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PRCCEEDINGS OF THE SECTIONS

WASHINGTON SECTION

A meeting of the Washington Section of The Institute of
Radio Engineers was held at the University Club, Washington,
on the evening of Monday, November 27, 1916. Prior to the
meeting, a dinner was given in honor of the retiring Chairman
of the Section, Colonel Samuel Reber, U.S. A. There were thirty-
two members present. In the course of the meeting, Lieutenant-
Colonel George O. Squier, U. S. A., was elected Chairman for
1917, and the remaining members of the Executive Committee
of the Washington Section were re-elected.

BOSTON SECTION

On the evening of Thursday, November 2, 1916, a meeting
of the Boston Section was held in the Cruft High Tension
Laboratory, Harvard University. Professor A. E. Kennelly,
President of the Institute, presented a paper on ‘“Telephone
Receivers’ illustrated by lantern slides.

On the evening of Thursday, December 14, 1916, a meeting
of the Boston Section was held at the Cruft High Tension
Laboratory. Mr. H. J. W. Fay presented an illustrated paper
on ‘‘Submarine Signaling.”

SEATTLE SECTION
On the evening of September 9, 1916, a meeting of the
Seattle Section of the Institute was held in Seattle. A paper
by Mr. Robert H. Marriott, Past-President of the Institute, on
“Radio Shadows’” was presented. The attendance was ten.
Certain financial arrangements were carried out on the same

occasion.
SAN FRANCISCO SECTION

A meeting of the San Francisco Section of the Institute was
held at the Engineers’ Club, Mechanics Institute Building, San
Francisco, on the evening of November 21, 1916; Mr. W. W.
Hanscom presiding. A paper on “The Proposed Navy Bill and
Government Ownership of Radio Stations” was presented by
Mr. George S. de Sousa. There were twenty-nine members
present. Following the paper, Messrs. Hanscom and Greaves
gave discussions thereon. Matters dealing with the further
organization of the San Francisco Section were then considered
by the meeting.

A dinner and meeting of the San Francisco Section were held
on the evening of December 19, 1916, at the Engineers’ Club,



San Francisco, Mr. W. W. Hanscom presiding. At the dinner
the attendance was twenty, and at the meeting following the
attendance was forty-nine. Two papers were presented at the
meeting. The first of these, by Mr. Oscar C. Roos, was on
“Radio Conditions in the Philippine Islands.” The second,
by Mr. Ellery W. Stone, dealt with ‘‘Additional Experiments
with Impulse Excitation.” The first paper was discussed by
Messrs. Hanscom and Greaves, and the second by Messrs.
Pratt, F. C. Ryan, and the Author. Local organization and
financial matters were further considered at the meeting.
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ENGINEERING PRECAUTIONS IN
RADIO INSTALLATIONS* .

By
RoBErT H. MARRIOTT
(ExperT Rapio A1p, NAvY YaArp, BREMERTON, WASHINGTON)

Probably all devices used to produce some desirable result
may, under certain conditions, produce or contribute to the
production of undesirable results, or damage. The probability
of damage from radio apparatus compares favorably with that
from other useful devices, and is apparently decreasing. How-
ever, radio apparatus may produce damage, and a discussion of
the matter may result in future prevention of damage.

In this paper the subject will be considered under four
general headings.

1. Wherein dangerous shocks may be received from radio

apparatus.

2. Wherein radio apparatus provides a path for currents

other than radio currents.
(a) Lightning.
(b) Antennas coming .into contact with lighting
or power lines.

3. Wherein radio apparatus provides the current or

potential by direct discharge.

4. Wherein radio apparatus provides the current or

potential by induction.

1. Injurious shocks may be received from the transmitter
circuits used in very high power stations or in lower power
stations should the operator come in contact with the power
transformer secondary when the transformer is disconnected
from the radio circuits. Radio frequency currents are usually,
at worst, only disagreeable.

There are, or were, a few cases of dangerous practice along
these lines. One was to shunt the operating key, so that the
transformer secondary was at a fairly high potential when the
key was open. Another dangerous method and probably by

o S‘Delivered bhefore The Institute of Radio Engineers, New York, June 2,
1915.
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far the most dangerous to the life of the operator, was to use
alternating current primary generators which gave an open cir-
cuit voltage as high as 500 or 600 volts and connecting that
high voltage circuit thru the operating key.

Possibly it is reasonably safe to use a generator open circuit
voltage as high as 250 but, all things considered, it may be
best to bring this voltage down nearer 110, even if efficiency of
transformation has to be sacrificed slightly.

2 (a). The danger of fire being produced by lightning strik-
ing the antenna is apparently less than the danger in ways men-
tioned under headings 2 (b), 3, and 4. Personally, I have never
seen lightning strike an antenna, nor have I seen evidence that
lightning has struck an antenna. However, I have frequently
seen antennas discharge to ground when lightning apparently
struck at some distant point. For example, in one case, using
an antenna 200 feet (60 meters) high, the discharge jumped a
gap of 3.5 inches (8.7 em.) to the ground. On several occasions,
in mountainous districts, I have seen lightning striking ap-
parently on all sides of a radio station. On one such occasion,
lightning struck a one-story house about six blocks from an
antenna 200 feet (60 meters) high. On another such occasion,
lightning apparently struck a high tension line near the radio
station, judging from the crash which was apparently coincident
with the flash and from the fact that the high tension trans-
former in the sub-station within a couple of hundred feet was
burned out.

2 (b). At one time a report was brought in that lightning
had struck a radio station burning up the receiving apparatus.
On investigation it was found that someane had changed the
antenna wires from their former position and had placed them
across and above a 1,200 volt line. When the ropes supporting
the antenna stretched, the antenna dropped down on the 1,200
volt line and grounded this line thru the receiving apparatus,
burning up the receiving apparatus. On other occasions, antenna
wires have dropped across telephone lines, and lighting and
power circuits. In the case of the telephone lines, the radio
transmitters discharged to the telephone line, usually short-
circuiting the telephone lightning arresters; while in the case
of the lighting and power circuits, the power circuits usually
were short circuited, burning out fuses. However, in those
cases, had the receiving instrument been connected, it is pos-
sible that the power circuits might have discharged thru the
receiving instruments and burned them.

10
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In cities, where lighting, power and telephone circuits are
exposed, trouble may arise from antennas dropping across such
wires, and in the larger cities where fire alarm circuits and
telephone circuits frequently run across the roofs of houses,
these circuits may be frequently damaged by antenna wires
dropping across them and by their receiving direct discharges
from the transmitters.

The greatest number of fires I have noticed starting from
direct discharge of transmitters have been where roof insulators
or deck insulators leaked current to the roof or deck, and where
the roof or deck was of some combustible material. However,
none of these fires have resulted in serious conflagrations, prob-
ably because they almost invariably occurred during rain or very
damp weather, the dampness or rain serving both to short-
circuit the insulator and put out the fire.

Portions of transmitters, such as condenser supports, trans-
former supports, etc., have frequently been charred to some
extent. There is less danger of fire being caused by the ap-
paratus which is mainly in use now because, with the exception
of auxiliary apparatus as used by one company but now being
discontinued, the plain antenna method of connection of the
transmitter has been discontinued. This plain antenna con-
nection brings the full spark gap potential to the roof or deck
insulator, thereby causing it to break down. A majority of the
cases observed where the roof or deck was set on fire were
brought about by this type of apparatus.

For the benefit of persons who have not given thought to
the subject of insulating radio transmitters, a few points con-
cerning insulation may be proper. These points refer mainly
to the transmitter and include the antenna.

A. Air is a good insulator. Its insulating qualities are
least liable to be affected by dust, moisture, or age; also, it is
cheap. That is, it is desirable to use plenty of air space, when
practicable, between points where a discharge might take place.

B. Long and narrow surface insulation is desirable, much
on the same principle that a long, narrow conductor has a higher
resistance than a short, thick one.

C. Insulators having corrugated surfaces, or surfaces which
furnish tortuous paths, are desirable, as such insulators require
radio frequency currents to travel over long paths. For the same
reasons, such insulators are desirable for direct current and
audio frequency potentials.

D. Non-combustible, non-absorbent materials (for example,
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porcelain) are preferable tor insulators where it is possible to
use them.

E. Insulator surfaces should be kept clean and dry.

In the earlier days of radio work, a common method of
bringing the antenna thru the wall of the house was to bring
this connection thru the middle of a large window pane. This
practice was usually fairly satisfactory and not very expensive.

For inside werk, the writer adopted a general rule of provid-
ing surface insulation equal to eight times the sparking distance
thru air. For example, if the wire used in the circuit would spark
to objects at a distance of one inch (2.5 cm.) thru air, this wire
was held away by a porcelain rod one inch (2.5 em.) in diameter
and eight inches (20. ecm.) long.

Porcelain cleats in series are probably as inexpensive an
insulator as may be used for guying small antennas, considering
their insulating qualities.

4. For the purpose of this paper, the currents which are set
up in conductors not connected to antenna, but due to the radio
frequency currents in that antenna, will he referred to as “in-
duced radio currents’’, and the transference of energy from the
antenna to other unconnected circuits will be referred to as
“by radio induction”.

The greatest damages from fire which is known to me
have occurred where the transmitters were not connected with
the point which took fire. In these cases the transmitter caused
high potentials in conductors which were more or less distant
from the transmitter; that is, these conductors acted somewhat
as receiving antennas, and were close enough to rise to a high
potential. Where these conductors consisted of telephone
circuits the lightning arresters provided on the telephone circuits
usually short circuited to ground by the fusing of the metal in
the arrester.

This grounding of the telephone circuits usually rendered
the telephone circuit inoperative. In the cases of lighting and
power circuits carrying direct current or alternating current,
such as 60 cycle alternating current, the high potential radio
frequency alternating current induced on these lines was ap-
parently superimposed on the direct current or audio frequency
alternating current. The radio frequency current produced on
these lines was frequently of very high voltage comparatively
while the other current (direct, or audio frequency) on the lines
was of comparatively high amperage. When the radio potential
occurred at a point within striking distance of an object at op-
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posite potential, it apparently discharged and carried the direct
current or audio frequency current over after it. In many cases
the ares so formed held until the terminals of the arc or part of
the circuit burned away. Power transformers, lighting trans-
formers, motors, generators, relays, magnetos, watt meters,
ammeters, volt meters, lamp sockets, rosettes, etc., burned out
or were rendered inoperative apparently from this cause. On
a number of occasions lamp cord carrying 110 volt direct current,
or 60 cycle alternating current, has been short circuited, and
on one occasion an 8 foot (2.4 meters) drop cord disappeared in
flame and a nearby motor was short circuited. On other oc-
casions, lamp cord lying against wooden moulding short cir-
cuited and burned, setting fire to the wooden moulding. On
these occasions, people were nearby and put the fire out before
it reached any material magnitude.

On one occasion receiving and transmitting apparatus were
located very near to the transmitter. The result was that
motor and generator windings, relay windings, reactance coil
windings, etc., were repeatedly short circuited. This was
stopped by providing radio frequency paths thru condensers
across points which developed high radio frequency potential;
also, by placing the wiring in grounded iron conduit, and the
short sections of wiring of the switchboard in grounded lead
covered wires; and finally, by placing a grounded wire netting
screen between the transmitter and the apparatus. All of these
expedients were put into effect before noticeable potentials
were avoided.

Radio frequency currents possibly in some cases have been
superimposed on high tension circuits of the transformers, at
least across portions of the secondary of such transformers.
It is not quite so easy to conceive how this radio frequency
potential may occur in the secondary where so many turns of
fine wire are used.* However, when transformers were placed
in certain relation and near radio frequency circuits they broke
down sometimes between sections and sometimes from secondary
to primary, and similar transformers when substituted and moved
further away or turned at an angle did not break down.

