The Wave Antenna
- A New Type of Highly Directive Antenna

BY HAROLD H. BEVERAGE, CHESTER W. RICE, and EDWARD W. KELLOGG

of the Radio Corporation of America

of the Subject.— A small bungalow in a grove of oak
rutside of Riverhead, Long Island, with a line of poles
uniry road, carrying two copper wires, and ending by a
e miles southwest of Riverhead, — this in brief describes the
a9t “eay of the Radio Corporation of America, where the
sssages from England, France, Germany and Norway are
'sentangled, amplified, converted into current of telephonic
and automatically relayed over telephone circuits to the
Office in New York, where operators take the messages by
»matic recorders mark the dots and dashes on tape.
sent paper deals with the two copper wires on the line of
hey constitute the wave antenna which has not only marked
idvance 1N the reduction of interference and “static,” but
its aperiodic nature and effectiveness as an energy col-
made possible the sumultaneous reception of a large
messages by one antenna, and the automatic relaying of
:8 over land wires.
of two wires isnot anessential feature of the wave antenna
3 flexibility in the location of the receiving station. I nits
form the wave antenna consists of a straight horizontal
(See Fig. 10) of the order of a wave length long, parallel
tion Of propagation of the desired signal, with the receiving
wed at the end farthest from the sending station and with
irest the sending station grounded through a resistance of
value to practically prevent reflections. Under these
the desired signal waves produce comparatively feeble
the end nearest the sending station and strong currents at
- end, while disturbances coming from the opposite direc-
feeblecurrents at the receiver end and strong currents at the
it from the receiver (nearest the transmitting station) (See
This comparative immunity of the receiving set to dis-
soming from a direction opposite to the desired signal is
wetions are permitted to occur at the end farthest from the
The growth of current in the direction of travel of the space
ids on the velocity of propagation of waves on the antenna
ison With the velocity of the space waves, the received current
agest if the two are equal. [If the characteristic wave
the antenna is less than that of the space waves (or less
slocity oOf light) increasing the length of the antenna in-
- received current up to a certain point, after which
crease iN antenna length reduces the received current.
: for maximum signal depends on the velocity ratio and
k. The slower the antenna or the shorter the wave length
ie shorter the length for maximum signal. It is very
the case, however, that the best directive properties are
414 an antenna longer than that which gives the strongest

¢t of the space wave is to produce in the wire a signal
electromotive force which affects the different parts of the
rogressively as the space wave passes over the line. On
the recei.ed current can be calculated in terms of the fre-
i o < wmduced  lectromotive . ce, the directie
ce waves and ke length and electrical constants of the
By assuming the direction to be changed while all other
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factors remain the same, and calculating the relative value of received
current for various directions of signal wave, we can determine the
directive properties of the antenna. The result is best shown by
means of a polar directive curve. For each assumed direction for
which the received current has been calculated, a radius ts d=asrn,
with length proportional to the received current. The curve drawn
through the ends of these radii is known as the directive curvefor the
antenna. Directive curves are given (#igs.' 86 to 41) which bring
out the effects of antenna length, relative to the wave length, velocity
of propagation, and line atfenuation. The directive curves are
for the most part drawn with the maximum radius taken as unit
length, since this makes comparisons of directive curves easier. In
general, it isfound that moderate line losses are not appreciably
detrimental to the directive properties of the antennas, while the fact
that velocities obtainable with unloaded lines are materially below
that of light, results in an actual improvement in directive properties
in most cases. As a rule the longer the antenna the sharper its
directive curve. While it is possible to obtain fair directive prop-
erties with antennas less than a half wave length long, this length is
considered about the shortest that can be recommended.

By a process of balancing, it is possible to produce a “blind spot"
or direction of zero reception, at any angle more than 90 deg. from
the signal. One method of obtaining this result is by producing
reflections of certain phase and intensity at the end opposite to the
receiver. Reflections at the receiver end of the antenna, on the other
hand, do not alter the directive properties of the antenna.

Experimental work thus far has given a qualitative check on the
theory and calculations of the wave antenna, and it is hoped that
further observations and measurements will skortly be made. Ez-
perimental data on wave front tilt, on which the action of the wave
antenna depends, is especially meagre.

Data on wave velocity and line losses on an ezisting antenna can be
obtained by means of a radio frequency oscillator and one or two
hot-wire milliammeters. Measurements taken by the writers show
much higher attenuation and lower velocities for ground return
circuits than for metallic ¢csreusts.  Ground resistance explains this
effect. The mean depth of return currents at the longer radio wave
lengths appear to be of the order of several hundred feet. The more
wires in multiple in the antenna, the lower the velocity and the higher
the rate of attenuation (See Fig. 66 and 68).* =i %

Reduction of atmospheric disturbances or “static”, has probably
received more attention from experimenters than any other one phase
ofradioreception. O fthe variouslines of attack none has been more
fruitful than the employment of directive receiving systems. Every
increase indirectivity has resulted in an improvement in stray ratio.
The wave antenna carries the principle farther than any previous
type. Conditions on the eastern coast of North America are espe~
cially favorable for taking advantage of differences indirection, for the
European stations are to the northeast while the predominating
direction of static is from the southwest.

Various practics! enginceming mroMems m cONNection with the
wave antenna, including its application to short wave recepiion, ere
discussed toward the close of the paper.

HISTORICAL -
wave antenna is a long horizontal antennaand
refore belongs to the class of antennasusually
arred to as ground antennas, of which it is an
th.

d at the Midwinter Convention of the A. I. E. E.,
,N. Y., February 14-17,1923.

The first work with long horizontal antennas appears
to have been done in the pioneer days of radio by
Marconi!, Braun?, Secher’. A short historical sketch

1 Marceni, English Patent NO. 12039,1896.
2 F.Braun, D_R.P.No.115081, 1898.
3. E. Secher, Phy. Zischr. 4,320, 1908.
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of ground antenna work is given by Zehnder* who was
also an early worker in this field.

More recently Kiebitz® has studied the transmission
and reception using certain forms of ground antennae.
A discussion of the operation hasbeen given by Burstyn®.
Further experimentsand comments on the operation of
ground antennae are given by Kiebitz, Burstyn, Hans-
rath, Mosler’.

In this country early work was done by Clark, Rogers
and Taylor. Thiswork has been recorded in the classi-
& papers by Taylors.

Alexanderson’s? barrage receiver made use of ground
antennae and may be considered as the starting point
of our work.

The capabilities of thewave antenna were discovered
throughwork done by Beverage in studyingthe proper-
ties of longground antennas, of the’order of a half wave
length or more long, in which he discovered that under
certain circumstances they showed marked unidirec-
tional properties. One of his antennas consisted of a
No. 14 B & S rubber covered wire approximately six
miles long laid on the scrub oak and sand of Long
Island from Eastport t0 a point near Riverhead.
This northeasterly direction was chosen in order to
best receive the European stations. The antenna is
pictured diagramatically in Figure 1.

With the receiving set connected between the antenna
and ground at the Eastport end and with the Riverhead
end grounded, Beverage observed strong signals from
Europe, but when the conditionswere reversed and the
receiver was inserted at Riverhead the European signals
were very weak and the static and stations to the south-
west were strong. This marked unidirectional prop-
erty of the antenna was found only when the end
oppositeto the receiver was grounded.
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Beverage next investigated the effect of antenna
length by listeningin serieswith the antenna at different
points along the antenna. The receiver was mounted
in a Ford truck and trips were made back and forth
along the antenna, stopping to listen at approximately
every mile. By this process the observations given in
Fig. 2 were obtained.

In commenting on these observations Beverage’s
logreads - - - - - “Itisevident that the antenna is too

4. L. Zehnder, Jahrb. d. drahtl Tele.,Vol. 5, 1911, p. 594.

5. F. Kiebitz, Jahrb. d. drahtl Tele., Vol. 5, 1911, p. 349, Vol.
6, 1912p. 1 and p. 554. Also Electrician, Vol. LXII, p. 972 and
Vol. 68, 1912 p. 868,936,978,1020.

6. W. Burstyn, Jahrb. d. drahtl Tele., Vol. 6,1912,p. 10and
333.

7. Jahrbd. drahtl Tele., Vol. 6, 1912, p. 359 and p. 570.

8. A.HoytTaylor, I.R. E., Vol. 7, 1919, p. 337 and p. 559.

9. E.F.W. Alexanderson, I. R. E., Vol. 7, 1919, p. 363.

BEVERAGE, RICE AND KELLOGG

TransactionsA. I.”

long for maximum reception atthe S. W. end. It

be due to the fact that the velocity of the current i

wire is considerably slower than the velocity of 1
and the currents from remote parts of the antenna
in phase behind currents from parts of the antenna

the receiver. If so, condensers, distributed along

line, could be used to increase the velocity of curr
flowing in the wire and make the velocity the sam
the velocity of light.” By inserting series conder
in the line Beverage found that he could shift the :
tion of the points at which the signal maxima oce

and thus utilize longer antennas.
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At about this point in the work Mr. Alexandt
called Rice’s attention to Beverage’s important
covery. Riceand Kellogg, before learning of there
of Beverage’s work, had concluded on purely 1
retical grounds that a long horizontal antenna, poi:
in the direction of a sending station, would const
a unidirectional receiver provided the receiver
placed at the end of the antenna remote from the s
ing station, while the end nearest the transmi
station was grounded through a non-inductive r-
ance, equal to the surge impedance of the ant«
If open or dead grounded at the end nearest the t
mitter, reflections would occur, and the antenna s}
show bidirectional properties. Rice explained
theory of the operation to Mr. Alexanderson, sugge
that the necessary damping required t0 make
antenna unidirectional was due to the resistance c
grcund connections combined with the higi att
tion to be expected in an antenna of No. 14B&S
covered wire lying on the sandy soil and bushes.

At Mr. Alexanderson’srequest, Rice joined Bev
at Eastport, and a study was made of the propert
the rubber covered lines by means of an oscil
They also made listening tests which indicated
some resistance, in addition to the ground resist
was best for unidirectional effects.

The use of the oscillator made it possible to dete:
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¢ shows a photograph of part of the line. A flexible

of line construction was adopted which would:

make it possible to try numerous experimentssuch as a
geries Of loops or series of verticals connected through a
transmission line, etc. Two cross arms were provided,
one at a height of 18 feet and the other 30 feet above
ground. Theupper arm carried two No. 10B &S copper
wires and the lower arm four similar wires. All lines
were broken every ten poles, and down leads were
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Fia. 7-OCILLATION Tests oF RIVERHEAD ANTENNA. FOUR

WIRES IN MULTIPLE. A =9

provided so that connections could be readily changed.
The line ran seven miles approximately southwest from
Riverhead along an unfrequented sand road, and was
later extended to Terrell River, making a total length
of nine miles. The line is as straight as it was feasible
to build it, and its direction is substantially in line with
the principal European long wave stations, the recep-
tion of which was a matter of primary interest.

The first tests on the new line showed that the hoped.
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Fi1g. 8-OCILLATION Tests oF RIVERHEAD ANTENNA.
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for results had been realized. Instead of an optimum
lengi". of six or seven kilometers, the signals became
stronger and stronger as the receiving set was moved
toward the southwest, and the signal strength there was
several times greater than had been obtainable with
the rubber covered antennas. While the stray ratios
observed on the rubber covered antennas had seemed
excellent, the new antenna fully met our expectations
of improvement.

Oscillator tests on the new antenna showed that the
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velocity was high and attenuation low compared with
the rubber covered wires, and that it had no serious
reflection points.  Figs. 7, 8 and 9 show typical curves
obtained with the new antenna. A comparison with
similar curves, taken on the rubber covered ground wires,
brings out the improved electrical properties.

The failure at the start to get good short circuit
reflections when the far end of the line was grounded
caused us to suspect that the high-frequency resistance
of the groundswas much greater than we had estimated.
These grounds were made with lines of iron wire laid in

water. .The substitution of copper wires removed this
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Fia. 9—OSCILLATOR TESTS ON RiverEEAD ANTENNA.
SingLE UPPER IRE, 500. Eno OrPeNn. B END

GROUNDED THROUGH 600 OHMS

difficulty. The adjustment of resistance for unidirec-
tional effects was now clean cut and in accord with the
theory. A dead ground at the N. E. end gaveasbad a
stray ratio on the averageasan open circuit.

EXPLANATION OF THE AcTION OF THE WAVE ANTENNA

The wave antenna in its simplest form consists of a
horizontal wire of the order of a wave length long point-

ing towards the transmitting station, as pictured in Fig.
10.

When the signal wave reachesthe end “A” ane. m. f.
is induced in the horizontal antenna wire, due to the
fact that the wave’front is not perpendicular to the
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Fic. ~~— SimprEerRN WAVE ANTENNA

ground, but has a tilt fo~ward of 1 deg. to 10 deg.,
dependingon the wave !~=~h snd choract:  of ground.
Thus, atthe end 4, a little wave startsto run down the
antenna towards the receiving station, and if it travels
with the same velocity as the radio wave in space, the
space wave followsright along with it, supplying energy
to it as it goes and building it up, until at the end B it
has reached a magnitude many times that which it had
at A. This is illustrated in Fig. 11 which shows a
single wave at successive time intervals. If the veloc-
ity of the wave on the wire is not equal to the space
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wave (velocity of light) interference effects develop,
the wave on the wire building up for a certain distance
‘and then decreasing in amplitude. The velocities on
actual antennas, however, are nearly enough equal to
that of light so that for considerable lengths the wave
on the wire builds up as it would on a light velocity line.

A signal coming from the opposite direction to that
which we have been considering, will build up a wave
on the wire in a similar way, from a small value at B
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Fia. 11—BuiLping Ur oF Wave oN WIRE As Space
WavE PROGRESSES

to a large value at A. If now the line were open or
grounded at A, the wave would be reflected back over
the antenna to the receiver end B, and would be heard.
On the other hand, if we damp the end A in such a
manner as to prevent reflections, the antenna becomes
unidirectional. A non-inductive resistance, having
the value R = v/IL/C ohms, where L and C are the
inductance and capacity of the antenna per unit length,
constitutes a practically perfect damper.

Fic. 12—MEecranicaL.  MODEL OF WAVE ANTENNA—
StaTIONARY VIEW

Many mechanical analogies will occur to the reader,
ach as the building up of water waves in the direction
f the wind. Axn interesting experiment is to run over
hinice. [If you runatjust the speed of wave propaga-
ion of the ice surface you can build up a larger wave.
f you run too slow or too fast little effect is produced.
‘o demonstrate the manner of buildingup of waveson a
rave antenna, Rice and Kellogg built the mechanical
10del shown in Figs. 12to 17. The upper line repre-
ents the space wave and the lower line the wave on the
rire. Each line consists of a series of wooden sticks

* THE WAVE ANTENNA
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strung on a pair o small steel wires a half inch apart in
the case of the lower line and an inch and a half apart
in the upper line. The rockers of the upper line are -
loaded with lead. The inertia of the rocking stick is
analogous to line inductance, while the elasticity of the
connection between successive sticks is analogoustothe
capacity between the conductors of an electrical line.
The velocity can be changed by varying the tension on
the wires. The dashpots at the ends practically stop
reflections. The upper line provides a means of im-
parting energy progressively to the different portions

¥ . .. ’
] ; "|\ll|ll|n|m’m| T
fsa? i .
. [Tl i,
5 gpind N a
”H\nm '“..l L
' 1 .

i
BEE R by,

1
novh,

N 1)
t pronn”

i ¥
FIgA} lllluuumll"“‘_‘w
st
W

B an?
gttt ““nnn

e ulH“"hun.m.‘«.

