have been omitted from the
discussion. Of these, one of the most important is the difficulty
that is encountered in placing the circuits of a radio frequency
amplifier with their transformers in a box in such a way that sharp
tuning may be obtained and yet not have the whole or part of
the system go over into oscillation. This involves careful ad-
justment of the various couplings and the resistances of the cir-
cuits and the proportions and arrangements are usually different
for every wave length. It is suggested that an improvement
might be made in this type of amplifier over the circuits that have
been drawn by Major Armstrong, in which he uses air core tuned
transformers in all of the stages of the amplifier, by the use of
a tuned air core transformer behind the first detector tube feeding
the first stage of the amplifier and with the stages following this
coupled by means of carefully designed iron core transformers.
The latter keep down stray field, and it has been found possible
to build such transformers so as to get practically the maximum
attainable amplification from the tube. By this arrangement
the sharpness of tuning required in the amplifier is furnished by
proper design of the first air core transformer, and the trouble
experienced from coupling back, when several stages all tuned
to the same frequency are employed, is reduced by the use of the
iron core transformers which follow.

Two kinds of distortion are to be avoided. The first is caused
by the passage of the incoming frequency directly thru the ampli-
fier. The second is due to the more or less complete elimination
of the harmonic side frequencies in passing thru the amplifier
due to excessively sharp tuning. The type of amplifier in ques-
tion is best suited to use on very short wave lengths, at least be-
low 300 meters. At long wave lengths it is difficult to avoid
distortion of the first of the two kinds mentioned, which, in the
case of spark signals, results in a mushy, harsh note. Above
600 meters this type of distortion may be expected to occur over
a hand of wave lengths from 15 per cent to 30 per cent above and
below that for which the amplifier is designed.

As regards an cstimate of the allowable sharpness of tuning
in different cases it would appear that this lies approximately
between the limits set by decrements corresponding to 0.2, as
about the sharpest tuning allowable, to about 0.8 for the broadest
tuning. The latter would not be allowable except perhaps for
the reception of very short waves. These figures apply only to
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the case where several tuned transformers are used in cascade in
the amplifier. If the arrangement using one air core transformer
and the balance iron core broadly tuned instruments as just
described be used, the tuning of the first air core transformer
might be made considerably sharper than this, of the order
usually found in ordinary receiving tuners.

In general, the basic frequency to be used in the design of the
amplifier may be higher for long wave lengths than for short up
to a certain point, the practical limit being in the neighborhood
of 400,000 or 500,000 cycles for the reception of 6,000 meter
spark signals. For very long waves the beat frequency cannot
be made so high. ’

The analysis indicates that the amplifier can be made to be
freer from interference from highly damped spark stations and
static disturbances than the usual types.

There is one other point that has not heen mentioned tho
I know it has already occurred to Major Armstrong himself.
That is the question of the extent of the loss, if any, in effecting
the change of incoming signal frequency to the value for which
the amplifier is built. An experiment made? at Camp Alfred
Vail in which the signal received on a simple non-regenerative
tube was compared with that obtained by Major Armstrong’s
arrangement using a separate heterodyne, a rectifying tube for
the super-audio note, and a detector tube, indicated that about
equal signals were obtained by each method. Apparently, the
heterodyne amplification in the second case just about makes
up for the loss which accompanies the change in frequency.

Radio Laboratories,
Camp Alfred Vail, New Jersey,
December 4, 1919.

By Mr. M. C. Batsel, Assistant Radio Engineer, Signal Corps, United
States Army.
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THE RELATION BETWEEN ATMOSPHERIC
DISTURBANCES AND WAVE LENGTH IN
RADIO RECEPTION*-

By
Louis W. AusTIN

(UNITED STATES NAvAL RADIO RESEARCH LABORATORY,
WasHINGgTON. D. C.)

The fact that the atmospheric disturbances, commonly called
“static’’ or ‘“‘strays’”’ by American operators, increase with the
wave length to which the receiving system is tuned has been
known qualitatively for a number of years. The object of the
present experiments is to gain some degree of quantitative
information on the subject.

Neglecting the lightning clicks and hissing disturbances
which for the most part produce little interference with commun-
ication, we have in general to deal with the rumbling or grinding
static which probably originates somewhere in the upper atmos-
phere, and which may perhaps be compared in its method of
propagation to radio signals sent out from an airplane. Regard-
less of the orientation of the original oscillating body, the wave
front spreads out in a more or less spherical form. When the
wave strikes the earth the lines of force become grounded and
travel off over the surface as tho transmitted from an antenna
situated at some point roughly below the center of disturbance.
Observations which will be described in another place, show that
the wave front at 50 ft. (15 m.) from the ground is approximately
vertical like that from a distant sending station. Of course
there will be some disturbance centers nearly overhead, but these
generally form only an insignificant portion of the whole.

It has frequently been thought that static is entirely aperiodic,
and that it produces a pure shock effect on the antenna. This
seems somewhat doubtful, since none of the aperiodic types of
artificial static produced in the laboratory, even of the most
violent kind, have ever been anywhere nearly so difficult to
eliminate as the natural disturbances. It seems more probable
that it consists of a great number of distinct disturbances coming

* Received by the Editor, January 15, 1920. Presented before THE IN-
STITUTE OF RAD10 ENGINEERS, New York, May 5, 1920.
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from different sources and of widely varying wave lengths, thus
producing a practically continuous disturbance spectrum, so
that to whatever wave length the receiving apparatus is tuned,
a corresponding static wave length is found.

According to observations made independently at a number
of points on the North Atlantic Coast, the heavy afternoon and
night summer static appears to come generally from the south-
west, while the lighter static of the forenoon and that observed
during the cooler portions of the year seems to be more evenly
distributed in regard to points of the compass. It is also to be
noted that this southwest static is usually more continuous than
the other.

The following experiments have been carried on at the Naval
Radio Laboratory at the Bureau of Standards, and the receiving
apparatus used is that described in the Nauen-Eilvese experi-
ments' and in an article on the measurement of radiotelegraphic
signals.? The method of observation was as follows:

The Laboratory antenna and secondary receiving circuit
containing an oscillating audion were sct on the required wave
lengths, the adjustments being made as described in the articles
cited. The strength of the disturbances was measured by the
-shunted telephone method, and since the individual distur-
bances vary in intensity from second to second, it was necessary
to adopt some arbitrary method of procedure in determining
their audibility. After experimenting with different plans, it
was decided to call the audibility of the disturbance, the setting
of the audibility meter at which an average of three pulses of
disturbance could be heard in the telephones in ten seconds. The
observations were taken at about 10 a.m. and 3 p.m., the time
consumed in each series for the range 3,000—18,000 meters
amounting to less than 15 minutes. On account of the lack of
a definite pitch in the atmospheric disturbances as heard in the
telephones, the accuracy cf observation is, of course, much less
than in the measurement of received signals. For this reason,
and on account of the irregularity of the phenomenon, the results
are given in the form of curves rather than numerical tables.
The work was begun in August, 1917, and since May, 1918,
has been made a part of the daily routine of the laboratory.
Of course i s impossible in an article of this kind to give more
than a very small portion of the data accumulated. Therefore,

! “Journa!l of the Franklin Institute,”” page 605, 1916,
230 2 l;nocm:bmus or THE INSTITUTE OF RaAD10 ENGINEERS, volume 5, page
, 1917.
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it has seemed best to pick out sample periods which are typical
of the general conditions observed.

Figure 1 gives a series of observations extending from Novem-
ber 1 to November 14, 1917 taken at 3 p.m. The observations
were taken every 1,000 meters between the wave lengths of
3,000 and 10,000 meters, and every 2,000 meters from 14,000
to 28,000 meters. These curves are typical of the variation in
the disturbances with wave length during most of the year.
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The forenoon observations are similar in form, tho somewhat
lower in average audibility than during the afternoon, especially
in summer. It is seen that, in general, there is a rapid, tho
irregular rise in intensity with wave length and that occasionally,
tho rarely, a maximum is found with a subsequent decline in
intensity. In some cases, the rise extends only to a definite
wave length, beyond which the intensity remains constant over
a considerable range.