In the United States in 1901, in order to prevent induction in
mast guys, these guys were made of rope. In 1902, owing to the
stretching and contraction of the rope in dry and wet weather,
the writer substituted steel guys with rope blocks and falls at

. *A probable explanation is the distributed capacity of the secondary
windings and consequent internal resonance effects with breakdown.
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the bottom of the guys to serve both as insulators and as means
for adjusting the guys. About this time, or before, others used
wooden strain insulators in the guys. On some occasions both
the rope insulators and the wooden strain insulators were burned
by current leakage between the guys and ground. Even on
shipboard, attempts were made at times to insulate guys and
stays between masts. However, owing to the difficulty of
providing insulation which would not leak, the principle of
thoroly grounding the stays and guys was adopted. Stays
and guys and other metallic conductors, such as hand rails,
occasionally discharged to passengers, causing considerable ex-
citement and fear on the part of some steamship companies
that passengers might be electrocuted. The remedy used for
this was thoroly to ground stays and guys, etc. Even the metal
whistle cords on vessels occasionally discharged to damp wood
work, etc., and often a person who tried to manipulate the whistle
received a shock. These were grounded by using flexible wire
ground connection. Steel heams, steam pipes, long bolts, anchor
chains, and other conducting materials, on vessels, have been
‘known to spark to ground or to other conductors. Conduits
containing electrical wiring have apparently discharged to the
ends of wiring where the conduits were not grounded. Metal
roofs in the vicinity of land stations, and metal roofs of wharves,
have discharged to ground, causing charring of the wood to
such an extent that fear of fire resulted.

On account of sparking on their vessels, one line had a
tendency to accuse the radio apparatus of being responsible for
nearly anything that went wrong with the electrical circuits on
the vessel, even going so far as to say that the radio currents
went down thru the vessel and into the water condenser of the
engine and caused electrolysis to such an extent that the water
condenser had to be replaced!

On a line where the vessels were almost entirely constructed
of wood, sparking, charring, and injured apparatus resulted at a
number of points. The mast stays were wrapped with houslin
and passed thru thimbles connected to the hull of the vessel,
thereby insulating the mast stay from the hull of the vessel by
the houslin. This houslin was set on fire and burned away, due
to the sparking between the mast stays and the hull of the vessel
via the thimble. On these vessels the mast head lights, running
lights, and port and starboard lights, were connected to the pilot
house signal light switch board by means of rubher covered twin
conductors without metal covering. All of these signal light
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circuits were burned out from time to time due to sparking across
the lines or between the lines and ground. Annunciator circuits
and call bell circuits thruout the vessels discharged to metal
portions of the ship, and in some cases caused slight charring
of woodwork.

On one occasion a steamship company asked that their
vessel be gone over with a view to preventing any possibility of
igniting explosives which they expected to carry. In this case
it was recommended that all metallic conductors in the hold and
in the vicinity of the hold be thoroly grounded and electrically
connected together, even the short metal ladders and supports
which extended from one deck to another.

Three instances are recalled of wooden masts set on fire
due to the discharging of guys to each other thru the wood-
work of the mast. In two of the cases the masts were burned
off several feet from the top. In these cases the guys were
50 feet (15 meters) or more from the antennas.

It has been found that radio currents were induced in the
metallic paint on masts and on some occasions the metal paint
was removed and a portion of the mast varnished. Some years
ago it was the rule to make all radio masts of wood. Also wooden
top masts have been required on shipboard because of the radio
apparatus.

Regarding the ability of sparks to start fire, that obviously
depends on the heat developed by the spark and the heat required
by the combustible material. Very small sparks are almost
universally used for igniting gas or gasolene vapor in gas engines,
and it is quite possible that similar gas might be ignited by
equally small or smaller sparks on shipboard or at other points
near radio stations. Sparks developed by radio transmitters
might be capable of igniting oils such as are found, for example,
in the paint lockers on vessels. Theoretically, radio might cause
distress conditions by setting the ship on fire and then relieve
these conditions by bringing aid!

While the paper has been confined practically entirely to
personal observations, the conclusion is not to be drawn that the
damaging results always occur. The instances mentioned
practically cover all the cases noted during a period of about
15 years use of radio frequency circuits, including radio fre-
quency apparatus operated under a large variety of relations to
adjacent conductors at stations on both coasts of the United
States, at numerous points inland, and on the vessels of several
nations.
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Protection against radio frequency currents of dangerous
potential being induced in low potential direct current of audio
frequency circuits may be brought about to a considerable extent
by taking advantage of the ways in which radio frequency
currents differ from direct current and audio frequency currents.

Condensers of small capacity impede radio frequency currents
very much less than audio frequency currents; (that is, radio
frequency currents usually find an easy path thru small con-
densers, while practically no 60 cycle current or direct current
will flow thru small condensers.) For practical purposes small
condensers may be assumed to be good conductors for radio
frequency currents and insulators for direct current and alternat-
ing current having frequencies in the neighborhood of 30 to
500 cycles.

Condensers have been installed in series with fuses to ground.
This practice is objectionable because if the fuses burn out, the
lines are left unprotected at a time when such protection is
most likely to be needed, and unless the fuses are in some way
arranged to notify some person, it is quite probable that they
will not be known to have burned out until after damage occurs
to the low tension circuits.

Mica condensers in which lead foil was used have been found
to provide automatic self fusing devices without destroying
the service ability of the condenser; for example, when a sheet
of mica punctured making a small hole, the lead foil melted
away from around the hole until the arc was extinguished and
the condenser then operated as before.

Radio frequency currents do not penetrate very far into the
conductor, or flow to any great extent in a conductor when that
conductor is screened by a concentric conductor such that the
radio frequency may flow in the concentric conductor; thus,
for example, very little if any radio frequency current will be
induced in a pair of rubber covered copper wires enclosed in an
iron conduit, where the iron conduit is grounded at intervals.

Low potential circuits have often been protected from radio
frequency potentials by grounding thc low potential circuits
thru high resistance rods made up of carbon and clay; and in
some cases by using incandescent lamps between the conductors
and ground. The writer has always considered this an objection-
able practice, because to some extent it grounds the low po-
tential circuits, which are usually better ungrounded. Also,
according to the experience of the writer, these high resistance
grounds have apparently offered, as a rule, greater impedance
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to the radio frequency currents than small condensers offered.
Slate switchboards sometimes served as protectors to low fre-
quency circuits because their resistance was sufficiently low to
allow them to act much as the high resistance protective rods.

Less trouble has occurred since more metal has been used in
the construction of ships, in the form of bulkheads, decks, and
supports. In addition, the doing away with wiring in wooden
moulding and the substitution of metal moulding, conduit, and
metal covered cable has prevented radio frequency currents from
being produced in the direct current and audio frequency wiring.
Lead covered wire has been used sometimes, but has occasionally
caused trouble when the lead has been mechanically forced thru
the insulation and against the copper. It is probably preferable
to use lead covered wire in protecting metal conduit with drains
in the lower portions of the conduit to take care of sweating, etc.

Besides preventing sparking, another reason for thoroly
grounding the stays and mast guys on vessels was the assumption
that less energy is absorbed from the radio waves by thoroly
grounding these stays than that which would probably bhe con-
sumed in the resistance over leaking insulators.

The increasing knowledge and improving practice of profes-
sional radio engineers decreases the probability of damage.
However, inexperienced persons instal transmitting and receiving
stations from time to time, using such various types of apparatus
as their circumstances and knowledge provide. Such stations
as these are frequently erected in private houses, where sparks
may occur on combustible material, and where telephone and
lighting wires may not be protected by conduit or grounded
metal covered wire, and where the antennas may be above or
may parallel nearby telephone. fire alarm, lighting, and power
wires. It might be useful to offer a set of rules to cover the
various possibilities, but that would require very careful study,
if these rules were drafted, to prevent imposing hardship on the
voung experimenter and radio student, who generally is limited
as to means.

Rules might be prepared by a Joint Committee of the Amer-
ican Institute of Electrical Engineers and The Institute of
Radio Engineers. These would make a useful addition to the
Underwriters’” Rules and improve engineering practice.

The radio laws which require low decrement and practically
single waves to be radiated from transmitters, made for the
purpose of preventing interference, may serve as a protection
against radio transmitters causing damage. These laws, with
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their resulting regulations, aid in eliminating the plain aerial
type of transmitter whereby the antenna was raised to ex-
cessively high potentials, and because of the lower decrement,
nearby circuits, unless their natural period is somewhat near
that of the radio frequency, may not be excited to such an
extent. High group frequency transmitters and especially trans-
mitters of constant amplitude waves use lower voltage for equal
power, which results in lower voltages being induced in nearby
conductors. These types of transmitters are coming into general
use and the constant amplitude wave transmitters may be the
transmitters of the future. Therefore, the probability of damage
should continue to decrease.

When the current flows in an antenna, magnetic and electro-
static fields are produced around that antenna; therefore all
conducting materials in these fields are conductors in the di-
electric of a condenser, and at the same time they are conductors
which cut a magnetic field. Considering the antenna as one plate
and the earth as the other plate, and the air between all parts
of the antenna and the earth as the dielectric, all conductors
within this air space will be at a different potential from both
the antenna and the earth, while this condenser is being charged.
As the antenna may be periodically charged to a high potential,
the conductors in the dielectric may be periodically at a high
potential with respect to earth, depending on their distance
from the earth and from the antenna. If these conductors are
at any time raised to a potential sufficiently high to break down
the solid or air insulation between them and earth, they will
discharge or spark to earth. Now, if these conductors are car-
rying another current such as direct current with a direct current
potential difference to ground, then the direct current will as a
rule, it may possibly be said, follow the spark, and establish an
arc which may hold until the circuit is opened by some portion
burning away whether that portion be a fuse, a wire line, or
generator winding. In the same manner both terminal wires
of a motor or generator may spark simultaneously to the arma-
ture core, and produce a short circuit. This may occur whether
or not the motor or-generator is grounded because the motor or
generator usually occupies a relatively different position in the
dielectric from that occupied by the line wires.

Where conductors are within sparking distance of the antenna
a discharge may take place, altho the conductors may be in-
sulated from ground and from the antenna, and this for the same
reason that such conductors discharge to ground. For example,
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antenna circuits frequently discharge to such small masses of
metal as wood screws, altho the surrounding wood is a good
insulator.

Conductors are usually so placed as to cut the magnetic
lines emanating from the antenna or the closed circuit of the
transmitter; and a potential difference between the ends or
portions of a system of such conductors may result which will
break down the insulation. If these ends or portions are, for
example, the opposite terminals of a motor or generator, or the
terminals of a magnet, a short circuit may result. The electro-
static and magnetic fields may work together to produce such
damage.

The shorter waves formerly used may have corresponded
more nearly to the natural wave lengths of conductors which
were found on shipboard in the lower potential circuits than do
the longer waves used at present. When the conductor which
tends to spark to ground or to the frame of a dynamo is con-
nected to ground or to the frame thru a condenser, and where
that condenser is relatively of much higher capacity than the
capacity of a conductor to ground or to the ebject to which
it tends to spark, the effect is probably somewhat similar to
bringing the conductor quite near to the ground or the frame, and
the nearer the conductor is to ground or to the frame, the lower
the potential difference that exists between the conductor and
ground or frame. That is, the conductor will be brought to a
point of lower potential in the potential gradient between the
antenna and ground. Or this protective condenser may be
possibly regarded with fair correctness as a very low impedance
so far as the radio frequency potential is concerned; and where
a relatively low impedance is in circuit, the potential across
that impedance must be relatively low. In other words, a
relatively low impedance is provided for the radio frequency
current around the insulation provided for the direct or audio
frequency current.