Lt

YT,
]ll
1t

Fic. 13—Mgecaaricat MODEL OF WAVE ANTENNA WITH
EnD DampED

of the lower line, as a space wave imparts energy to the
antenna line. A slight coupling hetween the two lines
is supplied by light rubber bands stretched fiviu short
hooks on the upper sides of the lower sticks to corres-
ponding hooks on the under side of the upper sticks.
Waves are imparted to the upper line by moving one
end by hand for an impulse or by a motor driven rocker
for continuouswaves.

Fig. 12is a stationary view of the machine.

Fig. 13shows a series of views taken with a moving
picture camera, when an impulse is imparted to the
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upper line. The growth of the wave on the lower line
as it approaches the far end isreadily seen. The wave
on the lower line appears to pass off the end leaving the
line practically stationary.

Fig. 14, compared with 13 shows the effectof re-
moving the dashpot, thus permitting a free end re-
flection. \We notice in these pictures a return wave
which on reaching the near end, causes a movement of
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Monrt oF WAVE ANTENNA WITH E
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the first rocker. This illustrates the loss of unidirec-
tional properties if the end is not damped.

Time exposures, with continuous waves o constant
amplitude supplied to the upper (space wave) line,
bring out the amplitudes developed on various parts of
the lower line, or the equivalent of current distribution
in a wave antenna.

Fie. 15shows the increase in amplitude on the lower
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line (antenna) as the waves progress from left to right.
That the upper line carries practically pure traveling
waves (7. e. has no return waves) is shown by the nearly
uniform amplitude throughout its length.

Fig. 16 shows the effect of removing the dashpot at
the right hand end of the lower line. Considerable
movement at the extreme left end now appears, due to

15—M=zrcuaNnicas MODEL OF WAVE ANTExNaA—FULL
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17—MEcHANICAL MODEL OF WAVE ANTENNA—SLOWED
Down

Fia.

the reflected wave. The forward wave (left to right)
built up on the line, is very small near the left end, so we
find the amplitude there nearly uniform, as would be
expected with waves traveling in one direction only
(right to left). On the other hand toward the right we
see very clear standing wave effects, for here the for-
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ward (leftto right) wave has an amplitude more nearly
equal to that of the return wave.

In Fig. 17 the right hand end is again damped, and
the lower line has been slowed down by reducing the
tension on the wires. This illustrates the building up
and down of the waves on the antenna when its velocity
is much below that of the wave in space.

REDUCTION TO PRACTICAL FORM

After the construction of the Riverhead antenna,
considerable time was devoted to experiments of
various kinds with the new antenna, tests and com-
parisons of different antenna arrangements, an oscillo-
graphic study of static, and tests of station apparatus.

e
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Fic. 18—ARRANGEMENT FOR LOCATING RECEIVING SET AT
. SAME END As SURGE RESISTANCE

|
Messrs.{F rage, Rice, Kellogg, P. S, Carter, R. D.
—d E. P. Lawsing participated. A number
<~ §2velopments were evolved in the course of

‘ (‘x!. Iy . .
< on Transformer” Circuit. In order that

A TN

mwﬁ?ééc(ﬁ; et might be located at the sameend of the
line as the sdrge impedance, thereby facilitating adjust-
ment, the arrangement shown in Fig. 18 was proposed
by Kellogg. The two wires work in multiple as an
antenna, but act as a balanced transmission line to
bring the signal currents back from the southwest end.
Thisscheme obviates the use of extra wires forthereturn
transmission line and thus avoids the problem of pre-
venting detrimental effects of nearby conductors.

LMEECTION
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Fic. 19—FirsT BALANCING CIRcUIT EMPLOYED FOR OBTAINING
ZERO RECEPTION FROM TEE Back END

When the primary of the *‘reflection transformer®* wes
opened the receiving set was quiet, showing that the
transmission line although it waes not transposed, w-z
not introducing any undesirable electromotiveforces.
Thus a horizontal loop receives neither static or signal.

Compensationfor Back Wave. Beverage showed that
while the resistance could be adjusted to give a mini-
mum for static while listeningto European signals, still
better stray ratios were obtained by combiningwith the
signal currents brought in over the transmission line,
asmall amount of the currents flowingto ground at the
northeast end of the antenna. . This he accomplished

THE WAVE ANTENNA
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with a phase adjuster and intensity coupler of the type
used by Mr. Alexandersonin the barragereceiver. The
circuitarrangement is shown in Fig. 19.

The two long wave stations New Brunswick (13,600
meters) and Annapolis (16,900 meters) were of great
assistance in making tests and adjustments. Either
station could be entirely put out by using the phase and
intensity adjustments of Fig. 19. It was found that
when the adjustments were made for putting New
Brunswick out, the stray ratio was best on the European
stations whose wave lengths were near that o New
Brunswick, and that when Annapolis was put out the
adjustments were such as to give the best possible stray
ratio for the longer wave European stations. In other
words, the best stray ratio was obtained when the end
conditions were adjusted to put out the image of the
desired European station. If a light-velocity wave
antenna is an exact number of half wave lengths long,
the mathematical analysisshowsthat itis unidirectional
provided the true surgeimpedance is connected between
antenna and ground at the end nearest the transmitting
station. This is illustrated in Fig. 29. Whether the .
true surge impedance is non-inductive or contains a
capacity or inductive component will depend upon the
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Fic. 20—MeTHop OF BALANCING Back Enp CURRENTS BY
REFLECTIONS FROM DAMPED END

characteristics of antenna and ground at the frequency
under consideration. Kellogg pointed out that since
the antenna was not an exact number of half wave
lengths long, the back wave effect would prevent the
antenna from being unidirectional even though the
true surge impedance had been used, and it was for this
reason that Beverage found that balanceswere required
to obtain the best stray ratio. Another method pro-
posed by Kellogg of supplyingthis necessary compensa-
tion was to insert a circuit consisting of inductance,
resistance, and capacity in series in the neutral at the
end nearest the transmitting station, as shown in Fig. 20.
By adjusting the resistance and varying the capacity
through the point where it tuned out the reactance of
*he coil, a wave of any desired intensity and phase
could be reflected down the antenna to exactly compen-
sate for the back wave effectand thus render theantenna
unidirectional.

If only one station is to be received the circuit shown
in Fig. 20 is as satisfactory as any that the writers have
found. For reception of long wave stations an antenna
output transformer was used having a step-down ratio
of 200 to 10 turns, and having a complete iron magnetic
circuit of about 3/4 square inch cross section, made of
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0.0015 enamelled sheet iron of the kind developed for
the Alexanderson alternators. The secondary was
connected in series with the first tuned circuit of the

receiving set.
v

RECENIMG SET*
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Flo. 21—MvuLtiPLEX RECEIVING SYSTEM

Multiplex Reception. - The simultaneousreception of
a number of stations was one of the next objects of our
work. If the surge impedance is set at the best value
for a mean wave length, and no finer adjustment of the

7o ormER
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The arrangement shown in Fig. 21 was worked out, and
proved entirely satisfactory. Each couplingtube feeds
areceivingset, and the antenna output transformer and
artificial line, with its sliding contacts and potentio-
meters, serve to impress the desired potentials on the
grids of the tubes. Since the load is negligible there
is no reaction between the different sets. Grounded
shields between the secondaries of the antenna output
transformer prevent electrostatic reactions. The de-
sired component of the currents or potentials in the
ground circuit can be obtained in any desired phase by
moving the sliding contact along the artificial line, and
in the needed intensity by adjusting the potentiometer.
The artificial line has a characteristic impedance of
about 400-ohms and reflections are prevented by a
resistance of about this value. This results in a phase
adjustment which gives practically constant intensity.
Five thousand ohms potentiometersare used, and these
constitute so small a load on the artificial line that the
adjustment of any one does not apprec1ab¢<,\a'q,, the
potential distribution on the line. The arti.l.c: line,
damped as it is at the far end, acts as a pra«tically pure
resistance in the antenna surge impedanc ~ ~uit. By
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. F10.22—Wave ANTENNA CIRCUITS.

back-end compensation is attempted, then it is only
necessary to provide more secondaries for the antenna
output transformer, Fig. 20. In order that one set
should not sap too much energy from another, trans-
formers were designed with very slight reaction be-
tween the secondaries. Some data were taken of the
best resistance and reactance in the ground circuit, as a
function of wave length, and networks were figured out
which would give the desired impedances at the wave
lengths of the stations which it was most important to
receive. This system of multiplexing, however, did not
appeal to the writers as the most satisfactory solution
of the problem. A system was wanted in which all
the adjustments for each station to be received could be
made without reacting on the adjustments fortheothers.

-
ACTIAICIAL. LIS

PRESENT ATRANGEMENT

adjustment of the seriesand shunt resistance boxes the
antenna damping resistance may be set at the best
average value, leaving only a small residual to be
“cleaned up’’ by the artificialline adjustments.

Fig. 22 is a more. detailed diagram showing some
changes which have been made since the original in-
stallation.

Shielded Sets. The aperiodic nature of the wave
antenna and the success of the coupling tube multiplex
system made it clear that there would be call for
operating a number of receiving setsin the same build-
ing. Theartificialline and antenna output transformer
had been designed for operating four sets, but this was
not necessarily the limit. In fact, later, when the new
Riverhead station was-laid out a total capacity of nine
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receiving setswas planned, six of whichare now in daily
operation. The amplifiers, detectors, and tuners
previously used in the receiving sets of the Radio Cor-
poration were unshielded, and the practise had been,
where two sets were in use in the same station, to keep
them well separated and operate from separate bat-
teries. 'Tomeet the new situation, a new line of appara-
tus was developed. Each piece of apparatus was in a
metal lined box, the metal lining being grounded, and
connections between the boxes were made through
shielded cable. All tuned inductances consisted of
astatic pairs of coils, of compact form, thus reducing
chances of magnetic coupling. The radio amplifier was
shielded between stages as well as externally. The
amplifiers and detector have individual plate and fila-
ment filters in the supply lines. A two stage filter was
introduced in the circuit between the detector and the
audio amplifier in order to prevent radio frequency
currents and potentials from getting into the audio
circuits where they might cause back coupling or inter-
ference between sets. Low resistance telephones were
used to minimize electrostatic coupling. These pre-

LonG

Fic. 23—REcEIVING STATION, RIVERHEAD, ISLAND

cautions made it possible to operate the several sets
in close proximity, and from the same plate and filament
batteries, without any interference between sets, and to
employ high radio and audio amplification without
trouble from back coupling.

It was usual in receiving the high power European
stations to develop a high-frequency potential of about
7voltsatthe plate of the last tube in the radio amplifier,
with a useful current of about 0.2 milliamperes. By
connecting the output of the audio amplifier to a good
telephone line, satisfactory tone signals were received
and copied in New Ydrk City. Beverage arranged a
rectifier for the audio frequency currents and operated
a telegraph sounder, obtaining very satisfactory signals
in this way when static was moderate or light. During
the spring of 1921, considerable commercial traffic was
received directly in New York in this manner, using the
private telegraph wire which connected the Riverhead
experimental station with the Broad St. Office of the
Radio Corporation. One demonstration which aroused
considerable interest consisted in putting Carnarvon’s
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signal on the telegraph line at Riverhead, and auto-
matically repeating it at New York into the New
Brunswick control line, so that the operatars in the
British station heard their own signal coming back on
New Brunswick’s wave.

When the success of the wave antenna had been
demonstrated at Riverhead similar antennas were
constructed at Chatham, Mass. and Belmar, N. J. where
the Radio Corporation was already operating receiving
stations. These new antennas gave satisfactory per-

Fic. 25—8m1ELDED RECEIVING SETS, RIVERHEAD. LONG ISLAND

formance in commercial service until the long wave
traffic wes finally concentrated in the new Riverhead
station which the Radio Corporation constructed
during the summer of 1921. Fig. 23 shows the present
Riverhead Station. Fig. 24 shows an output trans-
former, artificial line and potentiometers, Fig. 25 shows
shelveswith two receiving sets. The building does not
provide space for operators, since all signals are trans-
ferred to telephone lines and copied directly by operators
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in the New York Office,or recorded automatically on
tape.
THEORYY

In order to work out a formulaby which the directive
properties of a wave antenna can be calculated, we
shall consider space waves of some specified frequency,
since the directive properties of a given antenna depend
on the wave length to be received.

Case 1. Signal Direction Parallel to Antenna, Zero
Loss Antenna.  As the space wave travels along over
the antenna, it induces an electromotive force success-
ively in the different portions of the line. We may
represent the electromotive force at the end A of the

antenna shown in Fig. 26 by )
e, =E,sinwt 1)

volts per kilometer
>

e

i

Fra. 26—~MEeasvrEMENTS REFERRED TO IN DERIVATION OF
EqQuATIONS

Since it takes /» seconds for the space wave travel-
ing with a velocity a to reach the point X, the electro-
motive forcee. in the wire at the point X will be behind
e, in phase, or

e. =Eosinow (t— z/v) (2)

Let us confine our attention for the present to the
effectsof the electromotive force induced in a small
section of the wire d = kilometers in length, and situated

z kilometers from the end A. Since e, is expressed in
volts per kilometer, the voltage induced in d = kilo-
meters of wire will be

e,dxorEodXxsinw (t —z/v)

s T Savax(i t—‘)- x

1 . \__/7‘.—“ \/I:,g;i = *‘ll;k?admlz-’i
= i ’”mmﬂim;;% 8
L

Fi16. 27—CurreENTs RESULTING FROM VOLTAGE INDUCED IN
SMALL SECTION OF ANTENNA

We may think of thislittle section of line asanalternator
Fig. 27, supplying current to two transmission lines in
series, one running to A and the other running to B.
A line damped at the far end, so as to prevent reflec-
tion~shows an impedance Z = \/L/C  ohms at the
input end, whatever the length of the ... we have
here assumed such damping. If each line has an im-
pedance Z ohms the alternator must work through an
impedance?2 Z and will producea currentat X,

10. The Mathematical work of this paper is due to Kellogg.

11. This expression for Surge Impedance is strictly correct only
for zero loss lines, but at radio frequencies it is a very close
approximation for ordinary lines.
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Eodﬂ?

CLE: =5y sin w (t — z/v)

57 €)
The alternator at X in forcing the current d , through
the line, givesrise to a train of waves moving toward
B and another train of waves moving-toward A. The
resulting currents at the ends of the line d 4, and d ¢,
will be retarded in phase, as compared with d4,. If
u is the velocity of wave propagation along the wire,

di. =

L l—2z
it will take U—seconds for the forward waves to

reach B, and z/u seconds for the backward waves to
reach A.

Then d 4. =%sin w(t-—x/v—- le ) 4

Qi =29 Ginwt—a/o—z/i)  (5)

The total current at the end of the line is the sum of

8;1‘!
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Fi1g. 28—DererMinaTioN OF CURRENTS AT END oF WAvVE
NTENNA BY VECTOR D1aarams

the currents produced by each of the sectionsd z long
in the line. We may perform the summation by inte-
grating equation (4) or (5) between the limits X =0
and z =, or by means of a vector diagram as shown
in Fig. 28. The current at the end of the line d 4. or
d 1,., resulting from the induced electromotive force in
a section d = long, situated x kilometers from A, has a

Eodx d
WA and a

phase angle which varies with z, as shown in expression
(4) and (5). Hence the summation will consist in

maximum cyclic value or vector length

) . E,dx
adding a series df vectors, each ZO_Z long, and each at

its proper phase angle. Taking the phase of e. for
reference, the angle of lag of d 7., as shownin (4) is

NETUET

‘pbz =
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rich may be written

we=t {1-2(1-5)) ©).
d from (5) the angle of lag of d %az is
¢G,=w{z/v+z/u}#s—x(1+—%—) 7)

further change in the form of these expressions will
1ke for convenience.

The velocity u isequal to -\/11;-012 where L and C are

» series inductance and shunt capacity per unit length
line. Then w/u = w +/LC, which will be recognized
the line wave length constant, for which the symbol
sfrequently employed.