Figure 2 shows observations taken at 10 a.m. between Decem-
ber 1 and December 18,1917,and covers the wave lengths between
3,000 and 16,000 meters, which is the range ordinarily employed
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in present-day long distance transmission. Figure 3, covering

the period from August 16 to September 5, 1917, shows a time

of unusually heavy afternoon summer disturbances. Disturb-

ances of this character have hardly occurred at all during the

summer of 1918 and 1919. The figure shows a much more rapid

rise in intensity with wave length than is shown in Figures 1 and
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2, the intensity increasing often two or three times in an increase
in wave length of 1,000 meters. The curves practically all run
out nearly flat within the limits of tke observations, after their
initial rise.
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Figure 4 shows the forenoon observations covering-the same
period as Figure 3. The curves are quite distinct in character
from the corresponding afternoon curves.- :

Figure 5 represents the static during the last half of August
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in 1919. The curves are evidently entirely different from those
of the same period in 1917 (Figure 3) and correspond more nearly
to the curves of Figures 1 and 2.
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AuDIBILITY OF ATMOSPHERIC DISTURBANCES.
Every Hour
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Sets of observations at the various wave lengths have been
taken every hour for a period of 24 hours onee a month during
the last two vears.  Figure 6 shows the curves of a typical 24-
hour test. It is seen that in general the maxima and minima
of the different wave lengths correspond closely, altho there are
many irregularitics which may or may not have significance.

There are always well marked minima at about half-past-one
in the morning and at about daylight, and in addition there are
always two or three other prominent minima present which shift
position somewhat from day to day. There is little difference
bhetween winter and summer in the general appearance of the
curves of daily variation.

1. Statie inereases rapidly with the wave length being on an
average about twenty times as strong at 17,000 meters as at 3,000
meters. This inerease ix generally roughly proportional to the
wave length.,

2. There ix at times especially during periods of unusually
heavy afternoon summer statie, a sudden increase at moderate
wave lengths after which the intensity scems to remain nearly
constant, =o that the curve resembles a strongly damped  reson-
ance curve.

3. The strength of summer statie varies greatly from vear
to vear. the average during August, 1917 being about three times
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as strong as that observed in the same month 1n 1918 and 1919.
August, 1917 was also a month of exceptionally strong Furopean
signals.
U. S. Naval Radio Research Laboratory,
September, 1919.

SUMMARY: The apparent wave length of atmospheric disturbances at
different times of the day and year is studied, and the results obtained are
shown graphically and by description.
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DISCUSSION

Greenleaf W. Pickard: Dr. Austin’s paper is unquestion-
ably a most valuable contribution to our knowledge of static
disturbances. Altho in the past it has been generally recognized
that static increased with the wave length setting of receivers,
this paper has brought out two striking facts: first, that up to a
certain wave length the increase in static intensity is nearly
directly proportional to the wave length, and second, that after
this critical wave length is passed, there is no further increase or
ceven change in intensity.

But I do not find myself in agreement with the static theory
briefly expressed in this paper. Instead of regarding static dis-
turbances as a summation effect of many oscillatory discharges
of different frequencies, I believe that the observed facts are
better and more simply explained on the basis of aperiodic dis-
charges. It is, of course, elementary that any imaginable wave
form may be resolved by Fourier’s theorem into a sine cosine
series, and therefore might be built from a large number of
suitably chosen undamped or feebly damped wave-trains.
Actually, the various complex pulses known to us seldom or
never have this genesis, and their resolution into a more or less
infinite series of oscillation trains is merely a convenient mathe-
matical analysis.

One of the simplest and best known aperiodic pulses is that
caused by the discharge of a condenser through a circuit having
a fixed ohmic resistance equal to or greater than 24/L/C. In
Figure 1 is shown a series of ‘‘resonance’ curves for such pulses,
when received on a feebly damped circuit corresponding to the
ordinary receiving circuit. The full-line curve represents the
usual 72 rcadings in the wave-meter circuit, when acted upon
by a condenser discharge in a neighboring circuit having twice
the critical resistance. The broken line curve is that due to
a just critically damped or non-oscillatory circuit, while the
dot-and-dash and dotted line curves are due, respectively, to
discharges in circuits having 0.5 and 0.25 the critical resistance,
and hence oscillatory.

Dr. Austin employed an oscillating audion for his static
measurements, and as he has pointed out! this- detector re-
sponds in proportion to the first power of the received current.
In Figure 2 is shown a plot of the first two curves of Figure 1,

! PROCEEDINGS OF THE INSTITUTE OF RAD10 ENGINEERS, volume 4, page
252, 1916.
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but with ordinates of current instead of current-squared. Their
resemblance to the curves shown in the paper is striking.

It is altogether likely that if Dr. Austin had carried his
measurements up to a wave length of 25,000 or 30,000 meters,
he would have observed a decrease in the intensity of static.
I have made a few comparative measurements of static intensity
on these longer wave lengths, which show a clearly marked
falling off in intensity above 25,000 meters.

I have found that the static measured by Dr. Austin on
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August 27, 1917, may be well duplicated in the laboratory by
a condenser discharge in a circuit tuned to about 16,000 meters,
with sufficient ohmic resistance to give critical damping. This
would indicate that the aperiodic “oscillator’” responsible for
the disturbance had a length of some eight or ten kilometers.

Frederick K. Vreeland: I have read with great interest
Dr. Austin’s paper, which furnishes an interesting confirma-
tion of some of the conclusions regarding the nature of atmos-
pheric strays derived by different means, and throws some illum-
inating side-lights on the subject.

Dr. Austin has said that the effect of strays on a receiving
circuit tuned to variable frequency is analogous to that which
would be produced by a continuous spectrum of waves of differ-
ent frequencies. This is precisely the effect that is produced
by an aperiodic transitory impulse, as has been well established
by the analytical study of transients, and has been neatly illus-
trated, for certain special cases, by the experiments with arti-
ficial pulses deseribed by Mr. Pickard.

Furthermore, the distribution of amplitudes among the wave
lengths in this apparently continuous spectrum depends upon
the decrement or rate of decay of the pulse. Thus, if we allow
a given pulse to excite shock oscillations in a tuned circuit of
small decrement, the energy of the oscillations increases with
increasing wave length at a rate depending on the rate of decay
of the pulse, and finally reaches a limiting value beyond which
the change of energy is small.

Putting the matter rather crudely for the sake of simplicity, let
us assume that the exciting pulse is relatively sluggish, that is, that
its rate of decay is so slow that it persists over a period of several
complete oscillations of the resonant circuit. It will be seen at
a glance that the effect of the initial impulse in starting the first
half wave of the oscillation will be partially neutralized by the
smaller effect on the second half wave, the direction of which
is reversed while the direction of the exciting pulse is unchanged.
The oscillation will again be augmented in smaller degree during
the period of the third half wave, and again diminished during
the fourth, and so on until the exciting pulse has expended itself.
It is thus evident that the effective value of a slowly decaying
pulse is confined mainly to the initial impulse, the encergy of the
remainder of the pulse being ineffective.

If now, keeping the form of the exciting pulse unchanged,
we increase the natural period of the oscillating circuit, it can be
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readily seen that the effect of the pulse in exciting shock oscilla-
tions will increase at an increasing rate with increasing wave
length of the circuit, until a point is reached where the period
of a half oscillation is sufficiently great to include practically the
whole duration of the exciting pulse. The entire energy of the
pulse is thus effective in exciting the shock oscillation, and the
change in energy of this oscillation with a further increase in the
wave length will be relatively small.

This is precisely what is shown in a general way by Dr.
Austin’s curves, showing the effects of atmospheric strays, and
confirmed for special cases by Mr. Pickard’s experiments with
artificial pulses of known form. The curves show a rise at an
increasing gradient up to a certain wave length, at which they
suddenly flatten down and continue without further material
increase. It thus appears that the results derived from theoreti-
cal study, considering the effect of a decaying aperiodic pulse,
are borne out in a general way by the tests, within the limita-
tions of the experiments. Dr. Austin’s results are thus in accord
with the conclusion, reached by other means, that atmospheric
strays are largely of this character, as I have stated in former
discussions.

A very interesting feature of Dr. Austin’s curves, to my mind,
is the manner in which the form of the curve varies under differ-
ent conditions and at different times. It appears in a general
way that the more intense strays produce a more rapidly rising
curve, which reaches its flat portion at a smaller wave length.
The height of this flat portion, however, is not fixed; but varies
from time to time. One would naturally conclude from this
that the most intense strays are as a rule the most abrupt, that
is, their decrement is greatest, but that the relation between
intensity and decrement varies from time to time. Thus, the
curves for winter strays show a relatively gradual and continuous
increase with increasing wave length, without reaching a maxi-
mum. The curves for the most violent summer strays, on the
contrary, rise very rapidly and reach their critical value at a
relatively short wave length, showing that these strays are very
transitory, that is, they have a large decrement.