Test made at the United Wireless Telegraph Company’s
Manhattan Beach station on Aug. 21, 1909, are interesting in
these connections.

Referring to the Figure:

1, 2, 3, 4, 5, 6, 7, 8, 18, 19 represent the United Wireless
transmitter.

1. 2 K. W. 60 cycles transformer.

2, 3, 4, 5. Connections between transformer secondary

and condenser.
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6. Connection to coupler.

7. Helical coupler (oscillation transformer).

8. Antenna.

18. Spark gap.

19. Ground.

¢—c Condenser (Leyden jars).

9, 10, 13, 14 represent the relative position of two test wires
each of number 10 B. & S. rubber covered copper wire* 5 feet
(1.5 m.) in length. The wires were parallel and 3 inches (7.62
cm.) apart. These wires were open and insulated, and their
lower ends were either brought near together or near to the
earth or motor generator, so as to ascertain over what length of
gap they would discharge.

L] Js

¥
i
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9] {ro 13 U+
18 ¢ 1!
6 '
: '
7 4+ H :
3 =333 |
clefdc|cle] fe- 9™ i
. 4 1l
: X
13 2 1
5
G
Test at Manhattan Beach Station
—te Avgust 21, 1909

15-16 represents a 2 K. W. Holtzer Cabot motor generator,
on an iron base, insulated from ground. Motor (15), Generator
(16). The motor generator was disconnected, power for the
transmitter being taken from the city mains.

(. Wire connected to copper plate in earth, approximately
18 fant (3 m)) long.

of number 10 wire =0.102 inch =0.239 cm.
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The transmitter operated at full power, and radiated two
waves (at 500 and 960 meters).

a. Test conductors at 9 and 10. No noticeable discharge
between two lower ends.

b. Same at 13 and 14.

c. 9 or 10 discharges over 0.25 inch (0.6 cm.) air gap to
ground (@).

d. 13 or 14 discharges over 0.17 inch (0.4 ¢m.) air gap to G.

e. 9 or 10 discharges over 0.06 inch (0.15 ¢m.) gap to motor
generator (insulated from ground).

f. 13 or 14 discharges over 0.03 inch (0.08 cm.) gap to motor
- generator (insulated from ground).

g. 9 in grounded Greenfield conduit discharges approximately
0.01 inch (0.025 cm.) to ground (G).

h. 9 in ungrounded Greenfield discharges 0.22 inch (0.55 cm.)
toG.

7. 9 in grounded Greenfield discharges 0.14 inch (0.35 cm.)
‘to ungrounded motor generator.

j- 9 in Greenfield connected to motor generator, discharges
less than 0.01 inch (0.025 c¢m.), to motor generator.

k. 9 in Greenfield connected to motor generator shows no
discharge to motor windings.

l. 9 in grounded Greenfield discharges 0.14 inch (0.35 c¢m.)
to motor windings.

m. 9 connected thru 0.013 pf. condenser to motor generator
shows no discharge to either motor generator frame or motor
windings.

n. Motor generator discharges 0.22 inch (0.55 cm.) to ground
(G) when 9 is connected to motor generator thru 0.013 pf.

o. Motor generator shows no discharge to ground when
connected to ground thru 0.015 pf. (conductor 9 was connected
to motor generator thru 0.013 pf.).

Considering the antenna and earth together with the inter-
vening air as a condenser, if we wish to protect conductors in
this air dielectric against discharges from one plate or the other
of this condenser, we must do one of two things: Either thoroly
insulate the conductors to be protected or connect them elec-
trically to the plate to which they have a tendency to discharge.
That is, they must be thoroly insulated or made part of one
plate or the other. As the insulation between low voltage circuits
and ground is as a rule only sufficient to insulate the normal
potential on the low voltage circuits, it is necessary to provide
means for connecting these circuits to ground so far as radio

21



frequency currents are concerned, or to enclose them within
the ground plate of the condenser rather than in dielectric.

The case is one of conductors subjected to alternating stress
in the dielectric of a condenser and at the same time to an
alternating magnetic field.

The problem is to prevent these conductors from sparking.
The usual solution is to ground thoroly all conductors which are
not there for the purpose of carrying current, and to enclose
current carrying conductors in grounded metal coverings (e. g.
metal conduit). Where this is not practicable, it is desirable to
connect the current-carrying conductors to ground and to each
other thru condensers (e. g. lead foil and mica condensers of
approximately 0.17 pf. capacity tested at 500 volts, 60 cycle
alternating current and enclosed in copper water-tight cases).
In building a radio station, it is desirable to place all current-
carrying conductors (other than radio) underground so far as
practicable (and especially telephone conductors). The first
continuous grounded metal deck of a vessel, below the radio
transmitter, may be usually considered as the surface of the
ground in so far as this protective effect is concerned.

SUMMARY: Various types of possible danger from radio installations are
considered: shocks to the operator, short-circuit from lightning or from con-
tact with high tension power lines, breakdown from the high tension circuits
of the radio transmitter itself, and harmful inductive effects from radio
transmitters.

In each case, instances are given together with the proper means of avoid-
ing the undesired effect. In this connection, some detailed experiments are
described.



DISCUSSION

Benjamin Liebowitz: In the protection of radio frequency
apparatus, one of the most important points is the insertion of
choke coils to localize properly the radio-frequency energy.
I do not think it is as fully appreciated as it should be that
multiple-layer coils are almost useless for this purpose. Because
of their large effective distributed capacity, radio frequency
currents are propagated with great ease thru such coils, and
often with disastrous results. Thus, in one instance, I employed
as a choke coil an inductance of about 600 turns of number 18
B. and S. wire* wound in 30 turns per layer, and burnt out a
generator in consequence. I replaced this coil by six single-
layer spirals about twenty-four inches (61 cm.) in inside diameter,
each spiral having eighty turns of copper ribbon 0.50 by 0.01
inch (1.27 by 0.025 cm.) in section insulated by paper ribbon of
the same section. The six spirals in series had somewhat less
inductance than the multiple-layer coil first used, but to currents
less than 100,000 cycles in frequency they were an almost perfect
barrier. It cannot be too strongly emphasized that distributed
capacity is just as undesirable in choke-coils as it is in radio
frequency circuits.

® Diameter of number 18 wire =0.040 inch =0.010 cm.
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SUSTAINED WAVE TRANSMISSION CHART*

By
Tyne M. LisBY

(BREMERTON NaAvY YARD)

Radio engineers are frequently called upon to estimate the
range of radio transmitters, and to predetermine the height of
antennas, wave length, and power required to cover a given
range under average conditions. While estimates may be made
from a wide experience with a large number of stations, the
writer is of the opinion that closer approximations may be
made by the calculation of these factors by means of semi-
empirical formulae derived thru the correlation of data obtained
thru tests. In order to determine which formula most nearly
represents the observed results of daylight transmission, a
comparison of the following sustained wave formulas has been
made:

The Sommerfeld! theoretical formula:

= hihe I, A : o.o%t_\gd 1
L.=311530k Nsino ~ ° %
The Austin? semi-empirical formula:
_gpphhal, [ 8 -G 2
L.=311%3% Nsing ~ ° ®
The Fuller® semi-empirical formula:
gy, [0 O (3)
I.=871%3% Nsino ~ ¢
The formula* given in Eccles’ ‘“Hand Book’’:
hoho I,  _0%08d
I,.=4.25' ’17! . & ,\; (4)

In these formulae, I, and I, are sending and receiving

. *Presented before THE INsTITUTE OF Raplo ENGINEERS, Seattle Sec-
tion, June 10, 1916.
1A, Sommerfeld,  Ann. der Phys.,” 28, 1909.
2 ‘‘Bulletin of the Bureau of Standards,”’ volume 11, number 1, Nov., 1914.
3L. F. Fuller, “Proc. A. 1. E. E.,” volume 34, number 4.
+““Hand Book of Wireless Telegraphy and Teiephony," Eccles.
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antenna current respectively in amperes; h; and ks the effective
heights in kilometers of the transmitting and receiving antennas,
respectively; 2 is the wave length and d the distance, both in
kilometers; R is the radio frequency resistance in ohms, of the

receiving system. The term \/8—£—0 accounts for the effect of

the curvature of the earth, # representing the angle, at the
center of the earth, subtending the distance d. For practical
purposes this term may be considered equal to unity.

Table 1 gives some of the results of receiving tests at Darien,?
with audibilities calculated from formulas (1), (2), (3), and (4).
The received watts corresponding to unit audibility® were taken
as 1.23x107%° and the audibility taken as proportional to the
received current.

The values given by equation (1) are in fair agreement with
the observed results at the shorter distances. For the longer
distances, the calculated values are so low as to support the
conclusion of Dr. Austin®, that equation (1) represents the very
lowest values of received energy, and that at the greater distances,
these are strengthened by reflection from the upper strata.

Equation (3) gives absurdly high values as compared with
the observed results, and might possibly be due to difference
in types, and methods of manipulation of receiving apparatus,
etc., when this formula was derived.

Equation (4) is in closer agreement with the observed values
on shorter distances than the Austin formula. At the greater
distances, however, the values are extremely high. This formula
as given by Eccles, assumes a value of 25 ohms for R. In these
computations, the term R was introduced into the equation,
which changed the coeffici ent 4.25 to 106.25.

Attention should be called to the publication in different
places of equations (3) and (4) as Fuller’s equation. These
two equations are not at all in agreement, and without a copy
of Mr. Fuller’s original paper,? one would be at a loss as to which
was the “Fuller Formula.”

Of the four equations, (2) gives the most consistent values,
and as a whole may be taken as a close approximation. It is
noticed that the audibility of Arlington as calculated by equa-
tion (2) is in good agreement with the observed value. It is
suggested that this may be due to the fact that equation (2)
was derived from data taken at that station.

*L. W. Austin, “Experiments at the U. S. Naval Radio Station, Darien,
Canal Zone,” “Proc. I. R. E.,”” volume 4, number 3, 1916.
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The writer has made many audibility tests on naval ships.

and shore stations, and while the data obtained cannot be dis-
closed, it may be stated that the values calculated by equation
(2) were found to be in fair agreement with the observed values.

A simple algebraic solution of equation (2) for the values
7 and d is impossible, since they occur linearly and exponentially.
For the purpose of comparing observed results with equation
(2) predetermining 4, hy, he and I, to cover a given range, and
for readily solving for d, a chart has been prepared by the writer.
This chart is similar to the one for spark transmitters, which
was submitted tor publication by the writer’s co-worker, Mr.
H. G. Cordes.*

The radio frequency resistance of the average receiving
system is about 25 ohms. Assuming this value for R and stating
equation (2) in English units:—

0.0877d
r=rsrhiel (5)

I, in micro amperes.

I, in amperes.

hy and hs in feet.

1 in meters.

d in nautical miles.

Dividing (5) algebraically, and stating logarithmiecally:

A 0.0877 d

=———logyo s — 5
logo 757+109m hoha L v 0g10 € —logro d (6)
A number of curves (the broken curves in the chart) for
various values of I, are plotted with ordinates A hl 7 and
1/l2 1
abscissas,
I, A
log 757 T 100 5,

For each of a number of wave lengths additional curves (full
line curves in the chart) are plotted over the same abscissa
equated thru the expression

0.0877 d
— ——=—logs—logd
Vi ¥
with d as ordinates.