If we let n stand for the velocity ratio »/» and
sstitute g for w/u we get

Ve =B{l—2z(1—m)} (8)

=gz (1 + n) 9)

For the purpose of numerical calculation it is con-
1ient to expressg in terms of A and n as follows:

7 f

6= w/u= v

and since A = fl ,

. polygon.

These diagrams help us to see how we may write out
an expression for the resultant currents. If we divide
the line into a large number of very short sections the
series of vectors form an arc of a circle instead of a
The length of this arc is the length of one

E.d
vector e multiplied by the number of sections

0

27
l . ' . E,l
thlch gives 5=~ If the vectors all lay on a

straight line ;@'ZI would be the length of the total cur-
rent vector. This condition is met at the end B when
u =v. For any other line velocity, or for the current
at the end A, the arc while of the same total length,
will have a certain curvature, and the length of the
chord subtending the arc, which is the resultant vector,
will depend on the curvature. For a given length of
arcthe curvature is measured by the total angle, or the
angle between the first and last vectors, corresponding
toz =0andz =17in(8)or(9). Thusinthecase df the
I, vector addition we put z = 0 and # = [ in equation
(8) to obtain the initial and final directions of the arc,

a . .
8 = Wradlans per kilometer (10) \vhich gives

- (KmM.) cevrnnennnnnnnns 0.5 1.5 2.5 3.6 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5
cradians ..........0000e 6.23 6.12 6.02 5.91 5.8 5.7 5.6 5.5 5.38 5.28 5.17 5.06
degrees......ocvvvunn .357 351 345 339 333 327 321 315 309 303 297 292
kradians ...ocvininnnnnns 0.47 1.41 2.35 3.29 4.23 5.16 6.10 7.04 8.0 8.93 9.87 10.80
degrees..venvseannrnnns 27 81 135 189 243 297 352 405 459 513 567 622
-t us illustrate the vector diagram method of sum- Yoo = B1
ag up the currents by a numerical example. Assume and Yo =81ln

: antenna length I to be 12 kilometers, its wave
ocity u equal to 0.8 of that of light, and itsimpedance
«qual to 500 ohms, and a signal having a wave length
L5 kilometers and an intensity E, = 10millivoltsper

ymeter. In  the present case B —-—-% -
n A

271 = 0.522 radi kil { Tak

8 (15) radians per kilometer. Take

as dkilometer, giving z the values 0.5, 1.5, 2.5, 3.5—
11.5 kilometers. The corresponding phase angles,
ired from expressions (8)and (9) are

. E.d 0.01x 1
:h vector will have a length =5 29: - 00 =
)001 amperes or 10 microamperes. Fig. ™® shows

vector diagrams for the currents at the two ends
he antenna, giving receiver end current I, = 112.2

roamperes and back end current I, = 12.8 micro-
peres.

. This expression ignores line losses, butisa very close approxi-
ion in all eases with which we shall have to deal. The same
ue of the expressionsZ = yL/CandfB = w vLC

The difference or total angle through which the arc
turnsis
Yro— Yo = 81(1—n)

. - arc
The radius of curvature r isgiven by r = angle or

Eol
. zZ _ Eol
T=Bl(I-n) 2ZB8l(A-n)

The length of the chord which is the vector of the
resultant current I, isgiven by
chord = 2rsin 1/2 (angle) or
_ Eol 1 _
I, =2 5Z81(1— ) snfsl(l n)
Cancelling the 2 in the numerator and denominator
gives

K, |

_ Y0  <qin _ 13
I, = Z6 (=) sin 2Bl(_l 7) (11)
‘ By the same proi:‘ess using equation (9) we get

13. A formulawhich correctly showed the end currents as fune-
tions of the antenna length and the velocity ratio, was first
worked out during the early Eastport work by Mr. P. S. Carter.
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These expressions give Is = 112 microamperes and
I. = 12.2 microamperes _for the problem worked
graphically in Fig. 28. The difference between these
values and those found from the graphical solution is
due to the inaccuracy involved in the graphical method
using so few sections.

It will be noticed that if the sign of n is changed in
(11) we get (12). We may consider the sign of the

signal velocity 4, to be negative when the signal comes
from the opposite direction. Since n is defined as «/,

this would give n a negative sign. Therefore, there is
snly one formula required, and to find the back end
aurrent I, we consider the signal direction to be re-
versed.

We showed that if ¥ = v the arcisastraight lineand
Bl
. - 2 2 1

:erminate form 0/0, and to evaluate the expression we

If we set n = 1in (11), we get the inde-

sina )
nake use of the.relation that—a— approaches 1 as a

wpproaches O, where the angle a is expressed in radians.
Thus in (11)

I
sin5 g1 (1- n)
B(l—m)
vhich may be written

1,. 1
Sisin5 61 (1—n)

1
—Zﬂl(l——n)

1 1
ipproaches — las =
P 2 2

xpression (11) takes the value

I, =E,/Z X —é—lor—%gzl—
Hence whenu =v

8 1 (1 — n) approaches O, and

1 (110
Ngure 29 showsthe receiver end and back end currents
alculated by equations (11a) and (12) for antennas
f various lengths, assuming

u =9 =3 X 105 kilometers per second
A = 12 kilometers
E, = 0.010volts per kilometers
Z = 500 ohms
These curves bring out the unidirectional properties
f the wave antenna.
Case |1. Signal at an Angle to Antenna, Zero Loss
Intenna. So far we have considered only signal waves

raveling in the direction of theantenna.  Tocalculate
he directive properties of the antenna, we must find the

14. This figure is practicallyareproductionof acurve plotted by
ir. P. 8. Carter, based on his caleulations previously mentioned.
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effectof a signal of the same wave length and intensity

coming at an angle to the antenna. In the first place
there will be a difference in the electromotive force E,

induced in a unit length of wire. In Fig. 304, we

. imagine ourselves looking down at two horizontal wires,

each of unit length, situated in the midst of a signal
wave whose magnetic lines are shown as dotted lines in
the figure. Only the magnetic linesin a very thin layer

Sl

ML
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Fic. 20—ReraTive CURRENTS AT THE TWO ENDS oF A WAVE:
ANTENNA

i
LENMGTH om w KuomETERS |

immediately over the plane of the wires are shown.
These magnetic lines have a horizontal movement
indicated by the arrow, and a downward movement
resulting from the forward tilt of the wave front. The
horizontal movement causesno cutting of the conductor.
Owing to the downward movement, the wires will be cut
by all of the lines which cross them in the figure. The
numbers of magnetic lines which cross wires No. 1and
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Fia. 30—ErrecT 0F A¥TENNA ANGLE o INDUCED ELrcrro-
MoT1ive FORCE PER UNIT LENGTH

No. 2 arein theratio 1to cos 4, and the induced electro-
motive force per unit length will be in the same ratio.
Another point of view is illustrated in Fig. 30B, in
which we imagine ourselves as looking at the ends of
the magnetic lines, which now appear as dots. Here
the same two wires are shown, and the actual direction
of motion of the magnetic lines is indicated. Only
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‘those lines within the region a Wil cut wire No. 2 which
appears in this projection as A’ — B’, while all those
in region b will cut No. 1, and the ratio of ato b is again
cos 8 We shall therefore multiply by cos 8 to take
account of the difference in induced electromotive
force. Thatisto say if a signal comingin the direction
of the antenna induces E, volts per kilometer, a signal
of the same intensity coming from an angle 8 to the
antennawill induce E, cos 8 volts per kilometer.

The angle which the signal direction makes with the
antenna also effects the time required for the wave front
to pass over the antenna, and therefore affects the
relative phases of the electromotive forces induced in
the different parts of the antenna. From the time the
maximum electromotive force occurs at A to the time
the same thing occurs at X the wave has only to travel
a distance X cos 8 as indicated in Fig. 31, and this will

zcos 6

require seconds, where v is the velocity of the

Signal wave. If the induced electromotive force at A
ise. = (E,cos ) sin wtthen at X itwill be

e, = (E,cos 8) sin w (t - (13)

Comparing (13) with (2) we see that we now have the

Vv
cos 8

0
xci/)s )

factor where we had simply v, and where we had

Vv
———mean
s 0

Ey, we now have F, cos 8 Replacingv by o

changingz/v or n to n cos 8. Making these changesin
(112) gives us, for the current due to a signal coming
from a direction 8 from the antenna.

E,cos 0

- in = -
I, = Z8 (1 ncos 0) sm26l(1 n Cos 8)
(14)
\\
o, |
~. 2.
~, r-i 2
s \\x : i e\:\
T — N
2
=g

T

~

™Ma. 31-—EFFEcT OF SieNaL ANGLE on TIME REQUIRED FOR
WAVE To TRAVERSE ANTENNA

If the signal is traveling in the direction of the
mntenna, 8 =0, and cos 8 = 1, and (14) become the
ame as (11). [If the signal is from the opposite direc-
ion 8 = 180 deg., cos 8 = — 1and (14) becomes the
ame as (12).

Let us apply formula (14) to the calculation of the
lirective curve of the antenna whose currents for
'=0and 6 = 180 deg. were determined in Fin. 28.
“he calculations are shown in Table 1. Column IX,

TP AA Y As aday mALLVLYLA

-ray

multiplied by E,/Z would give the currents correspond-
ing to the value assumed for E,. To show directive
properties, . however, it is more satisfactory to give the
current for any direction in terms of its ratio to the
current which the same signal would produce if it came
fromthe directionfor which the antenna gives maximum
reception. Thus column X gives the relative current
strengths as found by dividing all the figures of column
I X by the largest figure in the column which is 5.6 and
corresponds to 8 =0. Fig. 32 shows the directive

IR
( g\\Sg\{%{_g--

== S

\ - T~

Fic. 32—DIRECTIVE CURVE OF WAVE ANTENNA. A = 15gMm.
!l =12&M., @« = .0, u =0.8v

curve of the antenna, obtained by plotting the relative
currents as shown in column X radially at the corres-
ponding angles.

Case II1. Line Losses Considered. The factor line
attenuation’ has so far been left out of account in order
to simplify the problem. We assumed that the current
at the end o the line, resulting from a wave which
started at some point X, had the same strength as at
X, although of different phase.

In the case of bare copper wire on poles, the errorsdue
to ignoring line losses are not in general large enough to
give misleading results. There are many instances
however in which line losses are high or the antenna
unusually long, where these effects cannot be neglected.

When there are no reflections to cause standing wave
effects, the decrease in current strength as we go
farther from the source is expressed by the relation
I, = I, €% in which I, is the current strength at the
source, I. the current at a distance X from the source,
and « is the “attenuation constant” of the line. A
value of 0.05 per kilometer for o, meansthat the current
decreases about 5 per cent with every kilometer which
the wave travels.

In deriving equations (4) and (5), we regarded the
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TABLE 1 3
DIRECTIVE CURVE OF WAVE ANTENNA ZERO ATTENUATION
I = Eocos 0 sin}_{l(l—io-(ﬂ)
Zﬂ(l—ucoso) 2 u v | = 12km.
u v . A =15km,
Eocos ¢ u = 0.80
= sin 180deg. (1 —0.8cos #) a=0
Z20.524 (1 —0.8cos8) g- (
| | 1 111 Iy | \" VI | VII VI | IX X
ey
= s 2
. L) R o
o
) - g g © - g
g - w - o o §°
] ® 8 ; °c ! > § v
] ® © o) * b d ©
5 8 09 s ' ! < = % g+
? o ] o] 2 w = = =K
g’ - g W k=] [N 2
'2 . 0 .g § o
(-} [~
= 8
(o] 1.00 0.8 , 0.2 0.105 36 0.588 5.6 5.6 1.00
20 0.94 0.752 0.248 0.13 44.8 0.704 5.4 5.08 0.91
40 0.766 0.612 0.388 0.203 70 0.94 4.62 3.54 0.63
60 0.50 0.40 0.60 ‘ 0.314 108 0.951 3.02 1.51 0.27
80 0.174 0.139 0.861 0.450 155 0.423 0.94 0.164 0.03
20 (] = 0 1.00 0.524 180 (0] 0 0] 0]
100 =0.174 = 0.139 1.139 0.596 205 —0.423 -0.71 0.124 0.022
120 —=0.50 —0.40 1.40 0.734 252 —=0.951 - 1.29 0.645 0.115
140 = 0.766 - 0.612 1.612 0.845 290 =0.94 -1.11 0.85 0.152
160 —=0.94 = 0.752 1.752 0.918 315 = 0.707 -0.77 0.724 0.129
180 —1.00 -0.80 1.80 0.945 324 —0.588 -0.622 0.622 0.111
|
TABLE 1II
DIRECTIVE CURVE OF WAVE ANTENNA
2 xcos @
-i T [ —[a+j2—:(l-ncosa)]1
n A =12 km.
Vector To = Lo cos 6 ¢ 1-¢ | = 12km.
2Z[a+j2'(l—ncosa)] . u = 0.8v.
n ) a = 0.05
. eal = 55
Arranging Formula for Calculation of Magnitude and Substituting Numerical Values of Constants, we have
) E. cos 8 Vector Difference of 1.0and 0.55
Magnitude | = at Angle 450 deg. (1 — 0.8c0s 8)
2 2 v (0.05) + (0.654)7 (1 — 0.8 cos 6)*
1 11 111 v v i VI Vil VIII X X Xl
s
13
Q
© ~
~—~ fr'e} k-
L) .
o [ @ 8
3 5 8 | 5 | i s |
by
: . 3 8 s £ c £3 - E i
5 - 8 ® 3 | =7 } O w
& 8 © °© ! 8 z 2% = X e
N ~ 2 + 3 s g E:
@ = o AT &
o 3 3
S
| >
0 1.00 0.80 0.2 0.131 0.140 | 90 1.14 8.14 8.14 1.0
20 0.940 0.752 0.248 0.162 0.169 112 1.31 7.75 7.3 0.896
40 0.760 0.613 0.387 0.253 0.258 174 1.55 6.0 4.6 0.565
60 0.50 0.40 0.6 0.393 0.396 270 1.14 2.89 1.45 0.178
80 0.1736 0.139 0.861 0.564 0.566 388 0.58 1.02 0.177 0.022
120 -0.1736 -0.139 1.139 0.744 0.745 513 1.51 2.03 0.35 0.0431
120 =0.50 —0.40 .40 0.916 0.916 630 1.14 1.25 0.62 0.0762
140 - 0.766 -0.613 1.613 1.055 1.055 726 0.45 0.427 0.326 0.040
10% =0.94 —-0.752 1.752 1.146 1.146 789 0.96 0.838 0.78 0.0958
—180 1 _-1.00 ~0.80 1.80 1.18 1.18 810 1.14 0.97 0.97 0.119
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point X in Fig. 26 asthe sourceof waves on the antenna.
We considered the current d 4, and d .. at the ends of
the line to have the same strength as the currentd s, at
X, sincewe were treating the caseof azerolossline. We
now wish to consider a line on which there is attenua-
tion, so the current d+,, at the end B, which is (I — x)
kilometersfrom the source, will be weaker than the cur-
rent d<, at X, in the ratio ¢~ %-?, and the current
d 1,, at the end A, which is X kilometers from the source,
will be weaker in the ratio ¢~ **.  The phase relations
as before are those corresponding the time differences

1-x

X .
seconds and o seconds required for waves
to travel from X to B and X to A respectively. The

. e da .
currentat X isd <, = o7 0 substituting the value

roo*

ot
e
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= e or
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16. 33—DEeTERMINATION OF END CURRENTS FOR LINE wiTH
ATTENUATION

fe givenin (13)

"~ _ Eidzcosl x
dlz——'—‘z—z‘———snlw(\t—'—;)

'he current at B will be
_ Eodzcos@ -aq-x_. z
‘bbz~———§—Z—.—-—e \ smw(t——;}—

(15)

1d the current at A will be

. - Eodzeos8 . .
azx —22 €

The total end currents may be found by dividing the
1einto sectionsand drawing a series of vectors which
present the end currents resulting from the induced
ctromotive forces in the successive sections, as was
me in Fig. 28. In the present case the vectors will
ffer progressively in length as well as in phase. Fig.

shows diagrams for finding the end currents for a
mal direction parallel to the antenna.  The conditions

Sinw (t— /v — z/u) (16)
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of the problem are the same as in the case of Fig. 28
except that for Fig. 33 an attenuation of 0.05 per
kilometer is assumed. The corresponding vectors in
the two figures have the same phase angles, but in
Fig. 33 the vectors form a spiral instead of a circular arc.