It would not be safe, however, to jump at any generalization
regarding the relation between stray intensity and the form of
the pulse. Anyone who has done serious work with strays knows
better. On the contrary, Dr. Austin’s curves, while indicating
a rough general relation, also indicate certain notable exceptions.
For example, some of the curves rise rapidly to the flat portion,
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continue horizontally over a considerable range of wave lengths,
and then rise again abruptly at the longest wave lengths. In
other curves this flat portion appears only as a relatively small
jog in the curve. These discrepancies would seem to indicate
that while the bulk of the strays observed are of short duration,
there are some very powerful ones, the decrement of which is
low, and which therefore affect the circuit chiefly at the longest
wave lengths.

Here again we should guard against jumping at conclusions,
for it is evident that an intense pulse may owe its intensity either
to the intrinsic magnitude of the stray or to the proximity of its
source. Thus, in some cases a very powerful stray may be of
the same essential nature as other strays, which are usually weak,
because their source is more distant.

Finally, we should bear clearly in mind the fact that Dr.
Austin’s observations do not relate to strays in general, but
are limited to the most powerful strays occurring at any
given time, in other words, those strays that are so exceptional
that they occur only three times per second. It would be un-
safe, therefore, to draw any conclusions regarding the great bulk
of strays which produce the major part of the disturbance.

May we not venture to hope that Dr. Austin will continue
and extend these very illuminating researches to include not only
the exceptional strays, but all the strays which make up the
complex effect? Such a statistical study, for which Dr. Austin
has shown himself so admirably qualified, would doubtless
throw much light on the subject, and would probably show curves
of quite different form when the less intense and more frequent
pulses are considered.
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X

THE REDUCTION OF ATMOSPHERIC DISTURBANCES
IN RADIO RECEPTION*

By
Louis W. AusTiN’

(Heap oF THE UNITED STATES NavalL RApio RESEARCH LABORATORY AT
THE BUREAU OF STANDARDS, WasHINGTON, D. C.)

When the United States entered the war, it became highly
desirable to establish radio communication with France suffi-
ciently perfect to render the two countries independent of the
cables, since these were at all times subject to danger of destruc-
tion by the enemy. For this reason great efforts were made by
the Navy Department to improve apparatus and methods used
in long distance radio work, and special efforts were directed
toward the production of devices and circuits for the suppression
of atmospheric disturbances, commonly known as static or strays,
which it is well known form one of the chief obstacles to perfect
radio reception. These disturbances are generally the strongest
during the summer months in our latitude, and usually increase
to a maximum in the late afternoon, that is, they are at their
worst at a time of the year and time of day when the European
signals are weakest at most of our receiving stations. Without
attempting to discuss at length the origin of these disturbances,
it may be mentioned that there are at least four types, all of
which may arise from distinct causes. The most common type
produces a rattling or grinding noise in the telephones. A second
type, associated with snow or rain, gives a hissing noise. The
third, due to lightning flashes, gives a sharp snap, while a fourth
produces a noise somewhat like the first type but more crashing
in character. This last seems in summer to be associated with
thunder storm conditions, but it is also common, tho not usually
as strong, in autumn and winter.

The early attempts to improve the signal static ratio! lay

*Received by the Editor, October 30, 1919. Presented before THe IN-
STITUTE OF RAD1o ENGINEERS, New York, April 7, 1920.

1According to Commander A. H. Taylor, a readable signal is generally
obtained if the audibility of the static is not greater than four times that of the
gignal; that is to say, if them'l?ml-static ratio is better than 25 percent. From

si
our experience this is generally true, but it is evident that this must depend
on the continuity of the static. Sometimes a ratio of 50 percent is hardly
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largely in the direction of improvements in the secondary re-
ceiving circuit such as limiting the response of the detector to
strong disturbances, using tuned and sometimes balanced audio
frequency circuits, circuits in which an oscillating and non-
oscillating audion were balanced against each other and their
audio frequencies united in the telephones thru a differential
telephone transformer, and many other unsuccessful devices
in which numerous modifications of the sccondary circuit were
tried.?

As far as our knowledge now goes, the most successful method
of static reduction employing the ordinary antenna alone, makes
use of an exceedingly stiff primary circuit combined with a
very stiff tuned audio frequency telephone circuit, us ng also
sometimes a tuned audio amplifier. A good form of antenna
circuit is shown in Figure 1.

Figure 1

The closed loop or coil antennas and the underground and
underwater antennas, which were considered very promising
static reducers at one time, have not in their simple forms been

readable while at other times 18 to 20 percent can be read. In these estimates
it is assumed that the static audibility is the reading of the audibility meter
at which the static can be heard three times in ten seconds.

31t must not be forgotten that the oscillating audion in comparison with
the older types of detectors is itself the best static reducer known. (See
“Quantitative Experiments with the Audion,” “Washington Academy Jour-
nal,”” 1V, page 84, 1916.)
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found of much value at Washington. in improving the ratio of
signal to static. In oscillating audion reception of continuous
waves, if the ratio signal over static is taken as unity for a good
receiving antenna of the ordinary type, the ratio for a loop will
be about two, while a good underground antenna in moist earth
or fresh water will generally give a ratio of from two to three in
the case of ordinary disturbances, but it should be noted that the
buried antenna is entirely protected from true static induction,
which, in the case of thunder clouds directly or nearly overhead,
may produce severe disturbances in the telephones.

By the spring of 1918, four circuits had been developed, three
in the Navy Department and one outside, which showed a sub-
stantial improvement in reception thru the atmospheric dis-
turbances. In order to obtain information in regard to their
relative merits, comparative reading tests were carried on during
that summer on signals from some of the high power European
stations. The receiving stations were:

The Marconi Experimental Station at Lakewood, New Jersey
(Weagant system)
The Marconi Station Under Naval Charge at Belmar, New Jersey
(Taylor system)

The Experimental Station of the Naval Radio Research Labora-
tory on the Anacostia River at Washington, D. C.
(Laboratory system)

The Naval Station at Otter Cliffs, Maine
(Otter Cliffs system)

The first three stations could be quite fairly compared since
they all lie in a region where the conditions of reception are
similar, altho conditions at Washington are slightly less favor-
able than at the other two. The comparison of Otter Cliffs with
the other stations is of less value in respect to the excellence of
the systems employed, on account of the differences in distance
and climate in the two regions.

LakEwoop
The receiving station at Lakewood, New Jersey, employed a
system developed by Mr. Weagant? (see Figure 2). The antenna
consisted of two single-turn loops supported on telegraph poles
extending for a distance of three miles (5 km.) each way from
_ the receiving station. The loops lay in the direction of propaga-
tion of the incoming waves from the European stations, and had

$PROCEEDINGS OF THE INSTITUTE OF RAD10 ENGINEERS, volume 7, page
207, 1919.
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a height of about 18 feet (5.5 m.) between wires at their outer
ends, which decreased to 3 feet (0.92 m.) at the station. They
were tuned by means of variable capacities and inductances, a
part of the latter being inserted in the line at a distance from the
station. The loops ended in the station in the two primaries of
a large Bellini-Tosi goniometer and acted in opposition on the
goniometer secondary. This last formed a part of an intermedi-

Figure 2

ate circuit which was in turn coupled to the usual secondary re-
ceiving circuit. Tho the loops were connected in opposition, the
difference in phase due to their length resulted in a marked
strengthening of the signal. At the same time the static was
greatly reduced. According to Mr. Weagant, this reduction in
static was due to the fact that static comes from above and thus
acts in an equal and opposite sense on the two loops. This ex-
planation seems very improbable, since if it were true, any an-
tenna consisting of a vertical wire would be free from static.