The I, curves (broken line) are marked in terms of audibility
using the oscillating audion as a detector, the received energy
required for unit audibility being taken as 1.23X107!% wattss,

¢ “Electrical World,” volume 66, number 23, 1915.
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and the audibility assumed to be proportional to I,. The
current required for unit audibility thru 25 ohms, using the
ultraudion detector, is therefore 0.007 X10~® amperes.

Fuller found that the received energy required for unit
audibility using a rotary tikker is 3.2X107!° watts?, or 3.56 X
10™® amperes thru 25 ohms. Since the audibility with the
tikker detector varies directly as the current, the audibility
curves in the chart may be used for that detector by multiplying
the given audibility by 2%7X10°° 1 0,002,

3.5810-8

If using a detector other than the ultraudion, the value of
the curves in terms of I, can readily be determined from their
values expressed in audibility.

To solve for d with a given set of transmitter values, proceed
as follows:

1. Compute - ——-

2. Locate this value on the left-hand ordinate scale and
follow in horizontally to the intersection of the broken curve for
the audibility desired.

3. From this intersection, proceed vertically to the solid
line for the wave length used.

4. From this last intersection, proceed horizontally to the
right, and read the required value of d on the right-hand ordinate
scale.

To predetermine the value of required to cover a

2
hihe I,
given range, the operations are just the reverse of these for
determining d.

To find the value of I, as calculated by equation (2) when
all other factors are known:

1. Locate d on the right-hand ordinate scale, and follow
in horizontally to the solid curve for the wave length used.
(Note the abscissa at this intersection.)

2. Compute

A
hihe I,

3. Locate this value on the left-hand ordinate scale, and
follow in horizontally to the abscissa noted in operation 1.
The audibility curve upon which this last intersection lies, is the
audibility required. If this last intersection does not lie exactly
on one of the audibility curves plotted, it is but a simple matter
to interpolate. To express the audibility in micro-amperes thru
25 ohms, multiply by 0.007.
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In predeterminations, under ordinary conditions, the writer
uses a factor of safety of 12 times the minimum audibility re-
quired. In exceptional cases, such as high intervening moun-
tains, in short distances, and in the use of short wave lengths, a
factor of safety of 16 times the audibility required, would not
be too large.

The Austin-Cohen” daylight transmission formula for damped

transmitters
0.0015d

I,= 425""’;’ AR (7

has been found to agree fairly well with observed results, on
wave lengths up to 4000 meters and distances up to 2000 miles,
where the transmitters were coupled loosely enough to radiate
but one wave.

Expressed in English units (7) becomes

0.0877d
b, -0

I,.=212 d A
_Transposing and stating logarithmically
A 0.0877d
— =1 -1
10910 212 " +logyo - htal, V3 010 € —logro d (9)

It will be noticed that the right side of equation (9) is
identical with that of equation (6). The full line curves for
wave lengths in the chart, therefore, are the same for damped
and sustained wave transmitters.

If in the chart, a set of I curves were plotted with ordinates
Wl h); T, 212 I.’ this chart could be
used for both damped and sustained wave transmitters.

Dr. Austin has found that an audibility of sixteen, or 28 X10~°
amperes thru 25 ohms, insures good communication thru strays
and interference, using the electrolytic, or the perikon de-
tectors.

In order to make the chart applicable to damped transmission,
the dot and dash curve has been plotted, the value of I, being
taken as 28 X 10~ amperes.

While it is admitted that a transmission theory, rather than
a transmission formula is desired, I do not think that more sus-
tained wave transmission data would be undesirable, and I make
this attempt to stimulate activity in this line.

7¢Bulletin, Bureau of Standards,” volume 7, number 3, 1911; volume 11,
number 1, 1914,

and abscissas log
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SUMMARY: The Sommerfeld, Austin, Fuller, and Eccles transmission for-
mulas are compared with available data, and the conclusion reached that the
Austin formula is most nearly correct. A chart is given whereby, given any
five of the six quantities: wave length, transmitting and receiving antenna
heights, distance of transmission, transmitting current, and received audi-
bility, the sixth can readily be obtained. Tho specially intended for sustained
wave reception using the ultraudion, it is shown that the chart can also be
used for other detectors and damped wave reception.
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QUANTITATIVE RELATIONS IN DETECTOR
CIRCUITS*

(A DiscussioN oN MR. ARMSTRONG’s PAPER ON ‘A STUDY OF
HETERODYNE AMPLIFICATION BY THE ELECTRON RELAY.”)

By
BensaMIN LieBowirz, Pu. D.

The object of this discussion is to bring out certain funda-
mental relations in simple detector circuits, and thereby to
determine directly the maximum amplification which can be
attributed to the heterodyne principle. The chief assumptions
are (1), that the predominant reaction in the detector circuit
(D K of Figure 1) is that due to the resistance of the detector
D, and (2), that this resistance is so high that the energy ab-
stracted by the detector circuit from the oscillatory circuit LC
is very small. Under these circumstances, there will be an

==
L C

K

Figure 1—Typical Detector Circuit

approximately simple harmonic e.m.f. impressed on the detector
if the received signals are simple harmonic, as we shall suppose,
and the current thru the detector can then be determined.
Two types of detectors will be considered, viz., ‘“perfect”
rectifiers and “approximate’’ rectifiers. The method of procedure
in each case is to compute the radio frequency currents as well
as the audio frequency currents flowing in the detector circuit,
and by comparison of these to determine what part of the

* Received by the Editor, November 1, 1916.
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energy abstracted from the oscillatory circuit is useful in produc-
ing an audible frequency telephone current.

Case 1. “PerrFecT’ RECTIFIERS

A ‘“perfect” rectifier may be defined as one which has a
constant resistance in one direction and an infinite resistance in
the other direction. The voltage-current characteristic for such
a detector is shown in Figure 2.

Current

Voltage

Fi1Gure 2—Characteristic of ‘“‘Perfect’”’ Rectifier

When a simple harmonic e.m.f. is impressed on a rectifier
of this kind, the resulting current will obviously be a succession
of sine loops, such as shown in Figure 3. If the e.m.f. is e sin pt

JAWAWA

FiGure 3—Current Thru ‘“Perfect” Rectifier

and the finite resistance of the detector is R, the amplitude of
these loops will be simply I—;-
This succession of loops is readily decomposable into a

Fourier’s Series. By the usual process the series is found to be

R{———cospt+§:cos2pt—w:— cosdpt+ - - - }
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We have here a rectified current of magnitude 'l-;f’

fundamental radio frequency current of amplitude %—;: and a
series of smaller overtones. If the rectified current is denoted
by y, and the amplitude of the fundamental radio frequency
current by Y, it follows, therefore, that

Yo= -;— Y,, approximately.

Hence we see that the magnitude of the useful current is only
about two-thirds of the amplitude of the fundamental radio fre-
quency current flowing in the detector circuit.

The average rate at which energy is being drawn from the

oscillatory circuit L C is E'E (being half of that which would
obtain if the detector had resistance R in both directions).
Of thisenergy, 1—25 is in rectified current, 3 % is in fundamen-
tal radio frequency current, and the rest is in the overtones. That
is to say, of the total energy abstracted from the oscillatory circuit,
about 40 per cent. is in the form of rectified current, 50 per cent.
in the form of radio frequency current of fundamental period,
and the remainder is in the overtones.

In order to be heard, the continuous series of loops of Figure 3
may be broken up into trains of audible frequency, so as to
convert the steady rectified current into one which rises and

falls between zero and %% This is equivalent to an audio

frequency current of amplitude

21“ 7 superimposed on a direct
current, plus overtones. The energy relations are otherwise
unchanged, for the preceding analysis is applicable to each
train or to each loop of each train.

Instead of being broken up, however, the series of loops
may be made audible by the heterodyne method. If the “other
force” is of the same magnitude as the incoming e.m.f. (the
“equal”’ heterodyne), then the loops will rise and fall between
zero and —21—; - And since each loop is very nearly pure sine in
shape, the above analysis is applicable as a close approximation,
and we therefore obtain a beat frequency current of amplitude
l-i; which is twice that obtained without the heterodyne.

=~ R
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When, however, the local force, say of amplitude E, is large
compared with that received, then the loops will rise and fall
E+e E—e

between R and B

analysis, we should still find that the amplitude of the beat fre-

And if we applied the preceding

quency current is -1. . I%. So that if the detector is a perfect

rectifier, the heterodyne method gives twice as great a useful tele-
phone current as the ‘“‘breaking up’’ method, irrespective of the
amplitude of the local current; a result entirely in accord with
that at which I arrived originally.!

In the sense that with a given ‘“perfect’’ rectifier the hetero-
dyne gives twice as great a telephone current as the ‘“breaking
up”’ method gives, and hence four times as much energy in the
response, the heterodyne may be said to give a four-fold true
amplification. This interpretation of ‘““true amplification” was
used by Mr. Armstrong in his paper, and is entirely justifiable;
but it must not be taken to mean that the heterodyne puts four
times as much energy into the telephone current as received
frequency energy abstracted from the oscillatory circuit. This
question will be taken up in greater detail in the next section.

The reason for the four-fold amplification becomes perfectly
clear if we bear in mind that in the “breaking up’ method of
receiving sustained waves we subtract roughly half the available
energy, whereas with the heterodyne method we add as much
available energy as we had to begin with.

I have omitted many of the details of the preceding analysis
and passed over several points, because, after the Fourier’s
series has been worked out for the succession of sine loops of
Figure 3, the subsequent results become clear by physical reason-
ing, and also because the case of ‘“‘approximate’’ rectifiers, which
will now be taken up, is of much greater interest.

Case II. “ApPROXIMATE”’ RECTIFIERS

The characteristic of an ordinary crystal rectifier differs
from that of a “perfect’’ rectifier (shown in Figure 2) in that it
runs slightly below instead of along the current axis for negative
voltages, in that it has a finite instead of an infinite curvature
at the origin, and in that it generally curves upward instead of
being straight for positive voltages. The ordinary rectifier is
therefore imperfect in two respects: it rectifies no alternating

1See these PROCEEDINGS, June, 1915, page 185, et seq.
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current completely, and it rectifies relatively large currents better
than small.

For purposes of analysis it is desirable to use a detector
which rectifies small currents substantially as well as relatively
Jarge ones. To do this, the characteristic of the detector must
have a rapid, tho finite, curvature at the origin, as shown in
Figure 4. Such a detector will be assumed in our analysis, and
will be called an “approximate rectifier.”

Current

Voltage

F1gure 4—Characteristic of ‘“Approximate’” Rectifier

The curve of Figure 4 can be represented by a power series,
or, with sufficient accuracy for all practical purposes, by a dozen
or so terms of such a series. Furthermore, in order to satisfy
our definition of an ‘“‘aproximate rectifier,”” the sum of all the
odd powers of the series must be nearly equal to the sum of all
the even powers; for the odd powers change sign when the voltage
becomes negative, whereas the even powers do not; so that if
their sums are nearly equal, they will nearly cancel out for
negative voltages and the series will be large only for positive
voltages. Hence, if y is the current and » the voltage, the
characteristic of our approximate rectifier is represented by

y=aiv+av*+ayvP+a i+ - - -, (1)
subject to the condition, when v is positive that
av+a’+asr’+ - 0 =artaritart+ - o 44, (2)

where A is a small quantity depending on 2.
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In order to deal with the simplest and most favorable case,
moreover, the coefficients a; will all be taken as positive; i.e.,
the detector characteristic will be assumed to be one in which,
within the given range, the current increases more and more
rapidly with increasing positive voltage.