The total end currents can be found by integrating
equations (15) and (16) in their present form, but the
work is simplified if we make use of vector notation.

In what follows, the symbols in bold faced type,
such as E or | stand for vector quantities of the
forma 50, or its equivalent. For reference a sum-
mary is appended showing typical operations with
vector quantities.

The induced volts per kilometer, E, = E, cos ¢ at the
end A of the antenna in Fig. 26, will be taken as the
reference vector and the phase angle of any current or
voltage means its angle of lead or lag with respect to E..

The induced voltage per kilometer, E, at the point
X is of the same intensity as E, but lags behind E, by

Xcos 8

w radians. Therefore the vector of E, is of the

same length as that of E. but .isrotated backward, or

6 . . .
clockwise w o8 radians with respect to E  This
backward rotation is accomplished by multiplying by

- xco8 & .

e’* v sothat

x cos f x cos 6
,=E. e’" " =(Ecos®)é’“ * 17
The voltage induced in d X kilometers of wire at X is
E, d x, and this, acting through an impedance of 2 Z
ohms produces a current at X of

E.dz Eod x cos 8

di, =" 57 2Z
The waves on the wire must travel (I — x) kilometers
from X to reach the end B of the antenna. There-
fore compared with the current di, at X, the current
d i, at B, is smaller in the ratio - = “® and retarded

-j wExcgs v

(18)

in phase by the angle « ? radians. Hence

w
. . eall-® -j—(-
di,, =di, € e’ g

Combining exponents and substituting g for w/u we

have +
dip, =di, e @772 (19)

Substituting in this the value of d i, shown in (18) we
x cos B

have
. Ecdzcos§ - w—p
din = § =57 J

Combining exponentsand collecting the x terms gives

E.d z cos § w2t }

2Z
(20)

-(a+ 5B~
¢ J 8)(l-x)

6-{ (a+ig i+ (atijp -4

.
1, =
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The waves from X to A travel x kilometers on the wire,
and are reduced in intensity in the ratio ¢~** and
retarded in phase by @ 2/ or 8 xradians.  Therefore
dl¢3?‘dlz e-iﬁ*

- +iB)=
d, e (a

-ax

_ Eodxcoso - j wx (cos 6)/v- .l(a'+jp),
VT 2Z ‘I € N
Ecdzcos @ -(a+is+iwseosos (21)

2Z

The total current I, is the sum of all the currents
-d iss, correspondingto all values of X ,or in otherwords
we integrate.the expression (20) for di,. between the
limitsx =oand X = I

E,cos 8

-l :
1, - Bocst -(a+jp)tf’e(a+ia-jwz(eo--o)/-dx

Performing the integration "and substituting the
limits gives

-(at3ig) | (a+3iB~-j5 wl(cos 6)/v

1 ,=Eo_(!_0_80e { COS

] C
=0 )

ZZ(a-}-]B—]w b

1)

This expression gives the value of I,,, but it is more
convenient for calculation if several changes are made
in its form.

Putting € ¢**#® !inside the parenthesis gives

Ejcos 0 { €’ “' @07 _
2Z(a+i8-j 020

Taking e =« (s 0/v out of the parenthesis gives

EoCOSG -Jj wl (cosd) /v (1 -(a+ip-7 wilcos O)/v
2z(a+13_1w4ﬁﬁLy————J

~(at+ it
I, = € }

Is =

n

Since w/y = wn = BN, we may substitute
1t

. weos @
J B -ncosh) forj 8—j ,giving

" Jj w licos 68)/v 1 - E‘ (a+ja(1 " ncosg) | }

lb=E0cosﬁe X
2Z[a TjB8 (A-ncos )]

(22)

A more satisfactory form of the equation for purposes
of calculation is obtained by separating the atten-
uation and phase angle factors in the expression

e Loo2m
€"!*+J80 —nem 11 ang substituting —— o for /v

€

and gr for 8
nA
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This gives
L =

2xl/\ 8,
Eocos § e 7C2™/Vo 1 _ ¢ ® ¢

ZZLa +J—Z—§r—(1—ncos¢9])

2x
1 Y (l—ncosa)‘

(22a)

This is the complete expression for the current at the
end B farthestfrom the signal source.

The total current at A is found similarly by inte-
grating expression (21) for di,. between the limits
z=o0,andx =1

 Eecos 0 TN atisti wstcos o)/
L="55— | ¢ dz
2Z R
Eocose{e'[a+lﬂ+1 wl(COSO)/”]-lf
= : . wcos 0
2Z[a+]8+1———-v—-—J
0
Substitutingj 8 (1 + n cos 8) forj g +j ——— and
putting the — sign in the parenthesis, we have
EoCOSH{l—e'{a-l-jﬁ(l-i-ncosd)]l} (23)
L= TZ[a +78( + ncos 0)]
or
21
[ _Eecosf {1— %' ?mxtaTmen (93,

22[a+j2—7;(1 +ncos())]

Discussion o Equations. Equations (22) and (23)
give the currents at the two ends of the antenna in their
relative magnitude and phase relations with respect to
the induced voltage per kilometer E,, at the end A of
the antenna. The assumptions throughout are that
the antenna is straight and uniform and free from
reflectionsat the ends, and that the signal wave causes
no other electromotive forces in the circuit than that in
the horizontal wire. The assumption that the induced
electromotive force per unit length of conductor is the
same in all parts of the antenna, and is independent of
the amplitude of the wave on the wire, means that the
reduction in intensity of the space wave by divergence
or ground absorption has been neglected, and that no
saturation effect has been considered. The absorption
and divergenceodf the space wave may be estimated with
fair approximation, and in most cases with antennas of
moderate length, will be found to be negligible. No
evidence of saturation has so far come to the writers'
attention. In cases where the antenna has exceeded
the length which gave maximum signal, the limit to the
amplitude of the waves on the wire, has been set by the
velocity difference or the line losses.

I't will be noticed that (22) is the same as (23)except
that the algebraic sign before the term cos 6 is reversed,
and the factor ¢~ 7« * ©s /v gppears in the numerator
of (22). The latter term has no effect on magnitude
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it effects the phase. If we should calculate the cur-
nt at the end nearest the signal source by using
rmula (22) and assuming the signal t0 come from the
iposite direction, or in other words take ¢ as 180 deg.
stead Of O deg., we would get the same numerical
lue for the current as though we had used equation
3), but the phase angle would be different because in
3) the phase is expressed with reference to the voltage
oduced by the signal at the end nearest the source of
mal, whereas in using (22) and reversing 6 to find the
rack end” current, we refer the phase to that of the
mal voltage at the end farthest from the signal source.
We are concerned with the question of phase only
ien currents from two or more sources are to be
mbined. For example, in calculating the effects of
flections or of voltages induced in the end verticals,
would be necessary to know the phase relations of the
rrents which are combined. Orwhen in order to put
t a disturbance coming from a certain direction, we
troduce in the receiving circuit a neutralizing current
ym another source, it is necessary to take account of
e phases of the currents.
In making calculations of this kind we must watch the
rebraic sign as well as the phase of the vector, and the
lowing point should be kept in mind. An electro-
rtive forceis taken as positive if itactsin the direction
to B in Fig. 26, and a current is positive in this direc-
n. Therefore, if we should find that the vectors for
2 back end and receiver end currents as figured by
uations (23)and (22) point in the same direction, it
uld mean that the currentat A isflowingfrom ground
antenna at the instant that the current at B is flowing
m antenna to ground.
For figuring the simple directive curve of a wave
tenna which does not call for determining the phase
the end currents, we may work entirely with equation
Y) omitting the factor e 7= % ®=®/*  The expres-
n in the bracket is a vector difference and may be
iluated graphically or by use of the familiar formula
the third side of a triangle when two sides and the
zle betweenthem are given. We have two vectors,
2 havmg a length 1,and the other having a length
,and the angle between them is 8 (1— ncos 6) 1
ians or

(1 n cos 8).degrees. The vector dif-

3601

nee IS\/ 1+ (22— 2 ! Cos (1 — ncosf)

e expression o T g (1. — n cos ) |n the denomi-
or must be given in terms of its vector length
¢ + g2 (1- n cos @) in order to calculate the cur-
t. Therefore, if the phase of the end current,
itive to current or voltage in other parts of the
enna, is not sought, but only the magnitude of the
I current, we may use the following formula, which
‘btained by making the changes just mentioned in
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I =
E’ocose\ll + (e *Hr =2 36(7)\1(1—ncos 6)
24+ @ Tg (1 - ncos6)* (24)

This equation becomes equivalent to (14) if the line has
no attenuation. I we set « = 0in (24), and substi-

1 3601
tutep i for Y we get,

o = (Locos 0) /2~ 2cosBl(1— ncos b))
2Z8(1—mncos @)
Making use of the trigonometric relation 1 —cosa =
2sin® 1/2 a we get under the radical in the numerator

2—2cospl (1—neos S) :4sin’?‘16 ! (1-=n cos®)
and with this substitution the expression reduces to
(F, cos 8) sin —%‘-B 1(1—mncos 8

ZB(1— ncos 6
which is the same as (14).

I =

Fig. 34—CuART FOR EVALUATING
{ a +j’§1—; (1- ucosd)}

1—e

Fig. 34 shows’a chart for use in finding the value of
the vector differencein the bracket of (22). Theradius
of the circle is taken as unity, ten centimeters being a
convenient radius. Scale divisions from 0 to 1 are
shown on one radius. From a point on this scale
corresponding in value to e *%, we measure the dis-
tance to a point on the circumference corresponding to

3601
the angle 8! (1— n cos 8) radians or oy (1- ncos 6)

degrees, and this measurement is the vector difference
sought.

Let us apply formula (22) to the calculation of the
directive curve of an antenna 12 kilometers long re-
ceivinga signal of 12 kilometers wave length, having an
attenuation constant « =0.05 per kilometer, and awave
velocity = 2.4 X 105 kilometers per second, or n = 0.8.
The calculations are shown in Table II. Since the
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purpose of the directive curve is to show the relative  Figs. 32to 38 bring out the effects of length, velocity
receiver currents for different signal directions, the and attenuation on the directive properties of a wave
antenna. The value 0.06 per kilometer for a,and 0.8 v

factor 2E—°2 which is the same for all directions, is foru, used in calculating Fig. 35, are mean values ob-

omitted (orin other words assumed to have a value of 1)
and the relative currents shown in column XI are ob-

;M\
< ——

/ .
“ ’ . =='/T / \?5 =~ =
ass\ can NS T

’,77//\ *  Fig. 37—DirEcTive Curve oF WAVE ANTENNA ONe HALF
"

N
.A ‘%@‘@&s&~ Wave LENGTH LoNQ. A = 12&M.,l = 6&kM., & = 0.05,u = 0.8y

"\ 2 ol a Loe o

cTive CURVE OF WAVE ANTENNA. A = 12 EMm.,
1 =12xM., a = 0.05,4 = 0.8¢

ql LSS
== NSNS
i BT NS
SIS Fio, 35—Dmeenivs Cusve of Wave Avrcna Tvo Wae

Fig. 36—Directive CURRENT OF IDEAL WavE ANTENNA, ONE
WAVE LENGTH LoNG. o =0,n =1,1 =12, » =12 served for long waves (7000 to 25,000 meters) on bare

0.102 inch (0.259 cm.) diameter copper wire supported
tained by dividing all the calculated currents of column on poles. Fig. 36 shows the directive curve for an
X by the largest one of those, which corresponds to antenna one wave length long on theassumptionof zero
0 =0. The corresponding directive curve is shown in attenuation and light velocity. By analogy with
Fig. 3. transmission line practise, we have referred to a wave



antenna as “ideal” if it has zero attenuation and light
velocity. While Fig. 36 was calculated for a 12 kilo-
net|er wave, the directive curve is applicable to any
antenna a wave length long, and having full velocity
and zero attenuation. The effect of length is shown
by a comparison of Figs. 87, 35 and 38, which show the
directive curves for antennas of the same constants and
1/2, 1 and 2 wave lengths long respectively. Fig. 39
compared with Fig. 35, showsthe effect of reducing the
velocity from .8 » t0 .6 » on a one wave fength antenna,
and Fig. 40 shows the effect of raising the velocity to
2v. Fig. 41 is calculated for the Same conditions as
Fig. 35, except that for Fig. 41, the line losses are twice
as high.

Calculation of Phase Angle. Equation (22) is avector

equation which determinesthe magnitude of I, and its
phase relation with respect to the reference vector E

<

F1e. 39—DirecT1VE cURVE OF Low VELOC
a =0.05,n =0.6,1 =12,

WAVE ANTENNA.
=12

> -

-

It should be recalled that E. is defined as the voltage
induced per kilometer of antenna at the end “A”.
For convenience of discussion we will rewrite equation
(22a) here

R E, cos €
PT 22
2«1l . 2 x1l
- TN [ - -Ji g x - [}
ej N cos (l—é o GJ 7 (1 -ncos8) }

a+j—3—7}r\—(1—ncos0)

(22a)

In order to find the phase angle of the entire expres-
sion, we must first determine the phase angles of the
individual vectors of which it is a product.

E,cos 0

22

The first term is a purely numerical multi-

plier with zero phase angle, when we assume Z =
vL/C and take E, as having zero phase angle.
The term ¢ 7(27¥/*) s ig 3 ynit vector having

2wl . 1
a phase angle — —;{— cos ¢ radians or _36._)%@80

degrees.

—

Fi16. 40—DirecTive CURVE oF YWAVE ANTENNA WITH
EXCESSIVE Higr}VeLocrry. a = 0.06,n =2.0,1 =12, Ao = 12

NS !
A\ SSa .
ECSUITINRIAT

Fia. 41—Directive CURVE OF WAVE ANTENNA WITH Higsm
ATTENUATION. a = 0.10,n =0.8,1 =12, » = 12

The bracket is the difference of two vectors, the first
a unit vector with zero phase angle, and the second a
vector having the absolute value ¢! and the phase

360° 1
n A

27r .
angle — R (1- ncos 8) radians or — (1-n
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cos 6°) degrees. ‘The graphical method of finding the
magnitude and phase of this vector difference is

in Fig. 42. Here the unit vector of zero phase
g%%‘ﬁnbnAF% drawn horizontally to the right. The

vector O B is then drawn with the length e ®! and

360!

phase angle — —x~ (1 ~nc0s 6°). Theh B 4 js the

7
vector differencesought. Its magnitude is determined
by measuring the length B A and its phase angle by
extending O A and B A and measuring the-angle be-
tween them. '
The magnitude of the denominatoris

\/ at + [%7{—_(1\- n cos ) ]’

_21. (1-ncos &)
and its phase angle tan-* -

a

8,
=

*xn

‘ o
"I‘h \ <
s L

“~

Fi1a. 42--Crnarr FOR DrTERMINING' MAGNITUDE AND PHASE OF
- a2 j2x
{1—6 ae—n)\(l—"_lCOSO) }

B0
L 140

We have now determined the magnitude and phase
angles of the quantities in the numerator and denomi-
nator of the expression for I.

The magnitude of 1, is obtained by performing the
arithmetical operations of multiplication and division
using the absolute values dof the vector quantities.