BELMAR

At Belmar the resistance balance system of Commander A. H.
Taylor* was employed. The most recent type of circuit is shown
in Figure 3. For the Nauen reception, the loop antenna L had
16 turns and was 75 feet (22.9 m.) long and 45 feet (13.7 m.)
high. W was a well-insulated water wire about 1,500 feet
(458 m.) long lying just below the surface in salt water. The
signal in the water wire was exceedingly weak compared with that
in the loop. The variable resistance R’ served to increase the
natural difference in signal static ratio of the loop and water wire,
while B was a resistance with sliding contact used to obtain a

‘PROCEEDINGS OF THE INsTITUTE OF RADIO ENGINEERS, volume 7, page

559, 1919.
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balance between the static of the loop and that of the water wire.
By this arrangement the signal static ratio of the combined
system was rendered much better than that of the loop or wire
alone. On account of the resistances employed, the signals were
generally very weak so that considerable amplification was
necessary. Five similar systems of loops and water wires were
used for receiving various stations.

BELMAR

F1GURE 3

THE Rap1io LABORATORY’s RIVER STATION

This station is situated on the Anacostia Flats a little below
the Washington Navy Yard. The circuits are shown in Figures
4 to 8. The loop used during most of the summer of 1918 was
90 feet (28 m.) long and 30 feet (9.2 m.) high with 8 turns. This
was later replaced by a higher and shorter loop in which the
number of turns could be varied by switches. The well-insulated
water wire 1,000 to 2,000 feet (305 to 610 m.) long lay in the
brackish Anacostia River not far from the bank, while the sur-
face wire lay along the top of the retaining wall. The condensers
C,, Cs, Cs, and C, (Figure 4) acted as coupling condensers con-
trolling the energy flow from the loop and from the two wires.
The antenna tuning was practically all done with the condenser
C. In this circuit it was intended to take advantage of the dif-
ference in signal-static ratio of the water and surface wires dis-
covered in the work at Piney Point in 1917, and also of the
difference in this ratio on the loop and water wire. A consider-
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able improvement in the action of the circuit was brought about
by shunting a 30 millihenry inductance across the condensers
C, and C. between the loop and water wire.* The theory of
this circuit in regard to the reduction of static is not yet fully
understood. While it may depend in part on the difference in

T
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FIGURE 4

static-signal ratio in the surface and water wires, the main effect
is apparently due to the combination of the loop with a water or
ground wire, as very good results are obtained with the surface
wire removed (see Figure 5), and almost as good results with the
water wire replaced by the surface wire. The circuit is extremely
unidirectional, being much stronger for signals coming from the
direction of the extended wire than from the opposite direction.
(Note: The experiments indicate that a great improvement may
be expected in all loop reception by attaching a wire lying on the
ground to the loop, in the manner indicated. For waves less
than one thousand meters in length, this wire would need to have
a length of only one hundred or two hundred feet (30.5 to 61 m.).)
This unidirectional character of the circuit is probably an im-
portant factor in the reduction of static in European reception,

as experience has shown that in this part of the country at least

¥This was introduced about September 1, 1918, and accounts in part for
the improved work after that date. (See Table 1).
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a large part of the first type of static (the most frequent kind)
comes from the southwest, a direction almost exactly opposite
to that of the European stations. It is also observed in confirma-
tion of this idea, that using a water wire extending to the south-
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west for reception from that direction, the static reduction is
less satisfactory than in the European reception.

Since the completion of the 1918 tests, a number of modifica-
tions and simplifications have been made in the laboratory cir-
cuits, Figures 6 to 8, which are for the most part due to Mr.

RADIO LABORATORY
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Clausing, of this laboratory. The circuits appear to be quite as
efficient as the original form. They all represent various appli-
cations of condenser control to the balancing of loops and ground
or water wires.

Otrer CLIFFS

The circuit shown in Figure 9 has been used at Otter
Cliffs since the middle of the summer of 1918. It con-
sisted essentially of an ordinary tuned loop of 3 turns, 125
feet (38 m.) long and 25 feet (7.6 m.) high with 20-inch
(51-cm.) spacing, interwound with an open end untuned loop
of 3 turns connected to ground thru an inductance of 30 milli-
henrys and a variable resistance of from 5,000 to 60,000 ohms.
The closed loop was coupled both to the open loop and to the
secondary circuit, and the reduction in static was accomplished
by the adjustments of the two couplings and the variation in the
grounding resistance. The interwinding of the loops produced
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a close condenser coupling between them in addition to a dis-
tributed inductive coupling. The circuits formed a combina-
tion which was evidently highly unidirectional, and probably
there was also some differential action due to differences in de-
crement on the signal and static as in the loops and water wires
at Belmar and Washington.

- b

4

FiGuRE 8

The situation of Otter Cliffs near Bar Harbor was much
more favorable for European reception than that of the other
stations described. To begin with, the distance from the sending
stations was less by more than 500 miles (800 km.) and this alone,
according to the Navy Transmission Formula, insures about
double the strength of signal. In addition, the climatic condi-
tions are such that the signals are less variable than in the more
southern regions of the country and the atmospheric disturbances
are probably in general less severe.
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COMPARATIVE READING TESTS

During the last half of August and the whole of September,
1918, reading tests were carried on between the four stations
mainly on the regular traffic from Nauen and Carnarvon. Bel-
mar and Otter Cliffs, with their five receiving loops, were able
to read simultancously at any time during the twenty-four hours
and took complete copy. Lakewood kept a twenty-four hour
watch, switching from one station to another at intervals. The
laboratory station was kept on this work during the afternoon,
which was the most difficult time on account of the fading of the
signals and the strength of the static, copy being taken from each
of the two sending stations at frequent intervals. Carnarvon,
being weaker, was more difficult to rcceive than Nauen, and
therefore gave a more scvere test of the static reducing qualities
of the different receiving systems. On account of these different
methods of carrying out the test at the different stations, it was
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somewhat difficult to arrange a plan for numerical comparison.
As the afternoon was the most difficult receiving time and the
only time during which all the stations received, it was finally -
decided to assume arbitrarily that reception during all hours
from six at night to twelve o’clock noon would have been perfect.
Then from the data® forwarded to this laboratory, calculations
were made of the number of hours between twelve noon and six
P. M., during which each station could have probably been
received. Adding this to the eighteen hours of assumed perfect
reception and dividing by twenty-four, we get the percentage
of reception for the day. Table I gives the reception percentages
for the four receiving stations for the August and September
tests.

TABLE 1
AVERAGE PERCENTAGE oF RECEPTION

August 15-31

Receiving Station Nauen Sending | Carnarvon Sending

Otter Cliffs 100 percent 98 percent
Lakewood 99 « 9% ¢
Laboratory Station 94 « 91 “
Belmar 94 ¢ 81

September 1-30

Otter Cliffs 100 percent 100 percent
Lakewood 100 ¢ 98
Laboratory Station 100 “ 98
Belmar 99 91 “

The improvement in the work of the laboratory station in
September is in part due to changes in the circuit and in part to
the general improvement in receiving conditions. It is believed
that Table 1 gives a fair estimate of the static reducing qualities
of the circuits used at Lakewood, Belmar, and the Laboratory
Station. As has been explained, the good work of Otter Cliffs

*Nog reports on Otter Cliffs reception were sent directly to the laboratory.
The rating ﬂ\lr‘en is based on statements of the officers who examined the copy
sent in by ewood and Otter Cliffs. .
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is largely due to its situation; and it is not to be assumed that the
circuit used there, tho an excellent static reducer, is really
superior to the other circuits.

In estimating the value of the work on static reduction, it
should be understood that with an ordinary antenna or even with
a simple loop or underground or underwater antenna there are
in most years, few if any days between June 15 and September 15
when a station like Nauen, to say nothing of weaker stations
like Carnarvon, could be read at Washington thruout the twenty-
four hours. Six or seven hours per day would probably be fair
reception average for this time and even during the most favorable
parts of the year there are many periods when reception is found
impossible with the older methods.

OtHER TEsTs oF THE CIRCUITS

Besides the comparative reading tests much work has been
done at the Laboratory (River Station) in the endeavor to de-
termine the actual amount of improvement produced by the
various circuits. On account of the lack of space no attempt was
made to set up a Weagant circuit.

The Taylor circuit has been extensively tested but has never
given results comparable to those at Belmar probably because the
proper decrement relation between the loop and water wire is
only obtained in the water of high conductivity. (The water
at Belmar is salt while that at the River Station is only moder-
ately brackish.)

The Otter Cliffs circuit works well at the River Station but
gives generally only about half the improvement in signal-static
ratio produced by the Laboratory circuit. It has the great ad-
vantage however that it can be installed anywhere where a
simple loop can be erected.