Suppose, now, that, due to the received signals acting alone,
there is a simple harmonic e.m.f. e sin p ¢ impressed on the de-
tector. The resulting current will be:

y=aesinpltaesintpttasetsin®pt+ - - - . (3)
Remembering that

sin? 0=%(l-—cos20)
sind 0=i(3 sin 6 —sin 3 6)

sin‘0=;(3—4cos20+cos4 6)"

ete.,
we get:

y=a1esinpt+%age2 (1—cos2pt)
+%a;e3 (8sinpt—sin3pt)
+éa4 et (3—4cos2pt+cosdpt)

+l—]6a5 et (10sinpt—5sin3pt+sinbpt)

+31—2a.e° (10—15cos2pt+6cosd pt—cos6 pt)
Grouping the terms of this series according to periodicity,
and denoting the current of zero frequency by y,, that of fre-

quency 2£ by y,, we find:

=1 2§43><5$3><5><78_”}
yo—2{aze+4a4e+4x6aoe+4x6x8aae+ (5)
o 3 3X5
yp‘:s"’npt{ale'l'iasés""i‘)—('ﬁas€5+ o } (6)

Equations (5) and (6) are general formulas for calculating
the rectified and radio frequency currents flowing thru a
simple detector circuit of known characteristic. It should be

38




noted that these formulas do not depend on any of the assump-
tions we have made regarding the shape of the detector charac-
teristic.

Suppose now, to fix the ideas, that ten terms of our series (1)
are sufficient to represent the detector characteristic. The last
term of the bracketed expression in (5) will then be

3X5X7X9
4X6X8X10

and the last term of the bracket in (6) will be 0.492 qy €°.
Since the coefficients a; are positive, we get, therefore, the
following inequalities:

a0 €°=0.492aye;

as e+taet+ - - - +am‘el°>a¢e’+za4e‘+ © - - 40.492aye!®
>0.492 (s e +aset+ - - - Fape?),

aetases+ - - - +a,e’>a1e+§aae‘+ o 40492 a9 €°
>0492 (a1etase’+ - - - Faged).

Introducing now our assumption regarding the shape of the
characteristic, i. e., the relation (2), it follows that the brackets
in (5) and (6) must be of the same order of magnitude. Hence,
indicating the amplitude of y, by Y,, we may write, as a
rough approximation:

1
Yo= § Yp (roughly) (7)
For the case of the “perfect’’ rectifier, on the other hand, we
found y,,=§ Y, approximately.

Thus, the widely different methods of analysis give results
of the same order of magnitude, and since, from our conception
of an “approximate’ rectifier, we should except this to be the
case from physical reasoning, the comparison affords an ex-
cellent check on the mathematical deductions

Turning now to the behavior of the heterodyne method when
used in conjunction with an “approximate’ rectifier, let there be
a local e.m.f. E sin gt impressed on the detector, and let this
be large in comparison with the received e.m.f. e sin pt. The
voltage » in series (1) now becomes E sin ¢t+e sin pt. In the
binomial expansion of the expressions (E sin ¢ t+e sin p )", two

. . . . . e .
terms give a sufficiently close approximation, since 7 is as-
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sumed small. There results, therefore, for the current in this
case:
y=a, (Esinqt+esinpt)
+a; (B*sinqt+2Eesinptsingt)
+as (E*sin®qt+3E?esintgtsinpt)
+a4 (E*sin* qt+4E3esindqtsinpt)

B (8)
Expanding the terms sin* gt and sin*~'qtsinpt by well
known or easily derived formulas into polynomials involving
multiple angles, we get:
y=a{Esingt+esinpt}

+a,{%E’ (1—cos2qt)—Ee[cos (g+p) t—cos (g—p) t]}
+a;{iE‘ (8singt—sin3 qt)
-l-gE’e[sin (2¢g—p)t—sin (2q+p)t+2sinpt]}
3 1 1
4 2 -
+a.{E <8 2cos2qt+scos4qt)
+E3e [gcos (p—q) t—gcos (p+q)t

_%cos (3¢—p) t+%cos (3g+p) t] }

B T . (9)
Grouping all the terms of frequency 2—1__ (p—g) under the

head y,_,, and those of frequency 2—1‘—1 p under the head y,,

there results:

3 3 X5
yp—q={axE+éa4Ea+maaE°
3XOXT .. ... -
+2X4X6086+ }ecos(p gt (10)
3IX5 .,
axa®E

3X5XT } .
- o e s t
'-2X4xﬁa7E+ esinpt (11)
Equations (10) and (11) are independent of any of the as-
sumptions we have made regarding the shape of the detector
40
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characteristic, and are, therefore, general formulas for calcu-
lating the beat frequency and received radio frequency currents
flowing thru a known heterodyne detector circuit, when the
local E.M.F. is large in comparison with that receiver.

Again supposing that ten terms of the series are sufficient,
the last term of the bracket in (10) becomes 2.46 ay E°, and of
that in (11), 2.46 ay E.. Hence there results the inequalities:

aB+aB+ - - - taB<aE+SaB+ - - 2460080
<246 (a:E+aE*+ - - - +apE®), (12)

a+asE*4 - - - +aoE3<a1+gaaE2+ v+ +246ayE®
<246 (a1+a:s B2+ - - - +aE¥). (13)

Also, from (2) we get

aitasE*t+a Bt - - - =asE+taEPtasE+ - - - +I%- (14)
And since the slope of the curve of Figure 4 is small at the
origin, g will be a small quantity and a;+a; E*+ - - - will
therefore bhe nearly equal toa; E4a(Es+ - - - . From

(12), (13), and (14) it follows, therefore, that the brackets in
(10) and (11) must be of the same order of magnitude.
Hence, denoting the amplitude of y, by ¥, and that of y,_, by
Y,_, we may write, as a rough approximation,

Yo=Y, (roughly). (15)

While we have used a relatively small number of terms of
the series (1) to get the result (15), the truth thereof would not
be affected even if it were necessary to use many more terms.
And we may be sure that in all practical cases the rectifier
characteristic can be quite accurately specified by comparatively
few terms.

A comparison of (15) and (7) shows that for a given Y,
i.e., for a given amount of received frequency energy in the
detector circuit (which is the only fair basis of comparison),
the heterodyne method gives roughly twice as much audible
frequency current and hence four times as much energy in the
response as the “breaking up”’ methods give, when the detector
is an ‘“‘approximate’’ rectifier. In this sense, the four-fold am-
plification of the heterodyne method has once more been dem-
onstrated, but only in this sense. For, inasmuch as the received
frequency energy abstracted from the oscillatory circuit must
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be but a small fraction of the total received energy, the result
(15) proves that no matter how large the local heterodyne current
may be, the energy in the response must always be less than the
energy in the signal.

The assumption in this analysis of the ‘‘approximate”
rectifier characteristic of Figure 4 brings out the best that both
methods are capable of. In general, however, practical rectifiers
do not have as rapid a curvature at the origin as we have assumed
here, i. e., they rectify large currents much better than small.
Hence the departures of practical characteristics from condition
(2) will lessen the effectiveness of the ‘“breaking up”’ methods
far more than that of the heterodyne method. It is for this
reason that considerably more than a four-fold amplification is
obtained by the heterodyne method, as was brought out very
clearly by Mr. Armstrong in his paper. In short, the real ad-
vantage of the heterodyne method, aside from the production
of a musical tone, lies in the more efficient use of the detector
characteristic than is possible without it.

The results contained herein do not reflect any discredit
whatever on the heterodyne principle itself, but only upon those
theories which purport to show that more could be done there-
with than the laws of nature would allow.

SUMMARY: In the case of a simple receiving system it is shown that even
with a “perfect” rectifier, as defined, there is more high-frequency energy in
the detector circuit than is associated with the rectified current. Also, with
a “perfect” rectifier it is shown that the heterodyne method gives just four
times the energy in the response as the ‘breaking up’’ methods give, ir-
respective of the amplitude of the local E. M. F.

‘“Approximate’’ rectifiers are defined. General formulas are derived
for calculating the rectified current and the received radio frequency current
flowing in a simple detector circuit of known characteristic; also, general
formulas for calculating the beat frequency current and the received radio
frequency current in the case of the heterodyne, when the local E. M. F. is
larger compared with that received. From these formulas, and from the
definition of an ‘‘approximate” rectifier, it is shown that the energy in the
response must always be less than the energy in the signal.
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NOTES ON A NEW METHOD FOR THE DETERMI-
NATION OF THE MAGNETIC FLUX DENSITY AND
PERMEABILITY *

By
Avucust HunD

(ASSISTANT-PROFESSOR IN THE DEPARTMENT OF PHYsics AND ELECTRICAL
ENGINEERING, UNIVERSITY OF SOUTHERN CALIFORNIA, Los
ANGELES, CALIFORNIA)

The following is an outline of a new method for determining
the flux density, i. e., number of lines of magnetic induction per
unit cross section, up to any desired frequency. The same ar-
rangement may also be conveniently used for obtaining the mag-
netic permeability and for investigating the total loss of a coil
containing a ferro-magnetic core, or the core and copper losses
separately.

PRINCIPLE AND THEORY OF THE METHOD—EXPLANATION OF
THE ARRANGEMENT

The suggested arrangement is shown in Figure 1 and is based
on the application of a differential system, which has been re-
cently described by the author.! One differential branch con-
tains the test sample which has a definite coefficient of self-
induction, L,, for a particular current at a fixed frequency. The
test sample is investigated by means of balancing its effect against
a standard variable self induction, L,, (variometer, air-core
coils) in series with a non-inductive resistance r.

The performance of such a differential system is briefly as
follows: When the currents in the two branches of the system
are equal in effective value and in phase, their inductive effects
on the secondary coil of the differential transformer will exactly
neutralize each other, and no voltage will be induced in the coil."
This is based on the assumption that the two primary .coils,
P, and P,, are symmetrically placed with reference to the sec-
ondary coil, S, and have exactly the same number of turns which
are wound in opposite directions. Any kind of alternating cur-

‘Rece;ved by the Editor, October 1, 1916. A

A. Hund, “Electrical World,” May 22, 1915; reprinted in “London
Electrician,” August. 27, 1915.
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rent detector connected across the terminals of the secondary
coil will then give a no-current indication when the currents in
P, and P; are equal and in phase.

A no-current adjustment is established when the coefficient
of self-induction of the variometer is equal to the effective co-
efficient of self induction of the test coil and when the effective
resistance of the test coil is exactly balanced by the resistance

I —— |

Adr Diffevential
Treng forner

b

‘® O  Mtarnsting Current Souwrce O—

F1GUre 1

of the variometer and the series resistance r. An absolute dis-
appearance of the differential field, however, can generally not
be obtained since the wave form in the one branch is somewhat
distorted due to the presence of the ferro-magnetic substance.
In most practical cases, however, the minimum of the differential
field can be very readily and accurately detected. For very
precise measurements, it is advantageous to insert a condenser
in series with the indicator in the secondary circuit of the differ-
ential transformer and tune this circuit to resonance with the
required frequency. (This is especially recommended at higher
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frequencies since a tuning is then readily obtainable.) For fre-
" quencies up to about 2,000 cycles, a Wien vibration galvanometer
may be used as a current indicator, and the condenser may ac-
cordingly be dispensed with.