The phase angle of I, is found by adding together the
phase angles of the two vectors occurring as a product
in the numerator and subtracting the phase angle of the
vector in the denominator.

As an example let us find the magnitude and phase
of the current I, for an antenna of the following charac-
teristics:

Wave length \ = 12 kilometers

Antenna length I = 12 kilometers

Attenuation constant o = 0.05 per kilometer

Space wave velocity v = 8 x 106kilometer per second

Anéenna wave velocity . = 24 x 105 kilometers per
secon

BEVERAGE, RICE AND KELLOGG
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Ration =u/v» = 0.8 (numeric)
E,
Ratio 775 assumed = 1 ampere per kilometer

Angle at which signal StTikes antenna = 6 degrees
If we substitute the above values in equation (22a)

- using the form (absolute magnitude) /Phase angle, to

designatea vector quantity, we obtain

Ib =
{1/—360 cos8}{1,/0° —0.55/—450°(1—0.8cos 0) } cos 6
v/{0-05)7+[0.654(1—0.8 cosf)|2/tan o (-0 o= 07005

If we substitute various values of 6 in this equation,
we obtain the magnitude and phase of I, as given in
Table III. The calculation of magnitudesis takenfrom
Table 11, since the constants assumed are the same in
the two cases.

Equation (23)or (23a) is the vector equation which
determines the magnitude of I, and its phase relation
with respect to the reference vector E. Equation
(23a) is

2
cal - xia+ g
Epcos0{1—¢ “ ¢ ’"> moos )y

l =
° .27 :
2z[a +d -y (1 + meos 0)] (23a)
If we substitute the assumed numerical values we
- obtain ]
= {1—0.55/— 450° (1 + 0.8 cos §) } cos @

vV (0.057 70654 (1 +08cosO) F

-1 (0.654 (1 + 0.8 cos 6)/0.06)
/tan ( cos 6) /i

If we substitute the various values of 8 in this equa-
tion, we obtain the magnitude and phase angle of the
current |, givenin Table IV.

Compensation of Back End Currents. An example of
a problem which requires the calculation of both the
magnitude and phase of the end currents is the deter-
mination of the directive curve of an antenna in which
the current due to waves coming from a particular
“back end” direction is “balanced out” by means of
some of the current from the other end of the antenna.

Let us imagine there is an intense source of disturb-
ance directly behind the antenna whose directive curve
isgiven in Fig. 35, and for which we have just calculated
the magnitude and phase of I, and I, and that we wish
to neutralize the effect of this disturbance by an adjust-
ment of the damping circuitat A.

From equation (22) or Table III we have for 6 =
180deg., I, = — 0.968 /1 301 deg.

From equation (23) or Table IV we have for § =
180deg., I, = — 8.15/— 40deg.

A fraction of I; isto be reflected in such phase that it
will cancel I, in the receiver.

The current in receiver at B is I, = — 0.968 /+ 301

deg.



235

J YHE WAVE ANTENNA -
TABLE 111
MAGNITUDE AND PHASE OF 1y
1 = 12 Km. a -0.06
A = 12 Km, u = 0.8v,
1 I 111 v. | _V VI VII | VIII | IX X X1 | X11 | xir [ xIv XV XVI | XVII
= | . g -I—
[ £ -
~ 8 n 1 . -
= <] = . owm s
«© 2Q : §
P g s | = | & WS §I 8| 8 - - 2
E ® 2 @ [ ) 4 (E) o K - =8 0 = > % =%
s SUB bl | T EE| 5| jElEE|EE| | Bl B | IES
— ® 8 © ot - —~ < g2 o . - 3 - % %
a C°> > o 1 32 o Ax = v : 2 °I° o % | s | i 2 + 2
& - = 2 -3 S o - - [ .
@ Sl sl 88 5| Fs | 8k |38 3 2l R | 8 | &8
« - ) b=} S oy g b 3] ® g
3 + 8 B2 g o < ] -
=3 -5 © g é ]
2 | ! 4
=2
0 1.000| 0.80(| 0.200 |0.131 | 0.140 | -90° 1.14 | 8.15 8.15 1.000 | +29° 2.62 | 1" —40.1| —-360 | ~400.1*
20 0.940( 0.75z | 0.248 | 0.1625] 0.169:| -112 1.30 | 7.65 7.18 0.880 | +24° 3.25 | 72.9° —48.9| —-338 -386.9°*
40 0.766( 0.61:| 0.387 (0.253 | 0.258 | -174.0] 1.5 | 6.02 4.61 0.565 | +2 ° 5.07 | 78.8° —76.8| —276 -3B32.8"
80 0.5300( 0.40(| 0.600 [ 0.393 | 0.396 | -270.0] 1.14 | 2.88 1.44 0.177|. I 7.8 | 82.7° -111.7| —180 -291.7"
80 0.174( 0.13¢| 0.861 [ 0.563 | 0.565 | -387 0.57 | 1.01 0.175| 0.0215| +26°| 11.30 | 85.0° -59 O —62.6| -121.6°
100 (-0.174| ~0.13¢ | 1.139(0.744 | 0.745| -512 151 | 2.03 —0.353| -0.0433| +10°| 149 86.2° —76.2| +62.6| —13.8°
120 (-0.500| -0.40( | 1.400 (0.916 | 0.916 | -630 1.14 | 1.245 | —0.623| -0.0765| —29°| 18.30 | 86.9° -115.9| +180 4 64.1°
140 | -0.768| -0.61: 1.613(1.055 | 1.085 | -726 0.46 | 0.434 | —0.333| -0.0408| +-8° 21.10 | 87.8° —79.3| +276 -196.7¢
160 [—0.940| -0.76: | 1.752 | 1.146 | 1.146 | -788 0.95 | 0.826| —0.778| -0.0955| 433" 22.90 | 87.5° —54.5| +338 I 283.5°
180 | —1.00 | -0.80¢ | 1.800 | 1.176 | 1.176| -810 1.14 |1 0.970 | -0.970| -0.1185( +429°| 23.6 87.60° —58.8(0 +360 - 301.4°
TABLE 1V
MAGNITUDE AND PHASE OR I4
{ = 12 km, a = 05
A = 12km, u =0.8
I II III v vV | VI VII VI IX X X1 X11 XI11 X1v Xv
. :,;': <
Ll 8 o o~
@ > @ 8 — ,g ~ s £ .
g 3 3 S | = | §E A e b | B - 3
3 - , ® : ° gF = W En ] ® 5 &
sl || s | S| 0+ | &2 & | & | 8X |58 slg| R | Az
5 - g L [P~ > ,_ 2 =8 - a =
@ o - < o % g 28 L B < 3 ) &
® 3 + k-] 3 - O Ty D < g L 3 =
© - 2 [ B 3 o -3 © a
) @ - == & o
< 1
e
>
(0] 1.000 0.800| 1.800 1.176 1.176 —810° 1.14 0.97 0.97 0.1185| +29° +4-87.6 ~58.6°
20 0.940 0.752| 1.752 1.146 1.146 | ~788° 0.95 0.826 0.778 0.0955| +33° +87.5 6.
40 0.766 0.613| 1.613 1.055 1.055 ~726° 0.46 0.434 0.333 0.0408| +8° +87.3 -79.3°
60 0.500 0.400 | 1.400 0.916 0.916 —630° 1.14 1.245 0.623 0.0765 | --29° +86.9 | —115.9°
80 0.174 0.139| 1.139 0.744 0.745 ~512° 1.51 2.03 0.353 0.0433 +10° +86.2 -76.2°
100 —0.174 | -0.139| 0.861 0.563 0.565 -3r 0.57 1.01 —0.175 | —0.0215| +286° +85.0 -0
120 -0.500| —0.400| 0.600 0.333 0.396 | -270° 1.14 2.88 —1.44 -0.177 —-29° +82.7 —111.7.
140 —0.766| —0.613| 0.387 0.253 0.258 ~-174° 1.5 6.02 —4.61 —0.565 +2° +78.8 ~76.8°
160 —0.940| -0.752| 0.248 0.1625| 0.1691 | -~112° 1.30 7.65 —7.18 —0.830 +24° +72.9 —48.9*
180 —1.000 | —0.800 | 0.200 0.131 0.140 —90° 1.14 8.15 -8.15 —1.000 +29° +69.1 ~40.1°

The required compensating current at B is I, =
— 0.968 /+ 301 deg. — 180 = — 0.968 /+ 121 deg.

We have taken the compensating current as one half
cycle or 180 deg. behind 1, in phase.

To allow for attenuation, and the time required for
propagation from A to B, we must produce by the
reflectionat A, acurrent

__—0.968 [+ 121"+ 450" = — 1.76/+ 571

-?l

The 450 deg. is the_angle corresponding to the time

2 A

Thus at A we have available a current |, = —8.15
/— 40 deg. and wish to produce for- the purpose of
compensation, a current |, = — 1.76/+ 571 deg.

This represents a phase advance of 611 deg.

We cannot reflect a wave before it arrives at the
reflection point, which such a phase advance implies.

of propagation or 360"
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A current, however, which is two complete cycles be-
hind the desired value; that is, to say a current — 1.76
/+ 571 deg. = 720 deg. or — 1.76 /— 149deg. will
give cancellation of all but the 'first two waves of the
train, and this current which is 109 deg. behind |
) ; ion. Experience has shown
gﬁ:tbi% %%%aténgg t%}é ﬁ‘%fiilelfrtéotlz) neu%)alize theaﬁrst two
waves in a train, a very high degree of balance is ob-

tainable, both on signalsand static. )
“The terminal impedance required to give a specified

reflection, may be determined from the vector relation

= 12/11

L-1 1
Z.=2 I, l 12 =z 14 12/11

in which Z. is the terminal impedance, Z the surge
impedance of the line, I, the current due p the on-

coming wave and [. the current due to the reflected

(25)1%

wave. In the present case I is I. and I, is the desired
= 1.76/— 149deg.
Then
11 =~ P = 0.216/=108°
= —0.070—0.204 5
1— 12711 = 1.0701F0.204 5
1+ 121 = 0.930- 0.204 4
1-1,/1 1.070 + 0.204 5 ,
1+ 12,;111 = 0.930j0.204:7? = 1.055 + 0.450;
Substitutingthis value in (25) we have
Z, =Z (1.055T 0.490y)

If the line surge impedance Zis 500 ohms, (with zero
phase angle) the terminal impedance to give the desired
neutralization would be 500 (1.086 + 0.4505) or 527
ohms of non-inductive resistance and 225 ohms of in-
ductive reactance.

Placing this impedance in the ground circuit at A
will cause a similar reflection of all waves of the same
sength reaching A, whether due to a signal in line with
the antenna or to a disturbance coming from a different
direction; Thatisto say the reflected wave will in each
case be 0.216of the magnitude of the oncoming wave,
and 109 deg. behind it in phase. When the reflected
wave reachesthe end B, its amplitude will be reduced to
0.5 % 0.216 = 0.119df that of 1. and its phase will
be further retarded by 450 deg. giving a total lag of
550 deg. behind I,. Thus to find the directive curve
of the antenna with the impedance described at A,
we calculate I, by equation (22), for each value of ¢ deg.,
determining the phase angle of 1, as well as its magni-
tude, multiply its magnitude by 0,119 yetard its phase
by 559 deg. and find the resultant when it is added
vectorially to I,, calculated by formula (23) for the
same value of 8deg.

Fig. 43 shows the relations between I,, I, and the
reflected current, for 8 = 180 deg.

Jn_Table V we have given the calculations for the

15. Seepage  forderivation.
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directive curve of the compensated antenna. The
magnitudesand phase anglesdf 1. and I, are taken from
Tables III and IV. Instead, however, of rotating
0.1191. backward by 559 deg. and adding it vectorially
to I,, we have rotated it 180 deg. less, and subtracted

it vertically from I;, which is an easier operation to
perform and gives the same result. This backward

rotation of 379 deg., is, for the purpose of finding the
vector difference, equivalent to one of (379 deg. —
860 deg.) = 19 deg. The table shows the values of
0.119 I,, rotated backward 19 deg., and the vector
difference found by subtracting this from the corres-
ponding I.. Thus to find the directive curve df any
compensated antenna, we first choose the direction for
which we wish to have zero reception. Then we com-
pare I, and L for this value of 8 deg. and determine the
factor by which 1, must be Multidlied ;54 the

ngle throu which it must be rotated make
?t %omade V%Illlth I,. Then for each other value o? 8

deg. we multiply I. by the same ratio and rotate it
through the same angle, and subtract the vector so
found, vectorially from I,.

Inspection of the table showsthat in the examplewe
have worked out, the effect of the reflection on the

F1a. 43—VEcror RELATIONS IN COMPENSATION ProBLEM

receiver current is negligible for values o ¢ less than
90 deg.- Therefore, the front end of the directive curve
isnot appreciably altered or the reception of the desired
signal affected by the reflection we have been con-
sidering.

Fig. 44 shows the directive curve plotted from the
calculationsgiven above. This is for the same antenna
and same conditionsas Fig. 35, except that the "'reflec-
tion balance’™ has been applied to give zero reception
from the back.

In the case of an antenna producing relatively large
back end currents, as, for example, a quarter wave
length antenna, the front end of the directive curve
would be considerably affected by a reflection. designed
to produce zero back end reception.

Effect  Reflection at Receiver End. The effect of
reflection at the receiver end of the antenna may be
shown as follows:

Let I, = Wave built up on wire by signal at end B
(Equation 22)
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0 0.97 0.115 8.15 —58.60 -77.1 —400.1° —-323.0 8.05 1.00
20 0.778 0.093 7.18 5450 —73.0 ~386.9° —313.9 712 0.883
10 0.833 0.040 4.61 - 79.30 - 978 —352.8° _255.0 462 0573
60 0.623 0.074 1.44 —115.9° _134.4 —201.7 _157.3 151 0.187
80 0.353 0.042 1.75 —76.2' —94.7 ~121.6° —26.9 1.72 0.213

100 —0.175 -0.021 —0.353 —50.0° _775 "~13.6° 63.9 0.343 0.043
120 —1.44 . —-0,172 —0.623 -111.7 —130.2 +64.1 +194.3 0.79 0.098
140 —4.61 —-0.55 —0.333 —~76.8° —95.3 +196.7° +292.0 0.53 0.066
160 —7.18 —0.855 -0.778 ~48,9° -67.4 +283.5° +350.9 016 0.020
180 ~8.15 —0.970 -0.970 —40.1° —58.6 © +301.4° +360.0 0 0

I, = Total oncoming wave at B (Resultant of I,
and other waves traveling in same direc-
tion resulting fromreflectionsat A.)

I, = Receiver current or total current at B, =
resultant of total oncoming wave I, and
reflected wave at B.

Fia. 44—Direcrive Corve =<: Wave ANTENNA. Cowm-
PENSATED BY REFLECTION FOR ZERO BACK EnD. A = 12kwm,
1=12kM, a =0.05,u = 0.8\/,

I, = Current built up on wire at A by signal
(Equation 23)

I, = Toall oncoming wave at A (wave moving in
direction B to A) or resultant of I, and
other waves in same direction resulting
from reflectionsat B.

b = reflection coefficienti®at B or vector ratio of
reflected to oncoming waves at B.
be-(atinl

reflection coefficientat A
—-(a +Jjo

d =
a =
C = ae€
At B we have the oncoming wave,l, and reflected
wave b I giving the resultant current

I.=L (@th) (26)

Thewave b |, reflected from B becomes b I, e = (*+/8!
or d I, when it reaches A. It combines with I, (the
wave built up on the wire toward A) producing a total
wave at A

I.=1,+d5 27
Likewis the_ wave al, reflected from A becomes
al e (/80 — | when it reaches B. It com-

bines with I, (built up on the wire between A and B)
giving atotal wave reaching B

IB=15+CIA (28)
From (28)
I = L-1,
[+
Equating thisto (27)
_I_”_’E‘_li_ =1, +dlIs
Solving far I,
Is — Ib =cl,,+cdln
LL(l-cd)=L+cl.
lb + c Ia
= Ja 29
! 1-cd (29)

16. The reflection coefficient is shown i equation (44) to be
I, = current of oncoming wave

1—Z/Z
I/ = Lt in which Iy = current of reflected wave
1+Z/2 Z = surge-impedance of line

Z, = impedance of terminal eirouit
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From (26) the total currentin the receiver is

1+b
T‘_ic'd—(lb +cl,)

When there was no reflection at B we had a receiver
current

L=L{1+b)= (30)

IR _= lb + C Ia' .
We now have a receiver current in which I, and |, are
combined in exactly the same manner, but their

: - 1+b :
resultant is multiplied by the factor 37— 4, which

being a function of line length and terminal conditions
only, and not a function of I, I., or signal direction
8 deg. does not alter the directive properties of the
antenna.