Table 2 shows some examples of improvement in signal-static
ratio obtained with the Laboratory circuits under various static
conditions. In the observations shown it appears that the im-
provement is greater the worse the original ratio. This is in
part due to the tendency of the strong static to cover the signal
and reduce its observed audibility. An extreme case of this is
seen in the 3:00 P. M. observation of July 7th where the signal
on the simple loop, tho evidently of some strength, is entirely
inaudible thru the static. On the Laboratory circuit it was
entirely readable. In other cases where the static is probably
part of the fourth type, as on July 22nd, the improvement is
slight.
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Figure 10 reproduces a section of photographic recorder tape
taken at Otter Cliffs in receiving from Lyons. It shows the
effect on the readability of connecting and disconnecting the
static reducing circuit.

Figure 10
TABLE 2
ExaMPLES OF STaTiIc REDUCTION AT LABORATORY RIVER
StaTION
July 7, 1919
Lyons Sending
Signal Static . .
Audibility | Audibility | 4o | Time

Simple Loop 6 4,000 0.0015 |2:30 P. M.
Laboratory 0.24 .

Circuit 36 150 | Readable) [230 P+ M-
Simple Loop Not heard thru static 3:00 P. M.
Laboratory 0.29 .

Circuit 9 31 |(Readable) |00 P+ M-

July 11, 1919
San Diego Sending

Simple Loop 300 2,200 0.136 |10:30 A. M.
Laboratory 0.236 :

Circuit %8 25 | Readable) [1030A- M-
Simple Loop 140 1,200 0.117 [11:40A. M.
Laboratory 0.316 .

Cireuit 19 60 (Readable) 11:40 A. M.




Nauen Sending

Simple Loop| 170 900 | 0.189 |12:45P. M.
Laboratory 0.320 .
Circuit 80 250 (Readable) 12:45P. M.
Simple Loop 12 1,200 0.01 2:00 P. M.
Laboratory 185 0.378 .
Cireuit 70 (Readable) | 200 F- M.
July 22, 1919
Nauen Sending
Simple Loop | 800 | 3,000 I 0.27 lu:oo A. M.
l
g’f‘bmf“"’y l 40 ' 80 l 0.50 [11:00A. M.
1ircult

While the Weagant and Laboratory circuits showed the best
records in the 1918 test, the Weagant adjustments were, according
to last accounts, extremely difficult to make and the space re-
quired for the long loops (6 miles of 9.6 km.) was something of an
objection. The Taylor and Laboratory circuits, tho very much
smaller, require from 1,000 to 2,000 feet (305 to 610 m.), which
precludes installation on shipboard and at some land stations.
The Otter Cliffs circuit, on account of its compactness and sim-
plieity, tho not the most efficient, has the widest application of
the four.

The theoretical explanations of the static reducing qualities
of the circuits are exceedingly incomplete. All the Navy circuits
are very unidirectional and this undoubtedly explains some of

“their success in European reception, since in this part of the world,
most of the first type of static (the most troublesome in summer)
comes from the southwest. The balancing of the two directive
systems of different decrements may also play a part and it is
quite possible that we are also making use of factors not as yet
recognized. At any rate the similarity of behavior toward the
different types of static (easily eliminating the first type and hav-
ing difficulty with the fourth) indicates that some of the impor-
tant factors are common.
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In conclusion, we may say of the four types of static enumer-
ated at the beginning of this article: the first type, which is by
far the most troublesome and common especially in summer,
is found to be almost entirely eliminated by the new circuits.
The second and third types in general cause little trouble. The
fourth type, which causes most of the difficulty in reception now
remaining, is reduced to a certain extent by all the systems, the
Otter Cliffs circuit being perhaps the best of the Navy circuits
in this regard. Mr. Weagant has recently reported in the paper
already cited that he has obtained considerable success in its
elimination.

The reduction in static described has naturally resulted in
a marked improvement in European reception. Receiving at
Washington with a simple loop or water wire, a high power
transmitting station in Western Europe with an antenna current
of approximately 300 amperes is unreadable for about 2,000
hours during the year. With any of the four static reducing
systems, however, this time of unreadability can be reduced to
less than 100 hours, or less than five percent of the time formerly
lost.* :

SUMMARY: The atmospheric disturbances of radio reception on the At-
lantic Coast of the United States are classified as to type, effect, and probnble
origin. The static reducing systems of the Marconi Company (Weagant
system), and of the Navy (Austin, Taylor, and Otter Cliffs systems) are de-
scribed; and relative performance data of these are given. The improvement
in reliability of reception to be obtained by the use of these systems is consid-
ered.

*Thru an error, the digcussion on the above paper has already appeared
in the October, 1920, issue of the PROCEEDINGS, volume 8, number 5, beginning

page 398. The readers of this paper are accordingly referred to the above
citation.
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THE MAGNETIC BEHAVIOR OF IRON IN ALTERNAT-
ING FIELDS OF FREQUENCIES BETWEEN 100,000 AND
1,500,000 CYCLES*

By
LeoNn T. WiLsoN

(RESEARCH ENGINEER, AMERICAN RADIO AND RESEARCH CORPORATION,
MEDFORD HILLSIDE, M ASSACHUSETTS)

PREFACE

This paper describes measurements of magnetization and
core loss in iron, made by the author while a Lieutenant at the
Signal Corps Radio Laboratories, Camp Alfred Vail, New Jersey.

The purpose of the work was a determination of the value
of a sample of 0.002-inch (0.05 mm.) mild steel ribbon for use
in transformers for radio frequencies.

The method employed in this investigation is not original.
It has been described by Alexanderson in his paper on the
‘““Magnetic Properties of Iron at Frequencies up to 200,000
Cycles.”! However it is the belief of the author that the data
obtained at the higher frequencies is new and also that the
radio frequency voltmeter, as developed and described in this
paper, is new and original.

The author wishes to express his thanks to the Officers of the
Signal Corps Laboratories who so kindly secured permission
for the release of the Signal Corps data and photographs for
use in this paper. Especial thanks are due Lieutenant Donald
G. Little for his generous and valuable assistance in the calcula-
tions. The enlisted men who built and arranged the apparatus
assisted greatly by their thoroness and by their interest in the
investigation.

The author desires to thank especially Professor L. P.
Wheeler of the Physics Department, Yale University, for his
criticism of this paper and suggestions for its improvement, and
Professor C. F. Scott and Professor H. V. Bozell of the Electrical
Engineering Department, Yale University, for their aid in the
preparation thereof.

*Received by the Editor, December 15, 1919.
! “Proceedings American Institute of Electrical Engineers,” November,

1911.
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INTRODUCTION
The measurements herein described are of two kinds:

Measurements of Magnetization.
Measurements of Core Loss.

METHOD AND THEORY

(a) MEASUREMENTS OF MAGNETIZATION.—These measure-
ments consisted in observing simultaneously the current thru
and the voltage across a toroidal winding containing the iron
under test, at various frequencies and flux densities. These
readings furnish data from which both H,, and B,,. may be
calculated.

H,,. is given by the well-known relation

EARVAC LT (1)

where nTI is the effective ampere-turns per centimeter length

of the magnetic circuit.

1?, ect.
4.44fn10-84° 2)
where E is the effective value of the voltage induced in the wind-
ing by the changing flux in the iron, f is the frequency in cycles
per second, n is the number of turns on the sample, and 4 is the
cross-section area of the magnetic path in square centimeters.

It should be noted that the foregoing equations assume
respectively a sine wave of current and a sine wave of emf. or
flux. In the calculations this condition of simultaneous sine
waves of current and flux has been assumed, altho the assump-
tion is an approximation because of magnetic hysteresis.

(b) MEeASUREMENTS OF CoORE Loss.—The core loss was
measured by means of a voltmeter and an ammeter. Since
for power measurements these instruments require the current
and voltage to be in phase, a method which would satisfy this
requirement had to be employed. The principle of the method
is as follows:

A variable condenser and a variable inductance are added
in series with the test sample. The voltmeter is connected
across the combination. The inductance coil is set at its mini-
mum vilue and the condenser is varied until the voltmeter
reads a minimum for a given current in the circuit. The cur-
rent and voltage are now in phase and their product equals the
power consumed by the group.

B,..: is given by the relation B, =

:0'5\
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To find the power consumed in the test sample alone, another
reading is necessary. The test sample is either removed or short-
circuited. This time the inductance coil is varied for minimum
voltage across the combination. The product of the voltage
so obtained and the current gives the power consumed by the
auxiliary apparatus. The difference between the two measure-
ments is the power expended in the test sample.