DERIVATION OF THE EXPREssION oF THE MaxiMum FLux
DEnNsITY

When the ferro-magnetic core of a coil is exposed to an alter-
nating flux of maximum value, ®,,,, the total change in the
lines of induction, which go thru the cross sectional area of the
iron core, during one half wave, is from zero to ®,,, and back
to zero, i. e., a total change of 2®,,,. When f denotes the
number of cycles per second and T the corresponding, period,

the average rate of change is 2 Omas Hence the average in-
2
duced voltage per each turn of the coil is
E,,=4f ®,,. 107¢ volts (1)
and the effective value for N turns is equal to
E=4FfN ®,,,107® volts (2)

where F denotes the form factor of the voltage wave, i. e., the
ratio of effective value to average value. In case the flux trav-
ersing the core follows a sine law, the instantaneous value of
it at any time, ¢, is defined as

O,=d,,, sin(27f1)

The form factor F as determined according to the above defi-

nition is B
\/2 ; E
-1 “etdt -—T=
35
- M2 i

2 (% 2E,,,,
Tf edt o

and equation (2) becomes

E=444fN ®,,,.1078 volts (3)
When this expression is applied to the arrangement under dis-
cussion and the maximum flux density, B,,,, is introduced,

we find the expression for the induced E. M. F. of the test sample
as

F=

E=4.44f N SB . 1078 volts (4)
in which relation S stands for the cross sectional area of the
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iron core. Now let the two inductances, L, and L,, be adjusted
to the same value; i. e., first, adjustment of phase, and the re-
sistance, r, regulated until the indicator of the differential trans-
former shows no effect whatever, and second, adjustment of
amplitude. Then we may write?

I
444 fN SB,,,,1078=2 7sz,,é (5)
which leads to
L, (hearys) lines of induction
Binar =0.7075 3 N Sem.) Fiamps. 10° per square centimeter (6)

the expression for the maximum flux density in terms of L, as
read on the variometer; I, as measured by the ammeter in the
main branch of the differential arrangement; N, the number of
turns of the test sample; and, S, the cross sectional area of the
iron core.

DETERMINATION OF THE RESULTANT F1ELD INTENsITY H,,.
AND MAGNETIC PERMEABILITY p
One way of exploring the magnetic properties of a ferro-
magnetic substance by means of this method is to use a circular
ring on which is uniformly wound a coil of wire of comparatively
low resistance. Then the maximum magnetizing force, Hq,,, is
defined by the formula?®
N I, (amps) gilberts per
\/2 li w centimeter @)
where I,, is the magnetlzmg component, of the effective current
traversing the coil of the sample, N the number of turns in the
coil, and ! the mean length of the magnetic path in centimeters.
It is to be borne in mind that this equation holds only approxi-
mately when the diameter of the ring is large as compared with
the diameter of the cross section. Suppose that in Figure 2
L, and r, denote the effective coefficient of self induction and
apparent resistance of the sample and that they are exactly
balanced by L, and (r,+r); that is, the self induction of the
variometer, the resistance of it, and the additional balance re-
sistance r. The vector diagram of Figure 3 then shows the
voltage relations in the test coil and objects used for comparison.
In this diagram V denotes the effective terminal pressure of the
test sample and ¢ the phase difference between V and the branch
current 1/2. If the ohmie resistance of the sample, for direct
current, is denoted by r,’ and if A r, represents the increase in

2Thls is only approximately true since the resistance adjustment changes
the phase also to a certain extent.
31 gilbert =0.79578 ampere-turn.
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1esistance due to skin effect at the frequency f, and since the
increase of resistance due to hysteresis and eddy current losses
is given by the term
total iron losses
1)’
(3
the apparent resistance, r,, of the sample is defined by

2= 7'3’+A rj+ iz%
G
=r,+r (8)

where W, stands for the total core loss in the ferro-magnetic
substance. To equate r, to the quantity (r,+r) is correct if

we assume that the wire used for the variometer shows no ap-
preciable skin effect, so that its direct current resistance r’=r
is equal to the alternating current resistance r”. Within the
range of the very high (radio) frequencies such an assumption
can not be made, even if ideal twisted wires or ribbons are used,
such as described by the author in a previous publication,? and
the high frequency resistance of the variometer is to be deter-
mined by the well known methods if a calibration curve is not
available. The magnetizing current I, which is to be intro-
duced in the equation (7) can be expressed in terms of the effective

4A. Hund, “Arbeiten aus dem Elektrotech. Institut der Technischen
Hochschule, Karlsruhe,” Volume III.
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current thru the test sample. For the balanced differential
system we obtain

I,=isind (9)

This equation is based on the assumption that the resistance of
the windings of the sample is small as compared with the in-
ductive reactance, a requirement which is easily fulfilled, espe-
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cially at higher frequencies where the wattless components
usually become very pronounced. The proof of this approxima-
tion may be readily seen from the following consideration:

The total iron loss of the test sample produces an increase in
current and decrease in phase displacement, ¢, between im-
pressed voltage and current under the conditions of constant
terminal voltage. That is, the iron acts like a secondary cir-
cuit which is coupled to the coil of the sample. This fact is
shown in Figure 4 where A B C denotes the impedance triangle
for the sample coil without iron, for which :
A B=2 7 fL,, the inductive reactance
BC=r,"" =r,+Ar,, the effective ohmic resistance at the fre-

quency f and

* Wherever an r with a dash (—) over it appears in a figure, it corresponds
to 7' in the text; similarly an r with a cycle mark ( ~ ) over it corresponds to

r’ in the text.
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AC=2Z,

=+/(2xf L,_)’_+E”2, the resistance operator of the coil.
The impedance triangle goes over into the triangle A’B C’ for
the same terminal voltage when the iron core is added, which
represents the true conditions of the sample. In this case we
have

A'B=2xf(L,~AL,), the inductive reactance

<

BC =r,=r"+ L-, the apparent ohmic resistance

<£>2 fora
2 certain
A'C'=z + current of
¥ T W definite
= [2 nf (L,—4 L,)] + [r, + I—“' ] frequency.

(&)

the resistance operator of the coil ]

FI1GURE 4

The angle A’C’B represents the actual displacement of phase be-
tween impressed voltage and current traversing the coil. A
little further analytical reasoning will show that the decrement
in self inductance due to the presence of the ferro-magnetic sub-
stance is given by the expression
_ (2= M)*L,
Al @Sy (10)
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and the increment in resistance due to the presence of the ferro-

magnetic substance by
Wc (2 7.'f AM)’ Ty
e o \am] M) 11
<{>2 r+(2=fLy)’ (1)

2

in which case we imagine the iron core to be substituted by a
secondary circuit of self inductance L. and ohmic resistance
rs. M denotes then the mutual inductance between the coil
of the test sample and the fictitious turns of the secondary.
We know from the theory of alternating currents that the current
triangle is similar to the impedance triangle; which, when ap-
plied to our case, means that Figure 4 simultancously represents
the current relations. The scale, of course, would have to be
properly selected. Thus the shaded triangle, the case where a
ferro-magnetic substance is present, is as follows:

I of the
’ —_—
A'B= 2 sin @, the wattless component l current
1 in the
7 _ -
BC' = 2 cos §, the watt component g coil

A0 = 1 , the actual current passing thru the coil of
2 the sample and which is determined from

the ammeter reading in the main branch

of the differential system.

The triangle A B C represents the vector diagram for the currents
when no iron core is present and the hypothenuse denotes the
magnetizing current I, which is utilized in equation (7) for the
evaluation of the magnetizing force H,,,,.

Returning to equation (10) we learn that AL, is only a
very small quantity when the term, g2, in the fictitious second-
ary circuit is large as compared with the term (2= L,)2. This
is true in our case to a fair degree of approximation when we
assume that the eddy currents are induced in a well subdivided
iron core, such as is usually employed in alternating current
practice at higher frequencies. With this assumption, the point
A and A’ may be thought of as coinciding, which leads to a
current diagram such as is shown in Figure 5. The base B ¢’
represents, to a certain scale the total power input for the test
sample containing a ferro-magnetic core since C C’ denotes the
input due to hysteresis and eddy current loss, and B C the input
due to copper loss in the turns of the sample. If the resistance
of the sample is kept small in comparison with the inductive
reactance, as indicated in Figure 5, the magnetizing current,
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1,, is only a little smaller than the wattless component of the
true and measurable coil current. This means that for a thinly
laminated iron core and using the so-called ideally twisted wire®
in the test coil of rather low resistance and comparatively high
self inductance, the sine component of the branch current passing

2,
/s 'é a
v 3 J
xnu-v———l
20 «© w © 1006
L 1 1 1 j — |
FI1GURE §

thru the sample denotes to a fair degree of approximation the
magnetizing current I,,. Returning to equation (9) we find
there the magnetizing force, H,.., and the magnetic perme-
ability, g, by the following procedure:

2zfL,
Vi + 2=lL:)*
- 2=fL,
V(re+1)+ @2z f L)
then the magnetizing current becomes

Im=l ¢ T ’_‘g;;‘f;Ls:,:,: (lO)
2 V(A +@=fL)
and according to equation (7) the maximum magnetizing force
is defined as

sind=

Hmax=557 _ :_]v_fLa (henry) 'l(aL"_P!)___. I gilbe_rt.s per (l I)/
Liem) V/ (Te (ohmy+T(ohm)) 2+ 2 7 f Ls (henryy)® CEDtimEteT
8 “Litzendraht.”




and the magnetic permeability is given by the relation

"' = —maz
Himaz
=1.27 l(ﬂ)\_/i'_'ﬂow 1(9_""'))2-*- (2 =fL, (hemu))_2 107 (12)

N%. S(cm)'f
When the wave length, 4; is introduced, as is often customary
within the range of radio frequencies, the maximum magnetizing
force and magnetic permeability may bhe determined by the
following relations®:

H,..=16.71 —N—ﬁ(iﬁ"_z)_l(a@_ %108
67 - 108L, 2
A(,,,)l(c,,,)\/(r‘ (ohm) T onm)) (__ _/_(_)U'_ew)>
gilberts per centimeter (11a)
and
6 = - 10°L, (henry) \*
)‘("') l(cm)‘\/(f, (ohm) +r(ohm))2+ <- — = (_hﬁ"_l))
»r=42.33 A %103

NZS(em)z (12a)

We therefore see that for a standard test ring of given cross
sectional area, length of magnetic path and number of turns,
the maximum flux density, B,,,,, the maximum resultant field
intensity, H,,., and the permeability, #, can be calculated from
observed data by means of the three following formulae:

Binaz =k1 Ly nenry) I (ampe) lines of induction per
square centimeter (13)
Hppor= kaf—L’ thenry) T ampe gilberts per centimeter (14)
(ohms)
=k fi"}—"“’ (15)

where z is equivalent to the resistance operator of the test sample
and the constants ky, k,, and k; of a definite dimensioned sample
are given by the relations:

ke = 2:7075 X108
" N.Semp
N
ke =557 (16)
l(c'n)

l
ks=1.27 - ™ _ 107
=127 N2 e

¢In above formulas, both meters and centimeters are purposely em-
ployed, since the wave meters are usually calibrated in meters and the fength
of the magnetic path is generally measured in centimeters. To express also
the self induction in the C. Gi. S. system was not done since most of the com-
mercial variometers are calibrated in practical units.
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A few concluding remarks on the true magnetizing current,
I,,, such as utilized for the calculation of the magnetizing force,
are given here, before the determination of the core losses is
discussed. Such considerations may not be entirely new, altho
it seems worth while to add a more detailed analysis in direct
application to the differential system, and to derive other ex-
pressions with which to calculate the magnetizing force and the
permeability.