The relation shown in (30) is strictly true only for
steady state conditions. Let us illustrate what occurs
. When a train of waves first reaches the antenna. To
take a simple case we may assume |, =0, so that (30)

1+b
becomes I, =1, 1—cd

as the ultimate current.

When the first wave I, reaches B and is reflected the

total currentat B is
I,(1+b)

The reflected wave reaches A with a value d I,
is reflected back and reaches B with a value cdl,
giving a total wave I, (1 +c d) which by reflection at
B produces a receiver current (1 + b) I, (1 + c d).

After a second double reflection the total oncoming
wave at B is made up of the wave I, reaching the
receiver for the first time, a wave c d I, which has been
reflected down the line and back, and a wave ¢2d? I,
which has been down the line and back twice. The
total oncoming wave I, (1 + cd + ¢ d?) by reflection
at B produces a receiver current

At L L tcd+cdy
After a large number of reflections the receiver
current is
A+, (1+cdted terasterar+ )

1 1+b .
= (14 b) Ibm = Ibl__—cd as given by (30)

If the reflection coefficient at either A or B is small
(which is generally true) or if the line attenuation is
high, ¢ d will be small and the steady state value of
receiver current is approached very quickly.

Let us apply equation 30 to the case of the compen-
sated 12 kilometer antenna whose directive curve is
shown in Fig. 44. Here in order to give zero reception
for 6 = 180deg., we produced a reflection at A such as
to give a current at B whose magnitude is 0.119 of that
of I, and whose phase is 559 deg. behind I, Hence

c = 0 119 ej (—559°/57.3")
Suppose that instead of the surge impedance at the
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receiver end, we have a transformer having 400 ohms
inductive reactance and 100 ohms effective resistance.
Taking the surge impedance of the antenna as 500 ohms
(non inductive) the reflectioncoefficientat B will be

1-Z/Z _ 1-(0.2%0.8)

b=T¥Z/Z - 1+ 02+8)
2'3_ 383 —0.12-0.6]
. ' —0.612¢ "8
Since P N N A L)

d =be@tiPI —336f "D
and
=0.04 € “ 1% _ 0,04 (cos 1088-
+; sin 1088) = 0.0396 — 0.0056 5 .

cd

1+b 1.12—-0.65 _ _ .
i—ed ~ 09604 +0.0056; — 1168 0.63

= 1.323 Gj (- 28.5°/57.3)

'’
// I/
_az==mRan, [/ 7
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Without reflection at B, the receiver current of the
compensated antenna, as shown in Column XVII o
TableVwas I, Tclorl, T1, X 0.119 ¢/-5%/579

With the reflections caused by the receiver circuit
we have just been considering the current in the trans-
former primary Vil be

j (- 559°/57.8)

1.323¢€ (- 28.6°/57.3) (I, + 1, X 0.119 ¢ )
or a current of 32.3 per cent greater for each value of
8 than that given in column XVII of Table V. The
directive curve or relative current for different values of
8 is the same as before. Fig. 45 shows the vector
relations of the currents at the ends of the line, for the
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signal direction # = 120deg. Both I, and I, as given
by formulas (22) and (23)have negative signs, and the
negative signs are retained throughout rather than
reversing the vectors in the.diagrams, which would
somewhat obscure the angular relations. If the entire
diagram isturned 180deg. (looked at up side down) the
vectors appear in their true positions.

Short.Antennas. The question of the possibility of
obtaining in less space directive properties approaching
those of a full wave length antenna is of considerable

Fra. 47—1 =3, 2=12,a=05nr=0.8

interest.  Fig. 47 shows the directive curve of a quarter
wave antenna without compensation. It is obvious
that so long as there is considerable inequality in the
size of the two lobes of a figure-eight directive curve
such as Fig. 47, a back end zero can be obtained by
compensation without entirely sacrificing the signal,
or front end reception, but how favorable a total
directive curve would result is not apparent until
detailed calculations are made.

Among the first experiments tried on the Riverhead
antenna was loading to give various propagation
velocities. Itwas pointed outatthattime by Rice that
reducing the velocity on a full wave length antenna to
something less than the velocity of lightwould resultina
sharper directive curve, but tests showed that the
natural velocity of the line was so nearlp equal to the
best velocity that there was little to be gained by load-
ing. Theurgent problem atthe time was to obtain the
best possible reception of European signals, utilizing
as much space as seemed conducive to this result.
Tests had shown the half wave antenna, with back end
compensation, to be definitely inferior to the full wave
length antenna. The question of short antennas was
therefore not investigated until some months later when
the principal engineering problems connected with

THE WAVE ANTENNA
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multiplex reception with the wave antenna had been
worked out.

At the suggestion of Mr. R. H. Ranger, of the Radio
Corporation, calculations were made by Kellogg of the
directive properties of short antennas on which the
velocity had been reduced by loading to the best value
for the wave length and antenna length in question.
Mr. Ranger reasoned that since reducing the velocity
sharpened the directive curve of a full wave length
antenna, it might be possible, by sufficiently reducing
the velocity, to compensate for reduced length and
perhaps obtain a good directive curve in very small
The most favorable velocity was found to be
that which gave zero (or minimum) reception at the
back end, without compensation. The condition for

_ thisisthat

v/u = N/1—-1

in which [ isthe length of the antenna

v isthe velocity of light

uisthe antenna velocity

\ isthe wave length

Figs. 48 and 49 show directive curves for quarter and
eighth wave length antennas with velocities equal to one
third and one seventh of that of light respectively in
accordance with the above equation.

g

&

FIG. 48—DiIrECTIVE CURVE OF SLOWED DowN QuARTER WAVE
Lexete ANTENNA a« =0.5,n =0.333, 1 =3, » =12

By way of comparison, the directive curves Figs. 50
and 51 have oeen calculated for compensated -ntennas
without loading. The back end areas of these curves
are seen to be slightly greater.

Multiplex reception with different compensation for
each wave length is possible with the unloaded, com-
pensated antennas. On the other hand, with the slowed
down antenna, the velocity is right only for one wave
length. In order to receive other wave lengths, com-
pensation would be employed in addition to the loading.
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Fig. 62 shows the directive curve for an 18 kilometer

wave length of

the slowed down antenna, whose

directive curve for A = 12 kilometers is shown in Fig.
48.- The dotted line A shows the directive properties
without compensation and the solid line B is the

directive curve with compensation.

directive curve fo

Fig. 53 shows the
r the same antenna receiving an eight
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antenna can be

We observe that the slowed down
multiplexed by compensation and

receive longer waves than that for which its velocity is
adjusted, but that for shorter waves it is unfavorable.

Transactions A |. E. E.

Compared with the simple unloaded, compensated
antenna, the slowed down antenna hasabetter directive
curve at one wave length, but a narrower range of
satisfactory multiplex reception. The signal strength

Fig. 51— =1.5,x» =12, a=0.5,n =0.8
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Fic. 62—A UNCOMPENSATED.
A= {8

1=38u,

is of the same order of magnitude on both—considerably
less than on an uncompensated full velocity antenna of

the same length. The intensity factor or receiver

current per unit value of the quantity :-ZE'Z_ in equation

(22), is shown in Table VI for the shortantennaswhose
directive curves are given in Figs. 47 to 53. The
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TABLE Vi
RELATIVE SIGNAL INTENSITIES ON SHORT ANTENNAS
Antenna Wave veloci . Directive
Length Length Rati :,:y A&%r;ttjgﬁg n Curve Intensity
Kilometers | Kilometers Figure Factor
] A | n a No.
Ideal Antenna, One eighthwave length long, Uncompensated...... 16 12 1.0 0.0 1.6
Average Unloaded Antenna,! = 1/8 A Uncompensated,. « s s s+« 1.5 12 0.8 0.05 l1.44
Same, Compensated for zero receptionaté = 180 deg......... 1.6 12 0.8 0.05 51 0.33
Slowed-down Antennal = 1/8 A, Nocompensation.....vuesuasss 1.6 12 0.143 0.06 49 0.44
Ideal, Quarter-wave-length Antenna, Uncompensated.. . ..vuuus. 3 12 1.0 -0 3.0
Average Unlceded Antennal = 1/4 », Uncompensated. ..v.vuuss a 12 0.8 0.06 47 2.8
Same, Compensated togive zero receptionforé = 180 deg.. . . 3 12 0.8 0.06 50 1.92
Slowed-down, Quarter-wave Antenna.{ = 1/4 A No Compensatior 3 12 0.333 0.05 48 1.78
Same, Compensated 10 give zero reception at ¢ = 180 deg.,
for A = 18 ... ..iiiinerrnnnnssanannssnnnnssanannnnns 3 18 0.333 0.05 52 1.73
Same. Compensated to give zero reception at ¢ = 180 deg.,
(0L N - S a 8 0.333 0.06 53 0.44
Average Antenna,onewave lengthlong. «.vvvveennsnnnnanaanss. 12 12 0.8 0.05 35 8.15

intensity factor for a full velocity, zero attenuation
line is included for reference.

I't will be observed that in all cases where unidirec-
tional properties are obtained on an antenna a small
fraction of a wave length long, there is considerable
sacrifice of signal intensity. If this could be made up
with amplification the disadvantage would not be
serious. Residual voltages are, however, inevitable

Fic. 53— A UNCOMPENSATED. B COMPENSATED. ! =3,

»=8,a=0.5,n =0.333

in radio receiving'systems. For example, electromotive
forces are induced in the end verticals, of which no
account is taken in the calculations given here; foreign
circuits at crossings or unavoidable short parallels in-
duce electromotive forces in the antenna wires, trans-
mission lines used to carry signal or compensating
currents are not absolutely quiet, transformer or
receiving circuit coils pick up some disturbances, and
where high amplification is employed tube noises are a
factor. With strong signals such as obtained with full
length antennas, these effects may, by careful engineer-

'ing, be kept negligibly small compared with the signal,
but if the signal produced by the antenna is weak, or
if it is a small remainder after comparatively strong
currents are combined to give neutralization for a
certain direction, the directive properties actually
obtained are likely to be decidedly inferior to those
indicated by calculations, based on assumed ideal con-
ditions.

Wherever possible, therefore, the writers have advo--
cated building full wave length or at least, half wave
length antennas for commercial reception.

FUNDAMENTAL EXPERIMENTS

While for the most part the experimental work on
the wave antenna has been directed toward practical
utilization, some tests have been carried out whose
purpose was the verification of theory: That the waves
built up on the wire in the direction of signal travel,
as indicated by the mathematical analysis, had been
shown qualitatively by Beverage's early data, some of
which is given in curve form in Fig. 2. The series
condensers also worked just as predicted by the theory.

TestsBearing on Wave Tilt Theory. A question which
was at first the subject of some discussion among those
interested in the wave antenna was whether the collec-
tion of energy from the space wave depended on wave
front tilt, or upon the height of the wire above the
earth and the space potential corresponding to its
position. If asignal causesa vertical potential gradient
+ G volts per meter, a wire h meters above earth would
tend to assume the potential + Gh. A half wave
length away where the potential gradient due to the
signal wave is — G; the wire would tend to assume the
potential — G h, and the potential difference along the
wire would give rise to a current. Accordingto such a
picture the wave antenna would be equivalent to an
infinite number of small static antennas whose charging
currentiscarried overthe linetotheends. If aformula
for the end current is worked out on this basis it shows
the same directive properties as the formula we have
developed, except that the factor cos 6 by which E, is
multiplied in (22) is omitted. Thus in Table IT we
should use the figures in column | X instead of column
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X to obtain the directive curve. The difference is

. especially marked in the case of a half wave length
antenna With signals coming at right angles to the
antenna. I the half wave length wave antenna were
acting like a series of static antennas the reception for
@ = 90 deg. would be about half of the full intensity or
half that for § = 0. On the other hand if the wave
antenna depends on wave front tilt the reception from
90 deg. to the antenna would be zerofor all lengths.  As
a test Of this the Belmar wave antenna was cut at a
point ahout 58 kilometers from the station, giving a
short antenna, with the 200 kw. New Brunswick send-
ing station (A = 13,600 meters) on ‘the side. The
reception of New Brunswick, only 50 miles away, was
of the same order of intensity as European stations, thus
indicating that the half wave antenna was substantially
dead ontheside.

When the new antenna at Riverhead was completed,
it afforded an opportunity to test a long loop, as a
receiving circuit. The two top wires which were 9
meters above ground were connected through from
Riverhead to Terrell River or the full length of the
antenna, and two of the lower wires which were about
515 meters above ground, were similarly connected
through. The upper and lower wires were connected
together through a damping resistance at Riverhead
(the north-east end), and the receiving setwas connected
between the upper and lower wires at Terrell River.
European signals were extremely weak on this loop, as
compared with intensity obtained when the receiving
set was connected from either pair or wires to ground.
In the latter case there appeared to be no choice be-
tween the upper and lower wires.

In other words there is no differential effect due to the
difference in height of the wires. The effect of height
was again tested at Schenectadyusing a wave length of
120 meters and a wire one wave length long at heights
ranging from 0.8 meters to 2.9 meters. The received
current was found to be practically independent of the
height. Thisiswhat would beexpected fromanantenna
which works by virtue of the forward tilt of the wave
front. If the currents in the antenna were due to the
space potential of the wire above ground the received
current would be proportional to the height of the wire.

There is another conclusion which follows from the
theory that the action of the wave antenna depends
upon the tilt of the wave front. Low, wet ground, or
salt marsh would be an unfavorable location so far as
signal intensity is concerned. No experimental evi-
dence on this point has come to the writers’ attention.
Before conclusions can be drawn from tests or compari-
sonsit is necessary to make sure that conditions are the
same in other respects. In one instance with which the
writers gre familiar, two antennas, in locations several
miles apart were constructed parallel and as much alike
as possible.  One followed a small stream and the other
was gver comparatively dry ground. Thetwo antennas
gave substantially equal signal intensities. Presum-
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ably in this case the low resistance ground was too
restricted and local to have any appreciable effecton the
tilt of the twelve to fourteen kilometer waves on which
the observations were made. For ground of a given
resistance the wave front tilt increases as the wave
length decreases, and for short waves (less than 1000
meters) there is a substantial tilt, sufficient for satis-
factory operation even over wet ground.

Zenneck' has worked out equations for the forward
tilt of the wave front as a function of wave length, and
the specific resistance and dielectric constant of the
soil. Thetilt is expressed as the ratio of the horizontal
to the vertical potential gradient of the space wave.

In its general form Zenneck’s formula is -

gt+Jjwe

X/Z = g+iwe

1
in which

Xisthehorizontal potential gradient of the space-wave

Z is the vertical potential. gradient of the spacewave

g is the leakage conductance between parallel faces
of a centimeter cube of air

g’ is the leakage conductance between parallel faces
of a centimeter cube of ground

¢ isthe capacity between parallel faces of a centimeter
cube of air

¢ is the capacity between parallel faces of a centi-
meter cube of ground

For all practical purposes the conductance g for air is
zero, so that the formula becomes

-Jwe
xz- g555e
Expressed in electrostatic units
9 X101
p

1

4r

K_
41r

in which p is the specificresistance of the earth in ohms
for a centimeter cube, and X is the dielectric constant
of the earth. Average values of p and K as given in
Fleming?® are shownin Table VII.