DESCRIPTION OF APPARATUS

ARRANGEMENT—The complete arrangement of apparatus is
shown in Figure 1. The corresponding diagram of connections

Figure 1

is given in Figure 2. The same nomenclature is used on both
the photograph and the drawing.?

Source oF PowEr—The vacuum tube oscillator (1) shown
at the extreme left in Figure 1 served as the radio frequency
source of power. It consisted of 8 tubes arranged in pairs. A
diagram of connections for one pair only is given.

The oscillator tubes used in this investigation were small
ones designed for about 3 watts output. However as much as
7 watts per tube was developed in the test sample.

THE TEest CIircuiT>—The arrangement of this circuit is
shown in Figure 2. It will be noted that this circuit is entirely
separate and distinet from the oscillator. This arrangement
was made to secure greater flexibility and to provide a means for
obtaining a coupling best suited for the effic ent operation of
the oscillator.

2 Details of the oscillator are recorded in the Appendix.
3 Details of this circuit are recorded in the Appendix.
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Energy was supplied to the test circuit thru the air-core
transformer as shown. To reduce the losses to a minimum the
transformer was wound with litzendraht wire.
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FI1GURE 2

From Figure 2 it will be seen that the test circuit is con-
siderably spread out. This was done to reduce the capacity
of the sides of the circuit for one another, thereby securing a
more nearly uniform current thruout the entire circuit. How-
ever, to insure measuring the current actually flowing thru the
test sample an additional precaution was taken in placing the
ammeter directly alongside of the sample.

The spreading out of the test circuit further served to prevent
large electromotive forces from being induced in this circuit
by stray fields from the oscillator and also to reduce the mutual
inductance between parts of the test circuit.

Tue TesT SAMPLE—The core of the test sample consisted of
20 doughnut-shaped laminations. These were punched from a
mild steel ribbon* (annealed and enameled). The laminations
were insulated from one another by thin paper in addition to
their coating of enamel.

4 An analysis of this steel is recorded in the Appendix.
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the combination is seen to be very small—less than 3 milli-
amperes for full scale deflection.

To test the instrument for use at radio frequencies the cir-
cuit shown in Figure 4 was employed. This circuit corresponds
to the one in which the voltmeter was intended to be used. The
meter was connected to measure the voltage drop across the
resistance A B.

It was found that the meter continued to show a reading
when A B was short circuited. This reading was about one-
third full scale deflection and increased as the meter was moved
nearer the side of the circuit marked L.

This phenomenon was apparently due to either the action of
electrostatic forces on the sensitive needle of the micro-ammeter
or to a displacement current flowing from the line A B to the
line L thru the capacity existing between the micro-ammeter and
the line L. This capacity is represented by the dotted conden-
ser C,. C, is shown connected to the terminal G because that
is the terminal to which were grounded the metal top, internal
shields, and the metal framework of the meter.

By further experiment without the thermo-couple but with
the meter subjected to the same electrostatic forces as it had been
with the thermo-couple, the action of these forces on the needle
was found to be negligible. Therefore only the second explana-
tion will be further considered. In this case the current is con-
sidered to flow from L thru C, to G, to the heater, from where it
divides and flows to A and B. This current causes the ther-
mo-couple to function in its normal manner, thus giving a de-
flection of the micro-ammeter.

Based on this reasoning a shield of copper foil was built
around the instrument. It was made in the form of a box com-
pletely enclosing the meter, thermo-couple, and multiplier
except for an opening in the top thru which the instrument
might be read. This shield was electrically connected to B as
shown in Figure 4 (b). With such an arrangement, the meter
read the desired zero when A and B were at the same poten-
tial. However, when A and B were not at the same poten-
tial, two different deflections were obtained, depending on
which way the voltmeter leads were connected to A and B.
That is, on the reversal of its leads the meter gave an entirely
different reading. On further experiment this difference in
readings was found to increase with the amount of multiplier
registance.

These observations may be explained by theaid of Figures4(b),
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conclusion was checked experimentally. By the same reasoning,
it is clear that the voltmeter would read the same on reversal
if R,, were split in half and each half connected in either lead to
the thermo-couple. Altho such an arrangement satisfies the
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FIGURE 4

condition that the meter reading should not change on the re-
versal of its leads, it is seen on further consideration that the de-
flection for a given potential is a function of the frequency be-
cause the impedance of C, changes with the frequency.

To overcome this latter difficulty the micro-ammeter was
arranged to have the same capacity to both A and B. This was
accomplished by splitting the original shield into two equal parts
which were connected respectively to A and B as shown in
Figure 4(c).

This circuit becomes a balanced a. ¢. bridge when C;=C,
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and when the resistances are balanced.  In practice C; was made
equal to C'y by a symmetrical placing of the meter with respect
to the two halves of the shicld.  The resistances were balanced
by splitting R, and connecting the halves as already described.

In Figure 4 f) both the inductance and capacity between
turns of the multiplier have been neglected.  These factors must
be small in order that the meter may be calibrated on d. e. and
used at radio frequencies without further calibration or correction.

The inductance was made small by means of the bifilar
winding.

The capacity between turns was reduced by means of a multi-
pancake winding.  Each half of the multiplier was wound on a
cyvlindrical spool about 3 inches (7.62 em.) long and 1 inch
(2.54 em.) in diameter. Each spool had 10 slots. Each slot
contained about 4 feet of “*prima-prima’ wire (diameter 0.0015
inch) (0.0038 cm.) and resistance equal to 128 ohms per foot
(or 420 ohm= per meter'. The =pools were previously boiled in
paraffin to eliminate moisture.

Altho the multiplier was found satisfactory, it is appreciated
that much better windings might have been used. The fore-
going method of winding was used because it was simple and
required little labor, as the spools were already on hand.

The final test of the voltmeter for accuracy was performed
as follows: A given value of current was sent thru a small
diameter resistance wire at 3 different frequencies and the cor-
responding potentials across the wire were measured. The three
frequencies were 0 or d. e¢.; 100,000; and 800,000 cycles. The
resistance wire used was 4 feet (122 em.) of number 40 “Therlo”
having a resistance of about 120 ohms=.* This wire was stretched
out straight in air to permit a comparatively high value of cur-
rent.  The small sized wire was used to prevent errors due to
skin effeet.

The readings of the voltmeter on d.e. and 100,000 cycles
were identical and the reading at 800,000 cycles was 1 percent.
higher. At this high frequency, the ammeter was changed to
the other end of the wire to eliminate errors due to stray dis-
placement currents. However, the reading in this case was
identical with the previous one. A part of this 1 percent. dis-
crepancy at 800,000 cyeles is accounted for by considering the
inductance of the wire.  From its caleulated value an increase
of voltage drop of 0.6 of 1 pereent. would be expected.

The voltmeter in its final form is shown in Figure 3.

¢ Diameter of number 40 wire =0.00315 inch =0.0080 em.
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PROCEDURE

MEASUREMENT OF MAGNETIZATION—Before each set of
observations, careful adjustments were made of both the oscil-
lator and test circuits in order that the current thru the test
sample might approximate a sine wave as nearly as possible.
These adjustments of course had to be consistent with a good
transfer of energy into the test circuit.

The sharpness of the tuning of both the test circuit with the
oscillator and the wave meter with the test circuit was used as
a measure of the approximation to a sine wave of current in so
far as that approximation is affected by the degree of coupling.
That is, this method served to show whether or not the coupling
between the circuits was too close, in which case the ‘“‘double
hump’’ would be present.

The oscillator was first tuned to approximately the desired
frequency. Then the test circuit was tuned by means of the
condenser C,. The coupling between the test circuit and the
oscillator was next adjusted for sharp tuning and good input to
the test circuit. As the oscillator was now working under
approximately final conditions, its grid leak and choke coils
could now be varied for maximum output.

All these adjustments reacted upon one another so that
several trials by the ‘“cut and try”’ method had to be made.

The test sample heated considerably during the measure-
ments. To save time two samples were used: one, for the pre-
liminary adjustments, and the one to be tested, for the final
adjustments. The one under test was immersed in an oil bath
but even so, readings had to be taken quickly to avoid changes
in the characteristics of the iron due to its rise in temperature.

The measurements of magnetization consisted in varying
the current thru the sample by means of the plate voltage applied
to the vacuum tubes, and observing the current thru the sample
and the voltage across its terminals. The complete set of obser-
vations are shown in Figure 5.