One should first clearly distinguish between exciting current
and magnetizing current, since in ordinary engineering discus-
sions both expressions are often used interchangeably to denote
the same quantity, namely, the no-load current of the trans-
former and the feeding curremnt of a choke coil, respectively.
Exciting current of the test sample is the total flow of electricity
that passes thru the coil. It is denoted by I/2 for the balanced
differential system, and is obtained from the ammeter reading of
the main branch of the arrangement. This current includes
that consumed as Joulean heat losses in the windings of the
sample, and also for supplying the losses due to hysteresis and
eddy currents. The exciting current may therefore be split up
into an energy component, determined by the total loss which
is in the vectorial direction of the terminal pressure, V, and
into the magnetizing component, I, which is in the vectorial
direction of the magnetic induction, B, i. e., wattless. Now,
if the flux density of the ferro-magnetic medium is within the
range of the straight part of the magnetization curve, the mag-
netizing current, I,,, will vary according to a sine law when the
flux is sinusoidal. But in case of higher saturations for which
the flux density rises beyond the straight part of the saturation
curve (for instance, beyond the knee), the magnetizing current
becomes distorted. Consequently, the exciting current which
a sinusoidal impressed E. M. F. will establish in the turns of our
test sample no longer varies according to a sine law. This can
be seen from Figure 6 where the instantaneous current values,
1/2, of the test coil, such as have been obtained from the hy-
steresis loop, are plotted against the time. It is to be noted that
the ohmic drop in the winding is considered as being small enough
“to be neglected in this representation, so that it is possible to as-
sume that the induced E. M. F. is at all times equal and opposite
to the impressed terminal voltage, V, of the sample. The figure
clearly shows that the exciting current, /2, required to produce
a sinusoidal flux density wave is unsymmetrical with respect to
its maximum ordinate. The maximum flux density occurs at
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the same time that the exciting current reaches its maximum;
that is to say, this current is 90 time-degrees ahead of the induced
E. M. F. and generally about 90 time-degrees behind the im-
pressed voltage, whereas the intersection with the zero line in-
dicates a considerable lead with respect to the zero value of the
flux density. The wave of the exciting current of commercial
frequency up to the highest frequencies, such as employed in
radio telegraphy and telephony, is usually distorted by the pres-~
ence of higher harmonics of a very pronounced triple harmonic.
Asisindicated above, the distortion is chiefly due to the magnetiz-
ing current, I, and is caused on account of the curved part of
the B-H curve. With transformers, this distortion is greatly
diminished by the load current which, when large enough, makes
insignificant the well defined distorting component of the exciting
current. In our case, however, where a closed magnetic circuit
is often employed, the distortion is very pronounced and an anal-
ysis of the exciting circuit is accordingly of interest. One way
of studying the distorted exciting current is to split it up into
those components which are in phase with the induced E. M. F.
(and are often called the hysteresis and power components),
and one component 90 time-degrees behind it (that is, in phase
with the magnetic induction, B, and representing the magnetiz-
ing current). Such a resolution of the exciting current is shown
in Figure 7, which represents a typical case. It is readily seen

)h:.. with s m
e
indnction -was

shows that "'!‘1'"" of u:uh.
nrnM {8 mes

u’u 18ing eunnt nﬂ ht 1ittle
atfected ¥y the hysteresis currest

Fi1Gure 7

that the distortion of the exciting current, such as is obtained
from the hysteresis loop, is chiefly influenced by the magnetizing
component as a consequence of the non-proportionality of the
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B- H relation, whereas the hysteresis current wave 18 a good ap-
proximation a sine curve. (The reader who would like to pursue
this subject in more detail will find a very interesting treatment
in Dr. Steinmetz's ‘‘Alternating Current Phenomena.”) In
Figure 6, the exciting current is, however, resolved into a first
harmonic component of the same power and effective value as
that of the exciting current curve and into a component contain-
ing the higher harmonics. The latter component, which is com-
posed of the higher harmonics, is wattless with respect to the
sinusoidal applied voltage of fundamental frequency and con-
sequently the effective watt component, I’,,/2, of the equivalent
sine wave, i'/2, denotes the total power component of the exciting
current and is equivalent to I, the hysteresis current. The
magnetizing current, I, is then constituted of the wattless com-
ponent, I’,,;/2, of the equivalent sine wave, i’/2, and the effective
value I’ /2 of the curve, 7’//2, containing the higher harmonics,
chiefly of triple frequency. This is made plainer by the vector
diagram of Figure 8, which shows the construction of the effective
value, 1/2, of the exciting current, 1/2; which, by assumption,
is also equal to the effective value of the equivalent sine curve.
The vector, I/2, makes the angle, 4, with the true magnetizing
current. The same is called the angle of hysteretic phase ad-
vance, and denotes the angle by which the first harmonic of the
exciting current leads the sinusoidal wave of the flux density,
B. The effective value of the measurable coil current of the test
sample is therefore given by the relation

HERERET o

and the effective value of the true magnetizing current entering .

the equation (7) becomes

——— — —— —

I’.,,L 2 I” 2
SN ESRE
Tz 1.7
= - -1 18
V-5 (s
which, translated into technical language, states that the power
component demagnetizes the iron core. This can be made plainer
by drawing the hysteresis component, —I,, equal and opposite
to, I,. Then the vectors, —I,and I,/2,constitute the magnetizing
current, I,,. The diagram shows furthermore that for zero
hysteresis effect, the magnetizing current would be identical with
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the exciting current, I/2, altho the wave would be still unsym-
metrical due to the varying permeability, .

The power, W), dissipated because of the hysteresis can be
determined by this method, as is shown in a later paragraph.
The effective current I/2 is obtained from the ammeter reading
of the balanced arrangement and the applied terminal voltage,
V, is found from the relation:

) V=é\/7',’+ (27Z'fL z)z

= g\/[r +r 2 +[2xf L) (19)

The magnetizing current is then determined according to the
procedure

Wy=V - = cos (90—4)

“ (20)

introduced in equation (18)

SR F A i 4%

N
This equation, however, is based on the assumption that the
ohmic drop in the test sample is negligibly small and the losses
due to eddy currents are accordingly ignored. The first as-
sumption may be readily satisfied by employing so-called “ideal’’-
twisted wire of low resistance, while the effect due to eddy cur-
rents has to be taken into account, especially when taking readings
within the range of radio frequencies. It is known that the eddy
currents, like magnetic hysteresis, cause the phase of the current
to advance; the angle of which phase advance can be calculated
from its sine, which is defined by the ratio of the absolute admit-
tance of the circuit to the eddy current conductance. For well
laminated iron cores, the distortion of the current wave may
be kept very small, as can be demonstrated by investigating
the hysteresis loops of different laminated samples by means
of a Braun tube. The distortion of the hysteresis loop, due to
eddy currents, is caused because they act like secondary circuits
and consequently their magnetic fields counteract the main field
of the coil. For this reason, in the case of a fixed magnetizing
force, the total flux density is smaller when eddy currents are

57




present than without it. Hysteresis loops such as were found
in the splendid researches of Prof. Max Wien? and others show
this effect very plainly. Furthermore, the loops show rounded
corners and are more inclined to the axis of the magnetizing force
at higher frequencies, altho the area of the loop seems to change
but little as the frequency increases. Another important in-
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fluence of the eddy currents on the hysteresis loss, which is es-
pecially pronounced at higher frequencies, is that the lines of
magnetic induction are not uniformly distributed over the cross
section of the iron core.

Nevertheless, the measurements described in the above para-
graph are not any more difficult when the effect of the eddy cur-
rents is taken into account; for the flux density wave (and along
with it the eddy currents) also follow a sine law with a sinusoidal
terminal voltage. The eddy currents simply increase the watt

7M. Wien, “Ann. der Physik,”’ 1898.
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and wattless components of the equivalent sine wave of the
exciting current on account of the larger exciting current. This
means that the general formula of equation (21) is given by

the expression
Iz |wW.|?
r=\[3] - [V] @)

and, according to a derivation given in a later paragraph, the
true magnetizing current may be found from

. =\/ [1]: 1 @
CR A et emmy

or

I (A7 ohm)?
I amps) = !amE)Jl - ¢ (ohm) 23

™ (amps) 2 (r(ohm)+7'a (ohm))2+ (2 Ts'fLa -’hmry))2 ( )
which leads to the expressions

‘\/ 1—— (Arc (___)_) _____
H,..=0.8875" N - I(ampa) - (_(ohm)_+7'a (_hm\)z‘l‘ (2 -fLa (heng))
)
gilberts per centimeter (24)
and

I(cM) La (heiy)_ ];(_)8

N? S(cm)z\/l___ o (A rc@lm))‘3 (25)
(7 (ohms) +Ts 0hm))2+ (2 7= f Ls (henri))?

We therefore see that for a standard test ring of given cross

sectional area, length of magnetic path and number of turns,

the maximum resultant field intensity, H,,., and the magnetic

permeability, x, can be calculated from observed data by means

of the following formulas:

»=0.798

AT gilberts per

=kyI \/ 1—{=-=° (ohm) )’ ;

T amps < Z(ohm) centimeter (26)
and La (hQWl —

p=ky ——=="2T0 — -
\/1 _ <A Te (ollm!)2 (27)
Z(ohm)
where z represents again the resistance operator of the test sample

and constants k, and ks are given by the expressions

and ks=0.8875 N

biemy (28)

l
L (em)
s =0.798 X108 — V"S(c .

59



DETERMINATION OF IRON Losses

If the magnetic field of a coil is replaced by a ferro-magnetic
field, the number of lines of induction is increased, which in turn
necessitates an increase in the coefficient of self induction of the
coil. Since the flux does not increase as the current traversing
the coil on an iron core, the coefficient of self finduction is not
a constant for a certain frequency, but is a function of the current.
Because the iron core is a consumer of energy, the ohmic resis-
tance of the coil will apparently increase (equation (8)). This
means that the quantity, r., also depends on the current. The
differential arrangement therefore is a ready means to determine
the iron losses. The procedure is simply this:

Measure the resistance, r,”, of the test sample without iron
by means of direct current. Adjust the resistance of the vari-
ometer combination to the same value by regulating the series
resistance, r. Then apply the desired high frequency current of
a definite frequency, f, to the differential system and increase
7 in the variometer branch by the quantity, &r,; that is, until
an amplitude adjustment is attained. It is also advisable si-
multaneously to balance the phasesof thetwodifferential branches
by making, L,=L,, since then the amplitude balance is more
easily obtainable under such conditions. The additional resis-
tance, Ar,, then represents the increase of the ohmic resistance

2
due to skin effect, which produces the additional loss, A r,(é> .

Now insert the iron core in the coil, adjust the phase by again
varying the standard self inductance (that is, until, L, =L, ),
where L,, denotes the effective coefficient of self induction of
the test coil in the presence of iron for a certain wave length
and a definite current value. Then add the resistance, A r,, until
a complete balance is reached. The quantity, Ar, stands
then for the increase of resistance due to core loss for a certain
current and wave length, which leads to the following relations:

2
W,.= [é] Ar,

=Wh+Wc

=7 foBo 1077 +Ef2d?vBY, 107 (29)
where W, W, W, denote: the total core loss, eddy current
loss, hysteresis loss in watts, 5 the hysteresis coefficient, £ the
eddy current cocfficient, » the volume of the iron in cm.®
B,.. the maximum number of lines of induction per cm.,?
d the thickness of the iron laminations in em. The ex-
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ponents a and B8 can be determined by observations at dif-
ferent flux densities. The separation of the hysteresis and the
eddy current losses may be carried on in the usual way, when
observations are taken for the same flux density at two different
frequencies, f; and f;, using the following expressions

BN

Wc—l =7/ 'UB:mu: 10—7+£f1 d! vana.t 10-“

f1
=KIB:m:+K2lefpna:
WP F (30)
and -j_—“’=;;vB;‘,m10'7+ffzd‘va,,u10““
2
=K\ Bjue+ Ks fo Bhoo:
=A+f, D

J

where, A, denotes the hysteresis loss in watts per cycle and,
f - D, the eddy current loss in watts per eycle. Hence

Wefa_ Wehr
R | S | N
‘ fg —fl
i W -
= 0333 Ve = Wa
and W, W,
2

D=L_L

Si—Je o
W_’c,_/.l2 lp— " P 19

. ‘
k “ 107
A=k - (31)

X106

l2— A J
where the wave length, /, is again expressed in meters and W,
and W, in watts.