(32)

g =
c =

¢ =

TABLE VII.
# = Ohms per &k = Dielectric

centimeter cube constant
SeaWater...covuverrnnnnnns 100 80
Fresh Water... . . . . . .. | 10,000 10 100,000 80
Moist Earth.. .......ccvuets 1000 to 100,000 5to 15
DryBEarth._................. 1,000,000 and up 2t06
Wet Sand.....ocvvviinnnrnnnns 100 to 10,000 9
Dry River Band.. ...ceaeesuus very large 2-3
WetClay.. .ovvvvvnnnnnnnnnns 100 to 10,000
Dry Clay.. cooeevvnnnnneennns 1,000,000 and up 2-5
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" Fig. 55 shows the values of X/Zfor various values
- of wave length A, specific resistance p and dielectric
constant K. With long waves and low-resistance soils
w ¢ is negligible compared with g, in which case

X/z - | L8 (33)
Thisis a function of wave length and specificresistance,
and is shown in the sloping lines of Fig. 55. On the
other hand if the waves are so short and the soil re-
sistance so high that g’ is negligible compared with
w ¢’ we have

X/z- vTfo = vT/K (34)
which isindependent of wave length or soil conductivity
and is shown for several values of K in the horizontal
lines at the top of the figure. To find the value of
X/Zfor a certain wave length and a soil of a given
resistivity and dielectric constant we use whichever
curve (theslopingline of equation (33) or the horizontal
line of equation (34) gives the lower value forX/Z. If
near the intersection of the two straight lines we use the
.
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transition curve which is shown dotted. To illustrate,
if A = 1000 metersand K = 4,we find

X/Z=1.8 +10forp =1 X 10°

2.5+ 10forp =4 X 10°

3.9+ 10forp =1 X 10¢
curve)

4.9 + 10for p =4 X 105 or greater.
horizontal line for K = 4).

It will be noted that in Zenneck’s formula (32), the
ratio X/Zis a vector quantity whose phase angle ranges
‘from O deg. to 45 deg. By far the most common con-
dition is that g’ greatly exceeds we’ (1. e. the earth
carries current by conduction rather than by capacity)
in which case the phase angle is nearly 45 deg. The
phase difference means that the vertical and horizontal
potential gradients do not become zero simultaneously,
but the electric field is a rotating one, Under these
circumstances if a straight conductor is held in various
positions in.a vertical plane parallel to the direction of
wave propagation, there will be no direction of the con-

. (on transition
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ductor in which the electromotive force induced in it
is zero. This may account for the doubtful results
obtained in attempts to measure wave tilt by observing
the angle of zero or minimum electromotive force in a
straight conductor rotated in a vertical plane parallel
tothesignal direction. Wherever thetiltisconsiderable
so that it might be readily measured, the minimum is
correspondingly dull.

More satisfactory as a test of the theoretical con-
clusions, would be quantitative measurements of the
relative magnitudes of the electromotive forces induced
in horizontal and vertical conductors, for various wave
lengths and ground conductivities. Determination of
the phase relations would provide a further check.

An observation of relative signal intensities on a
large loop and a wave antenna, indicated a wave tilt
of the order of magnitude called for by Zenneck’s
formula, but little data of this kind have been taken.
The large values of horizontal voltage gradient found
in the measurements mentioned below by Beverage
and Weinberger were at first considered greater than
could be accounted for by wave tilt. Assuming
probable values of ground resistance, the ratio of
horizontal to vertical potential gradient according to
Zenneck’s formula is of the order of magnitude of one
or two per cent, whereas the measured horizontal
gradient was about 30 per cent of the vertical gradient
calculated by Austin’s formula. The space potential
theory of action however is still less capable of account-
ing for the potentials observed. [If we assume ground
water to be 100 feet (30 meters) below the surface of
the ground, and the earth above ground water level to
have a specificresistance of 2 X 10¢ ohms per centimeter
cube, which is about the value found by measurement,
we find for a 15,000meter wave length that the poten-
tial difference between ground water and surface would
be less than that corresponding to a difference of eleva-
tion of two feet in the space above ground. Consider-
ing the ground as constant potential, and expressing
the vertical potential gradient as G e~/ @=*™
(in which e~/ (27=/») expresses the change of phase
with distance = measured in direction of propagation)
the potential of the wire at a height h with respect to
ground would be hGe=73*#/» and the potential

d hGe =72 =)

gradient along the wire would be T x

2 :
_ -~ hGeCTEN. I the height of the
wire is 10 meters and the wave length 15,000 meters the
magnitude of the horizontal potential gradient would be

27k 27 X 10
TR 6= 2EX 06 0.0042G or 0.0042f that

A ~ 15,000
of the vertical gradient, which is less than Zenneck’s
formula gives for the horizontal potential gradient
due to wave tilt. Theoretical analyses agree more-
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over, that there is no electromotive force induced in a
horizontal Wie over a perfectly conducting earth, and
therefore the space potential picture of operation is
untenable.
Ezperimental Directive Curve. Fig.56shows a direct-
ive curve obtained experimentally. A transmitting
set was operated, supplying about 5kilowattstoasmall
vertical antenna, at 120 meters wave length. On a
field about 600 meters from the transmitting station
a system of wave antennas was erected consisting of
twenty-four lines each 55 meters long and about one
meter above ground, radiating from a central point
" like the spokes of a wheel. By joining two opposite

spokes together at the center, a wave antenna was-
" obtained 110 meters long. Using the next pair gave a
similar antenna 15 deg. from the last. A ground of
about 20 ohms resistance was provided at each end of

[T
N

EXCRINENTAL DIRECTIVE ComVE ON 180 rAETER ANTENNA.

Fig. 56— = i110. » =120

each antenna. The current at one end of the antenna
was measured with a thermoccuple and galvanometer,
the opposite end being damped by a resistance. Meas
urements were taken successively on the several an-
tennas, while the radiation was kept as nearly constant
as possible. From the series of readings thus obtained
Fig. 56 was plotted.

A number of factors was present to muse a difference
between the shape of the experimental directive curve
Fig. 56 and the curve A of Fig. 57 calculated by equa-
tion (22). The resistance used at the end opposite
the ammeter was not the true surge impedance of the
line, as determined by later measurements. The end
verticals were high enough in comparison with the
length of the antenna to cause currents of considerable
relative magnitude, the ground was not perfectly level,
and the divergence of the waves was appreciable on
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account of the nearness of the sending station. Addi-
tional observations had been planned, but the work was
interrupted before another directive curve could be
obtained. As it stands the directive curve shown in
Fig. 56 serves as a qualitative check on the theory. -

During the same series of short wave tesSts, readings
were taken to show the building up of the current in an
antenna. A wire sectionalized every ten meters was
used in the antenna which pointed toward the trans-
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Fic. 58—OBSERVED CQURRENT DisTrIBUTION IN 120 METER
ANTENNA

mitting station. The line was broken successively at
the sectionalizing points and the current read with the
thermocouple and galvanometer. The values of cur-
rent are plotted in Fig. 58. Humps such as appear in
the curve might be due in part to imperfect damping,
but such humps are to be expected from the theory.
The total current at any point X in the antenna Fig.
26 is the resultant of the forward wave built up on the
part of the antenna between A and X, and the back
wave from the part between X and B.

B—CoORRECTED FOR
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The complete expression for the current at a point
- X on an antenna of length I, then becomes,

L Eocosoe-j(z x xcos 0)/\ X
2Z

( R .212
1__ e-dixxe-j-,,_)‘(l—ncosﬂ)

a~+372—t—7):— (1- ncos 6)

2 .
e-a(l-x)e-j”_’_);(l~x) (1’+ncoso)

1-—

-+

} (35

Fig. 59 shows the current distribution in an ideal
antenna one wave length long, calculated by equation
(35). Thus the building-up curve found by measuring
the current at various points in the line, is of different
form from that found by changing the length of the
antenna and measuring the end currents. The latter
shows a continuous increase as shown in Fig. 29.

A measurement was made in May 1921 of the inten-
sity of the received signals on the Riverhead antenna.
Mr. Weinberger of the Research Department of the

a+.j%(1,+ncos 0)'
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FIG. 59—CarcoraTtep CukreNt DisTriBUTION IN WAVE

ANTENNA

-

Radio Corporation, brought to Riverhead a calibrated
oscillator, by which a known voltage at the desired
frequency could be supplied to a circuit. By this
means a voltage of signal frequency was introduced in
series with the damping resistance at the north east
end of the antenna, and adjusted to give as loud a tone
in the receiver as the European signal which was being
measured. The results of Mr. Beverage’s and Mr.
Weinberger’s observations were, P. O. Z. Nauen,
Germany, 80 millivolts; M. U. U., Carnarvon, Wales,
54 miilivolts.

These correspond to about 9 and 4 microwatts
respectively of received energy on the antenna.

Sincethe antenna is 14 . 5 kilometers long the voltage
readings indicate a horizontal potential gradient of
5.5 millivolts per kilometer for Nauen and 3.7 milli-
volts per kilometer for Carnarvon, These values
represent. normal receiving conditions. During fading
periods the signals are much weaker.
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ANTENNA CONSTANTS

The electrical constants of an antenna or line which
are of most immediate interest, are the wave velocity
u, attenuation constant «, and surge impedance Z
These may be ascertained by measuring the input
impedance- of the line through a sufficient range of
frequency, first with the far end of the line open, and
then with it short-circuited, (or grounded, if we are
dealing with a ground return circuit). The ground
connection must be of low resistance, for the equations
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Fia. 60—InpoT IMPEDANCE OF TWELVE KILOMETER ANTENNA.
A—FAREnND Grounbep. B—FAREnD Open. C—GEOMET-
ricaL MeaN oF A AND B.

which follow are based on the assumption of a short-
circuit reflection, and all losses will therefore be attrib-
uted to the line attenuation.

As the frequency of the current supplied to the line
is varied, a series of maximum and minimum current
values are observed, corresponding to standing wave
conditions which cause current loops and current nodes.
A current maximum corresponds to an impedance
minimum and a current minimum to a maximum
impedance. The impedance may be determined from

-
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Fic. 61—RerFERENCE FIiGURE FOR Discussion ofF LINE IM-
PEDANCE

the supplied voltage :..! urrent or by the substitution
method, which will be described. Only the maximum
and minimum values of impedance are required for the
present purpose.

Fig. 60 shows the input impedance of a 12-kilometer
two-wire antenna as a function of frequency. A maxi-
mum input impedance when the far end is open is seen
to occur at the same frequency at which the input
impedance is a minimum when the far end is short-
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~ircuited. The frequencies at which the maxima and
minima occur indicate the line velocity, while the ratio
of minimum tO maximum impedance gives a basis for
calculating the attenuation.

Determination of Comstants from Input Impedance.
Fig. 61 shows a generator (or oscillator) supplying
alternating current to a line. This results In waves
which travel fromAtoB. Assuming forthetime being
that there is no reflection at B and no return waves,
the relation of voltage to currentis E/I = Z in which Z
isthe surgeimpedance of the line. When the generator
makes the point A positive with respect to ground it
. supplies a currentin the direction A — B. Let us now
imagine the generator and the absorbing terminal cir-
. cuitinterchanged so that the generator supplies current

to the end B and the waves travel from B to A. The
impedance measured at the terminals of the generator
will be the same as before, but when the line is positive
with respect to ground the current will be flowing in the
direction B — A. Therefore if we define the voltage as
positive when the line is positive with respect to ground,
and the current as positive when in the direction
A — B, then for waves traveling in the direction A — B
the voltage is E = + Z 1, but for waves traveling in
the direction B — A the relationisE = - Z I.

If the forward wave leaves the end A with a mag-
nitude and phase represented by I, it will reach
B with the magnitude and phase I, e~ (**//! or
I, e="'in which v = « +jﬂ. We shall represent the
forward wave as it reaches B by the symbol |,.  Then
sincel, =16~ I, =1,/e "= I, €. Likewise at
any point X, Fig. 61, z kilometers from B measured
toward A, the current of the forward wave is I, e™.
And the voltage of the forward wave at X is Z I, €’*.

If the reflected wave leaves B with a magnitude and
phase represented by I,, it will be I, €="=when it reaches
X, and I, ¢~ " when it reaches A. And the voltage
of the return wave is — Z I, at B, - ZI, e~ ™ at X
and —Z1,e " at A»

When waves traveling in both directions are present,
the total current in the line at any point X will be the
vector sum of the currents due to the two trains of
waves or

, =Le*tLe" (36)

And the total voltage will be the vector sum of the
voltages 7| € and — Z1,e~ %, or
E.=ZLe —ZLe7" (37)

'_The ratio of voltage to current, or the impedance at X
IS

x -y x
11 €7 - 126

E./I. =2 (38)
Il €7x+ Iz 6-7"
or at A the impedance is
v 1 -y
z, =z e —he — (39)
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This becomes equal to Z if I; =0, and becomes — Z
if I;=0. The negative sign means that power is
being supplied from the line to the terminal circuit by
waves which travel in the direction B — A, instead of
from the terminal circuit to the line as is the case for
waves leaving A. If the waves leaving A are larger
than those arriving at A (5. e. if I, "' > I, €% there
is a net power supply to the line.

If the line is made very short Z, the impedance
at A, of the line plus the terminal circuit, must eventu-
ally become equal to that of the terminal circuit alone
or equal to Z,. Setting! = 0in (39) and equating to
Z,, we have

Z, (for | :0)=Z%|__ITZ =2,

The value of Z, relative to Z determines the relation
of the reflected wave I, to the oncoming wave I, at
the reflection point B. From (40)

(40)

B A

Adding 1to each side of this equation,

2
T'Pt =1tz/z (42)
Subtracting 1 from each side of (41)

- 212 _ 2 Iz _
T.W—Z;/z-lorﬁ—l—Zg/z (43)
From 42 and 43

1211 = 11_ é‘ﬁ (44)

This is the general vector expression for reflection,
which was given on page 56, where an illustrative prob-
lem was worked. We have used the term “reflection
coefficient” for the ratio I./I,.

If the line is short circuited at the end, Z, =0 and
(44) becomes I,/I, = 1or I, = I,. The total current
I, T I, then becomes 2 I; which is the familiar case of
the current doubling at a short-c’reuit reflection.

W Z, =2, 1,/1, =0, or I, =0 or there is no reflec-
tion.

With an open circuit at the end Z, = », I,/L,
becomes — 1, or I, = — I, the total current at the
reflection point being I, +1,=1,-1,=0. The
total voltage at the reflection point becomes Z (I,
—I) =2, T1,) =221, or twice that due to the
oncoming wave alone. This is the case of doubling
of voltage at an open circuit reflection.