MEASUREMENTS OF CoRE Loss—With some additions the
same preliminary tuning was done in these measurements as in
the foregoing ones. The inductance L was set at its minimum
value, and the condenser C, was varied until the voltmeter V
read a minimum for a given current. Changing C: of course
detunes the test circuit which must be retuned by Ci. After
several trials by the ‘“‘cut and try”’ method the minimum read-
ing of V was secured with the test circuit properly tuned.
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The current thru the sample was next varied as previously
described and readings were taken of the current and voltage.
On the completion of these observations, the sample was short
circuited and the circuit was retuned by increasing L, to replace
the inductance of the sample. The correct setting of L was
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determined by the minimum reading of the voltmeter V. An-
other set of readings was now taken at the same current values
as used in the previous set. The complete observations are
given graphically in Figure 6.

DATA AND ERRORS

The accuracy of the instruments (wavemeters, ammeters, and
voltmeters) has already been considered. There remains for
further consideration the accuracy of the method itself, with
possible corrections for certain known errors.

The measurements are shown to be quite consistent by
Figures 5 and 6, especially as each point on any one of the four
curves represents a new tuning and adjustment of the circuits.

Altho consistent results were secured over the greater part
of the range of current values, it was difficult to get consistent
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readings above 1.5 ampere turns per centimeter. This lack of
consistency was not due to the method however, but was due to
the changing characteristics of the iron itself, as caused by
heating. Both the permeability and resistivity of the iron
increase with the temperature which causes a corresponding
increase in the apparent permeability. Altho Figures 5 and 6
show consistency in the measurements, they do not show that
the results may not be all too large or all too small; that is, they
fail to show the presence or absence of consistent errors.
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FiGure 6

Among the consistent errors here considered are (1) those due
to harmonics, (2) those due to the resistance of the winding on
the test sample (the losses in this resistance are included in the
losses in the test sample as measured), (3) those due to the leak-
age reactance of the winding on the test sample (the voltage
induced in this reactance is included in the voltage measured
across the sample), and (4) those errors due to the current taken
by the voltmeter.

The following test made at one particular frequency shows
at least for this one frequency that the second and third har-
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could be neglected since the voltmeter current is so small. How-
ever on the basis of Alexanderson’s experience, his method was
considered sufficiently accurate and was, therefore,used, but,from
the writer’s experience, at the higher frequencies especially, the
use of the secondary winding is recommended.
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In considering the error due to the current taken by the
voltmeter, there are two currents to be taken into account.
The one is that current flowing thru the heater of the thermo-
couple, in phase with the voltage being measured. The other
is the displacement current flowing between the halves of the
shield around the instrument, 90 degrees out of phase with the
voltage being measured.

The first current causes the largest error where this current
is the greatest percentage of the current thru the sample, which
is the case where the voltmeter was used without a multiplier
(no multiplier was used for potentials below 3.5 volts), and
where the voltage being measured is the highest for a given
current thru the sample. Therefore, the maximum error, con-
sidering the heater current alone, occurs at the highest frequency,
as may be seen from Figure 5, and at the lowest currents used.
This maximum error is approximately 2.5 percent. At the
lowest frequency the error is about 0.7 percent. Altho this
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error is appreciable, since it is small and occurs only at the
smallest currents used, it has been neglected.

The error due to the displacement current is a maximum at
the highest frequencies, since the impedance of the condenser
formed by the shields is inversely proportional to the frequency;
and at the highest currents, since the voltage across the sample
per unit current is here the greatest. From the capacity be-
tween the shields, which was found to be about 75 micro-micro-
farads,” the error calculated for the highest frequency and highest
current (Figure 5) was found to be 2.7 percent. As this error,
altho appreciable, is the maximum error and occurs only at the
extreme limits of frequency and currents used, it has been
neglected. Below 750,000 cycles the error is everywhere less
than 1 percent, which is entirely negligible.

The error due to the total voltmeter current is a maximum
at the highest frequency and lowest current and is equal to
about 3.5 percent.

Since the errors due to the current thru the voltmeter are
appreciable only at the extreme limits of the measurements,
where the accuracy of the results as a whole is the least, these
errors have been neglected.

It is the belief of the writer that the accuracy of the results
as a whole compares favorably with the accuracy that might be
obtained at frequencies of 60 cycles.

CONCLUSIONS

It will be remembered that equations 1 and 2 are based on
the assumption of simultaneous sine waves of both the current
and flux in the sample, which assumption, of course, holds only
over the straight part of the saturation curve. From Figure 8,
which shows the radio frequency saturation curves, it may be
scen that the iron was not nearly saturated, even at the highest
values of magnetization and highest frequency. The assump-
tion in equations 1 and 2, therefore, appears to be justified.

From the curves shown in Figures 8 and 9 data was taken
for the curves plotted in Figures 5, 6, and 10, which show, re-
spectively, the variation of losses, apparent flux density, and
permeability with frequency.

To calculate the depth of penetration of the magnetism into
the iron the following relation has been used by Alexanderson
and others: 1ua

b= 2 t (3)

7 Measured by the Measurements Group of the Signal Corps Laboratories.
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where I, is the depth of penetration, ps is the apparent permeabil-
ity, p is the true permeability and ¢ is the thickness of each lami-
nation. In this equation the true permeability is considered to
remain unchanged at radio frequencies and the apparent per-
meability is considered to be less than the true permeability for
the reason that only a part of the iron is effective. The effective
thickness of iron on this basis is equal to %’t. The factor %
enters equation (3) because the magnetism penetrates both
surfaces of the lamination.
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For u, a value of 2,250 was assumed, there being no informa-
tion at hand as to the true value and this being the value used by
Alexanderson for thin iron. The depth of penetration as thus
calculated is plotted in curve 2, Figure 11.

For comparison the value of penetration was calculated
according to Steinmetz’s formula:

3570
bh=—— 4
Vinf )
where 1 is the electric conductivity of the iron, # is the true
permeability, and f is the frequency in cycles per second. Here
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again g was assumed to be 2,250, /4 was measured to be
0.67 (10)”.  The caleulated depth of penctration is plotted
in Figure 11.
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tion increases with the electrical resistivity of the iron, this
quantity should be large.

As itis a well-known fact that iron does not lose its permeabil-
ity at radio frequencies and since there is a growing need for the
use of iron at these frequencies, the problem of securing satis-
factory iron becomes important. This problem appears to
resolve itself into a metallurgical or chemical one: namely that
of producing extremely thin iron of high resistivity.

The development and testing of such iron would be a very
interesting problem for future research.

The development of formulas for the calculation of flux
densities and losses at various frequencies and magnetizing
forces and for different kinds and thicknesses of iron also offers
a most interesting and practical field for future research.

For such investigation the standardization of the dimensions
of the test sample is desirable.

SUMMARY: Mild steel ribbon, 0.002 inch (0.05 mm.) in thickness, was
tested at various radio frequencies between 100,000 and 1,500,000 cycles per
second for the relation between ampere turns per centimeter and flux density,
and for core loss in watts per cubic centimeter at the various frequencies.
A vacuum tube oscillator supplied the necessary current for magnetizing the
ring samples of steel. The method of measurement required the development
of a precision radio frequency voltmeter, which is described in detail. All
the results obtained are shown in graphic form.

APPENDIX

THE OSCILLATOR

(1) Filament Battery Potential, 10 volts.

(2) Filament Rheostat Resistance, 2 ohms.

(3) Grid Leak Resistance, 1,000 to 30,000 ohms in 1,000-ohm
steps.

(4) The grid and plate condensers were approximately equal
in their capacities, which ranged from 0 to 30,000 puf. each by
means of 6 Dubilier mica condensers of 5,000 » uf. each.

(5) Range of hot-wire ammeter A,, 0 to 15 amperes.

(6) The primary of the oscillation transformer consisted of
24 turns of litzendraht wire (size: 32 strands of number 38 wire)
wound on 6.75 inches (17.1 em) of bakelite cylinder 8.25 inches
(2.1 em.) long and 10 inches (25.4 cm) in diameter. Taps were
brought out for each turn.

(7) Source of plate current. The source of plate current
was two Westinghouse motor generator sets shown in Figure 1.
For small values of power one of these was used alone. For
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high values the machines were connected in series, in which case
a voltage of 900 or 1,000 volts was impressed on the tubes.