=(0.111.. -

PracticAL HINTS ON A PROPER DIFFERENTIAL ARRANGE-
MENT—A DiscussioN OoF DISTURBANCES AND MEANS
OF OVERCOMING THEM

As can be secen from the introduction, the similarity and
symmetrical arrangement of the two differential coils are a most
important feature for the proper design of the transformer, be-
cause dissymmetry of the windings affects the inductance and
resistance as well as the capacity phenomena of the primary
coils with respect to the secondary. When these factors are
not absolutely the same for each primary coil the phase of the
radio frequency currents will be shifted unequally. All these
conditions are complied with by the application of the so-called
“ideal”’-twisted wires. Approximately six turns in each primary
coil with a diameter of about six inches (15 cm.) are recommended,
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in order to avert any unnecessarily large transformer losses.
The same number of turns may be conveniently used for the
secondary coil of the air transformer altho it is advisable to com-
pute the number required for a particular zero current indicator.

Other disturbances present themselves because of the effect
of the magnetic fields of the test sample and variometer in the
secondary circuit of the transformer, and sometimes it is entirely
impossible to cause the effects of the differential field to disappear
completely. These influences are, however, overcome by arrang-
ing the test and comparison apparatus in such a way as to make
their induction upon the transformer and secondary circuit a
minimum. By choosing long leads on the one side (connecting to
the transformer) the above-mentioned disturbances are prac-
tically eliminated.

Furthermore, it should be noted that inductive and capacity
effects of the different parts of the arrangement with respect to
each other are very pronounced within the range of radio fre-
quency currents such as employed in radio telegraphy and tele-
phony. Numerous investigations have shown that an accurate
equalization of the differential system is practically impossible
without extreme precautions. For this reason a double cable
(bifilar) enclosed in a grounded brass tube was used for all leads
such as the mains which conncet the apparatus to the radio fre-
quency source and the leads connecting the zero current indicator
with the differential transformer. One joint of the differential
arrangement is also grounded (Figure 1) in order to cut down
unnecessary leakage currents.

Further, it is interesting to study the case in which the resis-
tance used for compensating the loss of the coil shows appreciable
self induction and capacity effects. Consider the differential
arrangement of Figure 9 as follows: The inserted series resis-
tances, 7, and 2, cach had a certain amount of self induction,

o alue of capacity, A(; and
h the variometer and these
condition

1)

ACH (32)

(33)

_Amgag> .
”<A0pAa l (34)
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which shows that the difference of self induction, A L —A L,
has to be small in comparison with the effective self induction
of the test sample. This condition is practically satisfied by
the use of short length of manganin or constantin wire for the
resistances r; and r,. It is seen from equation (33) that the meas-
urement of the difference of the resistance of test sample and vari-
ometer is not affected by any inductive or capacity effects of the

s
Al‘
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Jifferemtial
Tressfermer .
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inserted balancing resistances, r, and r.. This is an essential
advantage of the differential method in comparison with the
usually applied bridge arrangements, for the same inductive
and capacity influences of the resistance introduce considerable
errors at higher frequencies unless the bifilar bridge of Giebe
is applied. The latter requires, however, an exact knowledge
of the capacity and inductance of the leads,and is hardly available
for measurements such as are met with in radio telegraphy.

The influence of inductive effects of the resistances upon the loss

adjustment, in casc a bridge arrangement were used, may be
seen fron Figure 10 and the following deductions. We then
have as a general condition of balance

r,+jol, =1:2j—_j wAlL

Te +] [0} L, " +]:)_A_l: (30)
and separating the real and imaginary parts,
reri—r, ra=«? [L, AL —L, A L] (36)
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L, rl—L,r3=1‘,AL:,—1‘xAL1 (37)

l= Ts LY L, AL] —L,ALQ .

or e +(2=f) [ s (38)
L,__rg_ r_,AﬁLL-—r,AL, ]
L, - T [ L1y ] (39)

Equation 38 shows clearly that the resistance adjustment is
considerably affected at higher frequencies when inductive effects

L QMigh Prequeney Scu-ec\Q———————

Ficure 10

of r; and r; present themselves. Moreover, the bridge method
is not advantageous since four branches act inductively on
each other. Furthermore, three terms are to be varied for
balance instead of only two and the protection of the detector
circuit would cause grave difficulties.

The ordinary thermo-couple arrangement and barreter system
are convenient expedients as zero current detectors, altho for
very delicate readings the thermo-cross bridge is to be recom-
mended.

Before concluding, it might be of interest to investigate
somewhat the effects of the disturbing capacity with respeet
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to the body of the observer and the like. For this purpose
imagine that the test sample be balanced against the comparison
standard. The zero current indicator will, however, only indi-
cate a definite minimum at very high frequencies, even if
resonance is established in the detector circuit by means
of a condenser. Assume, further, that all the above pre-
cautions are employed and that the leads of the zero cur-
rent detector are well protected against disturbances such
as mentioned above. Yet the zero current detector will indi-
cate a certain flux interlinked with the secondary circuit of the
differential transformer. The cause of the disturbance can only
be based upon capacity influences, which can be proved experi-
mentally. For instance, when the observer touched different
parts of the differential arrangement the telephone receiver (for
this class of investigations, an oscillatory detector arrangement
was employed as zero-current indicator) gave different sounds
at the minimum. By putting the hand on one of the secondary
terminals of the tranformer, the minimum was better. This
phenomenon is due to charges and discharges causing a leakage
current, flowing from the primary to the secondary turns of
the differential transformer and such a stray current flowing
from the turns of the telephone receiver thru the metal case and
the hand of the observer to the ground. The primary coil,
the secondary coil and the turns of the telephone receiver are
regarded each as one pole of a condenser. This assumption can
be made, as there will be not a strict mathematical treatment
of this case; but this assumption is simply used for the proper
interpretation of the cause of the above phenomena. Suppose,
V3, is the potential of the primary turns, Vs, that of the secondary
coil, V,, the potential of the turns of the telephone receiver, and
the body of the observer has the potential V,. Assuming further
that Cg is the capacity of the condenser formed by the primary
and secondary coil of the differential transformer, and C, the
capacity of the condenser formed by the turns of the telephone
receiver and the body of the observer. Then, from the primary
to the secondary turns of the transformer a charging current,
[Vi—V3] wCx, flows, of which a certain part, [Vi=V,]wC,
flows thru the hand to ground. Suppose we touch one of the
secondary terminals of the transformer, that is, that the same
is brought to the potential V,. Consequently the second stray
current disappears and the first one becomes, (Vs—V,)w Cs.
It might be believed, that the increase, {[Vi—V,]—[Vs—V:]} oCx
would affect the telephone receiver more and would not dim-
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inish the sound. But if we bear in mind, that the body and
therefore the potential V) is connected with one of the secondary
terminals of the transformer, it is understood that practically
most of the stray current will be led thru the observer to the
ground. It would be a wrong expedient against these disturb-
ances to ground one of the secondary terminals, as that would
only diminish the sensitiveness of the arrangement. Instead
the writer used a tube of glass for handling the slide resistance
and a cord for turning the coils of the standard variometer.
By this means the current, (V;, —V,)w Ci could be made exceed-
ingly small. (It is to be noted that for very precise measure-
ments the telephone receiver is to be replaced by a galvanometer.)
The first capacity current flowing from the primary to the second-
ary turns affected the telephone receiver much more. In order
to overcome this disturbance the writer put a copper cylinder
around the secondary turns. The cylinder consisted of enamelled
copper wire. Along a longitudinal line the insulation was re-
moved and all turns of the cylinder connected to ground. On
an opposite longitudinal line, the protecting cylinder was cut
in order that the damping action of the transformer might not
be increased too much.

SUMMARY: The method described gives a ready means for determining
the magnetizing force, the corresponding flux density, and permeability at
any wave length whatever. In taking a series of readings for different ampere-
turns and at a definite wave length, we may obtain

(a) the magnetization curve,

(b) the permeability-ampere-turns curve.

Since the suggested arrangement applies to any practically available wave
length we have a convenient means to compare the Bmax-values for very long
wave lengths with the corresponding values determined at higher frequencies,
and thus obtain a clear insight into the skin action of an iron core.

In a similar way the permeability-wave length curve may be found for a
definite number of ampere turns. The method simultaneously determines
either the total losses of the test sample or the losses due to direct current resis-
tance, skin effect of the conductor, hysteresis and eddy currents in the iron
core separately, and there can be obtained the
(a) watts/unit volume-wave length curve for a certain number of ampere

turns,
(b) watts/unit volume-flux density curve at a constant wave length, and
(c) watts/unit volume-thickness of laminations curve for a constant wave
length and a constant number of ampere turns; which enables the inves-
tigator to ascertain all the conditions which are necessary for determin-
ing the desired properties of any radio frequency apparatus containing
a ferro-magnetic medium.

Morcover, by means of equations (14) and (15) one is able to experiment-
ally investigate the dependance of the magnetizing force and permeability
on the frequency.
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LIST OF SYMBOLS USED

Hysteresis exponent.

Eddy current exponent.

Maximum magnetic flux density, number of
lines of magnetic induction per square centi-
meter.

‘apacities in farads.

Thickness of iron lamination in centimeters.

Hysteretic angle of advance.

Effective induced E. M. F. of .V turns of the test
sample. ’

Average induced voltage of a single turn.

Hysteresis constant.

Form factor.

Frequency.

Maximum flux traversing the test coil.

Flux traversing the test coil at any time ¢.

Displacement of phase between terminal voltage
and current of the test sample.

Maximum resultant ficld intemsity in gilberts per
centimeter.

Current flowing to the differential system.

Effective current value of the component of the
exciting current of the test sample containing
the higher harmonies.

Effective value of hysteresis current.

Effective value of magnetizing component of ex-
citing current.

Effective value of the energy component of the
cquivalent sine wave of the exciting current.
Wattless component of the equivalent sine wave.

Instantaneous value of the exeiting current.
Instantaneous value of the equivalent sine wave.
Instantaneous value of the component of the ex-

citing current containing all higher harmonics.
The imaginary unit.

Constants,
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} Coefficients of self induction in henrys.

Length of magnetic path in centimeters.

Wave length in meters.

Magnetic permeability.

Number of turns of the test sample.

Series resistance in ohms.

Direct current resistance of test sample.

Alternating current resistance of test
sample.

Resistance of test sample under any con-
dition.

Increase of the resistance of the test
sample caused by core loss.

Increase of the resistance at the frequency
f caused by skin effect.

Cross sectional area of iron core in square
centimeters.

Period of radio frequency current.

Terminal voltages.

Volume of iron core in cubic centimeters.

Total core loss in watts.

Total core loss in watts at a frequency f;.

Total core loss in watts at a frequency f,.

€Core loss due to eddy currents.

Core loss due to hysteresis.

Angular velocity of radio frequency current.

Eddy current constant.

Resistance operator of variometer-resistance
combination.

Resistance operator of test sample when no
iron is present.

Resistance operator of test sample when
iron is present.