(8) The vacuum tubes used were Signal Corps type, VT 12.
This type of tube was used because of its ability to stand over-
loading. These tubes will operate with their plates white hot
without gas appearing.

Tue TEest CIircriT

(1) The secondary of the oscillation transformer consisted
of 24 turns of litzendraht wire (size: 32 strands of number 38
wire) wound on 6.75 inches (17.1 cm.) of a bakelite cylinder
8.25 inches (21.0 em.) long and 8.5 inches (21.6 cm.) in diameter.
Taps were brought out for each turn.

(2) Condenser Cy, 500 to 25,000 upf.

(3) Range of hot-wire ammeter A, 0—0.3 amperes, 0—0.6
amperes, 0—1.0 amperes, and 0 —3.0 amperes.
(4) The Variometer L.

(a) The first variometer used consisted of a stationary
eylinder 1.37 inches (3.49 cm.) long and 3.06 inches
(7.73 em.) in diameter wound with 20 turns of litzendraht
wire (size: 32 strands of number 38 wire) and a rotating
cylinder 1.37 inches (3.49 em.) long and 2.18 inches (5.56
em.) in diameter wound with 20 turns of the same size
litzendraht as the stationary coil. The two coils were con-
nected in series and the impedance of the variometer was
varied by rotating the secondary with respect to the primary.

(b) A second variometer having a smaller minimum
impedance than the first consisted of an outer and station-
ary cylinder 0.75 inch (1.91 cm.) in length and 5.0 inches
(12.7 em.) in diameter wound with 8 turns of litzendraht
wire (size as before). The inner rotating cylinder was 0.75
inch (1.91 em) long and 4.25 inches (10.8 em) in diameter.
It was wound with 10 turns of litzendraht wire (size as
before).

(¢) For the highest frequencies where the inductance of
the test samples become very small this latter variometer
was changed to 3 turns on the stationary coil and 5 turns on
the secondary.

(5) Condenser C:, 3,000 to 100,000 ppf.

(6) Voltmeter V Ranges: 1.0 to 3.4 volts (no multiplier),
3.0 to 10.5 volts low range of multiplier, 8 to 27 volts middle
range of multiplier, and 17 to 60 volts high range of multiplier.
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TEST SAMPLE

ANALYSIS OF STEEL—An analysis of steel similar to that used
for the test sample is as follows:

Percent.
Carbon......................... 0.09
Silicon. ...... .. ... .. ... .. ... .. 0.025
Molybdenum . .................. 0.006
Phosphorus..................... 0.004
Titanium..... ... ... ........... Trace
Chromium................. .... Trace
Vanadium..................... . None
Nickel.. .. ......... ... .. . ... None

This analysis was made by Professor Frank W. Durkee,
Tufts College, Massachusetts, for the American Radio and
Research Corporation, Medford Hillside, Massachusetts. Thanks
are due Dr. V. Bush for the use of this material.
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DISCUSSION

N. W. McLachlan (by letter): In the preface to Mr. Wil-
son’s paper, it is stated that the data are new. The actual numeri-
cal values for a certain thickness of iron and a certain range of
frequency are undoubtedly new, but no new facts have come to
light regarding the behavior of iron at high frequencies. From
the absence of references in the paper, one would conclude that
no investigations had been conducted on the behavior of iron
at radio frequencies since Mr. Alexanderson’s brilliant experi-
ments of 1911. This, however, is not the case. The ‘“Year
Book of Wireless Telegraphy,” for 1918, contains a complete
résumé of work on iron at radio frequencies under undamped
oscillations, up to October, 1917, together with a list of 45 refer-
ences. Since this article was written, work on the same subject
has been published in France and in Germany. In the “Journal
of the Institution of Electrical Engineers” for April, 1916, a paper
is published giving details of experiments on iron of different
quality and thickness up to frequencies of 10° cycles per second.
At that time the thinnest material available in England was
0.25 millimeter (0.01 inch).

Mr. Wilson’s results are probably quite accurate enough for
most practical purposes, for it is seldom, if ever, that iron is used
in practice under the same conditions as those which hold in the
laboratory. I am, however, not prepared to agree with the state-
ment in which he claims the same order of accuracy at frequen-
cies of a million as at 60 cycles per second. A calibration of hot
wire ammeters by direct current is no guide to their behavior at
radio frequencies. The current measurements could have been
carried out to a high degree of accuracy by using an iron-cored
current transformer! and a thermo-ammeter. It is possible to
calibrate accurately the current transformer at radio frequencies
by using a separate heater, thermo-junction and a sensitive
direct current galvanometer.? I have built current trans-
formers with errors less than 1 percent at frequencies from 10
to 108 cycles per second.

Mr. Wilson has found the usual discrepancy between the
calculated and experimental values of the depth of penetration
of magnetization, or as it is frequently termed, the “equivalent
depth of uniform magnetization.” The reason for the difference
is probably due to the fact that the resultant magnetizing force
operative on the iron decreases from the skin to the centre of the
1 “Electrician,” December 22, 1916; “Wireless World,” July, 1917.

2 “Proceedings of the Royal Society of London,” 1914.
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plate. Thus the flux density, as is well known, decreases from
the skin to the centre, since the so-called ‘“‘true’” permeability
of iron varies with the flux density. It follows, therefore, that
the “true” permeability varies from the skin to the centre.
Moreover, the propagation of the flux waves within the iron, and
the shape thereof, is quite different from that contemplated in the
mathematical analysis, in which the permeability is assumed
constant thruout the plate. Even when the phase displacement
due to hysteresis is taken into account (with constant permeabil-
ity), the discrepancy is still large. When the variation in per-
meability is considered, the variable hysteresis loss at different
depths complicates the problem still further.

The question of a sinusoidal current wave giving rise to a
sinusoidal voltage wave is a point which can be settled only
experimentally. At low frequencies there is considerable dis-
tortion of the voltage wave form, and at high flux densities the
wave is very peaked.® In this respect it would be extremely
interesting to see exactly what does happen at high frequencies.
Such an investigation could be conducted by using an apparatus
similar to that developed by the French military authorities and
known as the Dufour cathode ray oscillagraph. This instrument
has been used to record oscillations of 7.5X 10 cycles per second,
generated by triodes.

Leon T. Wilson (by letter): In Dr. N. W. McLachlan’s dis-
cussion, it is stated that ‘“the actual numerical values for a cer-
tain thickness of iron and a certain range of frequency are
undoubtedly new, but no new facts have come to light re-
garding the behavior of iron at high frequencies.”” This in-
terpretation of my statement, that the data are new, is the correct
and only one which I thought would be made. The chief
novelty consists in the voltmeter employed and not in the data
obtained, which are offered only as being of some possible general
interest. .

From the absence of any, except the necessary references
in my paper, Dr. McLachlan would draw the conclusion that no
investigations had been conducted on the subject since the
experiments of Mr. Alexanderson in 1911. My paper, as may be
seen from the first sentence of the preface, is not intended to be
a historical résumé of all work previously done on the subject.
The need for such a résumé was so well fulfilled by Dr. McLach-
lan’s own paper contained in the “Year Book of Wireless Teleg-

3 “Journal of the Institution of Electrical Engineers,” June, 1915.
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raphy,” for 1918, that I considered it entirely unnecessary even to
attempt to add anything further.

Objection is made, and not without grounds, to my state-
ment that the accuracy of the results as a whole compares favor-
ably with the accuracy that might be obtained at frequencies
of 60 cycles. Here I had in mind the accuracy of measurements
as they are very generally made at 60 cycles, and not that ac-
curacy which it is possible to obtain in the laboratory under
the best conditions. That is, the statement should not be
interpreted as claiming a high degree of accuracy.

Dr. McLachlan has made some interesting comments con-
cerning current measurements, using an iron-cored transformer
and thermo-ammeter. The use of such a refinement in the
current measurement in the present investigation, without hav-
ing gone to similar refinements thruout, which would have been
rather difficult in view of the changes in the properties of the
iron with changes in temperature, reminds one of the old adage
about “straining at a gnat and swallowing a camel.”

Dr. McLachlan’s explanation of the usual discrepancy be-
tween the calculated and experimental values of the depth of
penetration is constructive and of general interest. The reason
for bringing out this point in the paper was to show that the dis-
crepancy could not be explained as due to the presence of an air
gap in the test sample.
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