Fig. 62 shows the current and voltage vectors at
0, 1, 2, 3, 4, 5and 6 kilometers from a short-circuit
reflection, the attenuation constant being taken as
0.05 per kilometer, the wave length 15 kilometers and
the velocity ratio n = 0.8 so that the length of a wave
on the wire is 12 kilometers. Since in the case of a
short circuit reflection I, = I,, their vectors coincide
at the reflection point. The vector I, ¢ * of the
forward wave, is advanced in phase and increased
in magnitude as we proceed toward the source, or away
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from the reflection point, while the vector of the
. reflected wave, 1, ¢ 7 %, becomes smaller and retarded
in phase. At 3 kilometers from the reflection end,
the current vectors have rotated 90 deg. each, in
opposite directions, and are therefore 180 deg. apart,
and the resultant current is seen to have a minimum
“value equal to the differencein the lengths of the two
*vectors. Referring next to the voltage diagram, the
.vectors Z I, and = Z I, at the reflection point are equal
and opposite giving zero resultant, for there is no volt-
age across the line at the short circuit. At 3 kilo-

F1Q. 62A—CURRENTS AT VARIOUS DISTANCES FROM SHORT CIR-
culT (Heavy ARROWS ARE VECTORS OF | OTAL CURRENT)

meters from the short circuit the voltage vectors have
rotated into coincidence, giving a maximum resultant
equal to the sum of the lengths of the two vectors.
Since the current reaches a minimum and the voltage
a maximum value at this point, the impedance or ratio
of voltage to current will be a maximum. Fig. 63
showsthe total current and voltage at various distances
from the short-circuited end, calculated by vectors as
indicated in Fig. 62. The impedance and phase
angle are also shown. The general form of the current
distribution curve should be compared with the experi-
mental curves shown in Figs. 7 to 9.

5,
£6e7 Eee7 o £

Fi1G. 62B—VoLTAGE AT VARIOUS DISTANCES FROM SHORT CIR-
cultT (Heavy Arrows are VECTORS OF TOTAL VOLTAGE)

The three kilometers, or distance at which the im-
pedance minimum was reached in Fig. 62, is a quarter
of the length of a wave on the wire. Let us compare

this result with that given by equation (38). Restating
the equation.
Le - Le™"
E./I.=2Z (38)

x -y x
1167 +I2€

In the . .case of a short-circuit reflection I, = I,.
Making this substitution in (38) and multiplying
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numerator and denominator by e * which simplifies
the expression, we get

L-Le® o, 1-

II+I1€-27x 1+E
1_ e-2a: -j28«%x

~-29x
€

E/l. =Z

-2vx

=Z (45)

- ~2as -j28=x
) Y € "

which is the impedance of the line x kilometers from a
short circuit reflection

In the case we have been considering x = 3 kilo-
meters and the wire wave length = n A = 12kilo-
1 . 2a
meters, sothatx = —n . Sinces = —, 8 =z
4 n A
27 n A
= X ” =r/2, and 28X =«. The factor
"L‘i: 3 -
% W
Nh y o
N 7 AN
% A N
‘ K/L“METE;’J LROM SHORT Ciecer?T
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FI1Q. 63—CuRrRRENT, VOLTAGE, IMPEDANCE AND POWER FACTOR
ANQLE ON SHORT-CIRCUITED LiNe.. (CURRENT AND VOLTAQE
ExPRESSED AS Rario TO THOSE oF WAVE ReaceiNne REFLEC-
TioN PoinT)

€7 28%in (45) then becomes ¢/ * = cos 7 — jsin 7
= — 1sothat the impedance a quarter of a wire wave
length from"a short-circuit reflection is

-2 azx
m:ZL

~2 ax
1— ¢

(46)

At six kilometers or a half wire wave length from the
short-circuit reflection, we find in Fig. 62 that the total
voltage isa minimum and the total current a maximum,
so that the line impedance is at a minimum value.

LS
2
=e- 727 =+ 1 Using

1 2w
Here:c=~2—n>\,6a:==—>< =, and 2 8 X
n
B x

=2a. Therefore ¢ 72
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this in -(45) we find that the impedance a half wire
wave length from a short-circuit reflection is

1 _ 6-2 azx
Zoin =2 ————— (47)

1 + 6--2 ax
The factor ¢ 2% = again reaches the value — 1,
when 282 becomes 837, 67, Tm, 97, . ... .. or

when the distance z is equal t0 any odd number of
quarter wave lengths, and it becomes T 1 when 28X
equals2m, 47, 67, 8P, v v s v & or when X is an
even number of quarter wave lengths. Therefore the
impedance of a short-circuited line is expressed by (46)
if z isan odd number of quarter wave lengths and by
(47) if = is an even number of quarter wave lengths.
(It being understood that “wave length” in this con-
nection refers to the Wire wave length, n A)

In the case of an open-circuit reflection I, = — I,
and the general expression (38) for impedance becomes

L+, e"
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In Fig. 62 the minimum current or voltage is seen
to be the difference between the lengths of the vectors
of the forward and retum waves. If these are very
nearly equal, the impedance becomes very high at a
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FOR DETERMINING LINE ATTENUATION FROM

Fi1o. 64—Curve
ImMPEDANCE RATIO

Y X -y X
E./1. =2 Le —lLie =2 current node, and very low at a voltage node. On the
| P + ILe”™ Le — e ™" other hand if the return wave is small compared with
142 12 izes the forward wave, the impedance varies through a
=72 € =7 € € (48) much smaller range. Thus the ratio of minimum to
1- 277 1o o iz maximum impedance showsthe magnitude of the return
TABLE VIII
CONDITIONS FOR MAXIMUM OR MINIMUM IMPEDANCE OF LINE

Distance from point of reflection,wave lengths.. ..cciiaaa... l 1/4 2/4 3/4 4/4 | 5/4 | 6/4 l 7/4 8/4 l 9/4

Impedance. with short~circuit reflection.. cuvesvesssersaraasas | max. | min. | max. min. I max. l min. ' max min. | max.

Impedance. with open circuit reflection. .viveeesrrsssnssesns l min. I max. I min. | max. ! min. i max. | min. ' ma;. I min.
When ¢ 7 2# = = — 1, or when z is an odd number of wave as compared with the forward wave, or in other

quarter wave lengths, the impedance (48) takes the
minimum value shown in (47), and when €7 2 Po=

1 or z is an even number of quarter wave lengths
the impedance z kilometers from the end of the open-
circuited line has the maximum value given by (46).

Summarizing, the impedance of the line takes the
minimum value (47) or the maximum value (46),
depending on the type of reflection and the distance
from the reflection point, as shown in Table VIII.
Since in the present case the impedance is to be meas-
ured‘at the end of the line we substitute ! forz in (46)
and (47) giving for the line input impedance.

-2 al
Zmax:ZL (468)

1_ €-2al

1 -2al
Imin=27--+—_€¢ (47a)

1+G~2al

In the foregoing discussion we have thought of the
wave length as constant and the distance from the
point of reflection as being varied, but a series of maxi-
ma and minima as indicated in Table V111 is also ob-
tained if the length of the line is constant and the
wave length, or frequency is changed. This is what is
done when we take the measurements for plotting the
input impedance curve like that shown in Fig. 60.

words it showsthe attenuation which the waves undergo
in traveling to the end of the line and back.

If the frequency of the current being supplied to the
line, (in Fig. 61) is such that there are a whole number
of quarter waves on the line, and we take measurements
of the input impedance, with the far end open, and also
with it short-circuited, we obtain a maximum im-
pedance (46a) and a minimum impedance (47a) for
the same frequency. Letting m stand for the ratio
of the minimum to maximum impedance, we may
calculate the attenuation as follows:

2 al

1— ¢

1+€-2al
1+€-2al
1_ e-ZaI

( 1_ e-Zal )2

-2 al
1+ ¢
2al

YA

m = Zmin/Zmax =
Z

1— ¢
1+6-2al
2
1+e~2a1

vVm = (49)

vm+41=
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Fro. 65—CurvE FOR DETERMINING ATTENUATION CONSTANT

Fig. 64 shows ¢ ** as a function of the impedance
ratio m, and Fig. 65 shows a 1as a function of m.

If the frequency at which it is desired to determine
the attenuation, is not such as to make the line an
exact number of quarter waves long, the values of
maximum and minimum impedance may be found by
interpolation, using the envelopes of the curves as
shown in Fig. 60. For example, in Fig. 60 the imped-
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66—ATTENUATION CONSTANTS OF ANTUNNAS
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Fic.

ance ratio at 25,000 cycles is m = 220/740 = 0.297.
Using this in Fig. 64 we find e« = 0.54.

Then— al= log.0.54 and + « ! = log. —-gi

1.85=2.810og11.85 =2.3 X 0.2672 = 0.617 which
may also be found directly from Fig. 65.
In this case ! = 12 kilometers so that a = 0.617/12

= log,
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= 0.0513 Fig. 66 shows the values of the attenuation
constant «, corresponding to the input impedance
curves shown in Fig. 60.

Referring again to equations (46) and (47) we see
that if we multiply the two together we have (Zmax.)
(Zmin,) = Z2or

Z = +/ (Zmax.) (Zmin.) (51)

Using the values of impedance for 25,000 cycles
obtained from Fig. 60 we find that the surge impedance

of the line at this frequency is Z = +/ 740 X 220
=435 ohms. The surge impedance or geometrical
mean of the maximum and minimum impedance values
is indicated in curve C of Fig. 60.

For finding the line velocity it is necessary to know
the mode of oscillation (or number of quarter waves on
the line) for each frequency at which a maximum or
minimum impedance occurs. A curve like the one
marked A in Fig. 67 can then be plotted showing the
number of quarter waves on the line, as a function of
freauency. A similar curve B is plotted on the same
sheet for a light velocity line of the same length. Thus
if the length of the line is 12 kilometers and its wave
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Fic. 67—Mope OF OsciLLatioNn OF [TWELVE KILOMETER AN-
TENNA. A—ACTUALLINe. B—IbpeaL LINE

velocity were equal to that of light, it would show a

I 3 X 105
4/4 wave oscillationat A = 12, orf = ———— -
12
25,000 cycles. Since the line B is straight and passes
through the origin, it may be drawn by calculating and
plotting a single point. The ordinate to the line B is
I/\ and the ordinate to curve A is l/n A, whence the
velocity ratio for any frequency is

Ordinateto B
Ordinate to A

Fig. 68 shows the velocity ratio «/v» or n correspond-
ing to the input impedance curves of Fig. 60. The
values shown represent = fair average of thoce sc far
observed on antennas consisting of two bare 0.102
inch (0.26cm.) diameter wires in multiple, seven to
nine meters above ground. Curves are also shown
which give an idea of the effect of using a different num-
ber of wires. The line constants depend not only on
the type of construction but on the character and
moisture of the soil and therefore will vary from place
to place and change somewhat with the season.

n =



250 BEVERAGE, RICE AND KELLOGG

fig. 69 shows the apparatus which the writers have
used for measuring line input impedance. At either
a Voltage or current node the line is substantially a
unity power factor load and,its impedance may be
determined by finding the non-inductive resistance
which will give the same current. The pick-up coil
should preferably have a low reactance compared with
the impedance to be measured. When a current maxi-
mum is observed, the resistance is substituted for the
line and the condenser C adjusted to tune out the react-
ance of the pick-up coil. The circuit is then switched
back to the line and the oscillator frequency read-
justed to give current maximum. If the change of
oscillator frequency has been considerable a repetition
of the process will be needed. In the case of a low loss
line it is desirable to use a relatively high-reactance
pick up coil and high sensitivity meter for measuring
the impedance maxima and. a lower impedance coil
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Fia. 69—Cirooir FOR MEASURING ANTENNA TnPUT IMPEDANCE
For Lone WAVES

and less sensitive meter for measuring the low values
of line impedance. Fig. 70 showssuch an arrangement,
indicating coil values which have been found suitable
for a 10,000 to 20,000 meter range of wave lengths.
Current transformers are permissible. Owing to the
rapid change from low to high-current values precau-
tions should be taken to avoid meter burn outs.  Oscil-
lator harmonics should be minimized by using large
capacity C, and high-efficiency, low-inductance coils
in the oscillator eircuit, with loose coupling to the pick
up coil.

It is not in all cases necessary to take the impedance
characteristics of the line, both open and short-circuited.
With a good set of readings for either condition, the
envelope of the curves can be drawn in and the surge
Impedance and attenuation determined approximately.

It is not necessary to use a damping resistance at
the oscillator end of the line with a view to preventing
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reflection. For a given frequency the line presents a
definite impedance at its terminals, and adding re-
sistance in the supply circuit merely reduces the current
and voltage supplied to the line without altering the
ratio of voltage to currentat the lineterminals.
Itisdesirablein some casesto check the values of line
constants as determined from the input impedance, by
direct measurement. Arrangement is made for tele-
phone communication over the line as shown in Fig. 71
the circuits being designed to have negligible effect on
the radio frequency currents. Various resistances are
tried at the far end of the line, unal a value is found
which gives constant impedance at the oscillator end,
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over a considerable range of frequency. A small
amount of reactance in addition to the resistance may
be required to give perfectly constant impedance at the
oscillator end, since the surge impedance is not neces-
sarily a pure resistance. If the surge impedance
changes with frequency a new resistance setting will be
required for a different frequency range. Leaving the
surge impedance as found in this way, in the far end
of the line, simultaneous readings of the currents at the
two ends are taken at a number of different frequencies,
and the average ratio of received to supplied current
givesthe attenuation, e~ . Measurements atdifferent
frequencies of the impedance of the line at the oscillator
end give a check on the surge impedance as found by
trial atthe far end. The presence of partial reflections

Fic. 71—Circurr FOR DIRECT MEASUREMENT OF ATTENUATION

on the line, which may result from changes in ground
conditions, may cause considerable error in the values
of the constants as found by this method.

More complete and reliable information on the
behavior of the line is obtained by supplying one end
witu current of constant frequency and amplitude, and
measuring the current at intervals along the line, with
different circuit conditions at the far end.  If the end is
damped with the true surge impedance, and there are
no points of partial reflection on the line itself, the cur-
rent will show a continuous decrease, following the
exponential law. If the current is plotted as a function
of distance on "'semilog"* paper, the points will fall on a
straight line and the slope of the line will show the
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attenuation constant. If reflections occur either at
the end or at any other point on the line there will be
humps or hollows in the curve. With the end open-
cireuited or grounded, this method of study shows the
standing waves on the line, from which the velocity and
attenuation can be calculated. Curves of this kind
are shownin FIgs. 3; 4, 5,.7, 8and 9.

Interpretation o Observed Line Constants. The
explanation of the manner in which velocity and at-
tenuation are affected by frequency, is to be found in
the varying depth of penetration of the return currents
into the ground; Fig. 72 showsthe general shape of the
path of the ground current. There is a “skin effect”
which tends to concentrate the earth currents near the
surface. [If it were not for this skin effect the mean
depth of the earth currents in ground of uniform con-
ductivity would be a considerable fraction of a wave
length, probably between one and two thousand meters
with a twelve thousand meter wave. As it is, most of
the earth current is within one hundred meters of the
surface, with waves of this length and soil of moderate
conductivity. Zenneck’s analysis gives the depths of
penetration of earth currents for the case of space waves
of plane wave front from which we can obtain a rough
idea of the order of magnitude for the case of waveson a
wire supported a short distance above earth.

DIRECTION OF WAVE PROFASATION
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Fic. 72-——DisTrIBUTION OF GROUND CURRENTS UNDER WIRE
CARRYING WAVES

If the earth carries current almost entirely by con-
duction rather than by capacity, which is true for all
except short wave lengths or extremely high-resistance

ground, Zenneck’s formula for penetration may be
stated in the following form.

D =50 +/p/f
in which D is the depth in meters at which the earth
current density is reduced to 1/¢ = 0.368 of its value
at the surface.

p = specific resistance of the earth in ohms per

centimeter cube.

f = frequency

This gives for a 12,000 meter wave (f = 25,000) and
a’ specific resistance p = 10° ohms, a penetration
D = 100 meters.

In Fig. 72 it is seen that there are both vertical and
horizontal earth currents, but for the vertical currents
the distance is relatively small and the cross section
great. If the drawing were more nearly to scale this
difference between the vertical and horizontal earth
currents would be still more apparent. The conditions
may be approximately represented by Fig. 73 in which a

19. Translation given in Fleming “Principlesof ElectricWave
Telegraphy and Telephonv” Third Edition P. 812.
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small resistance is shown in serieswith the line to ground
capacity and a higher resistance in the horizontal return
conductor, which is at a depth corresponding to the
mean depth of the earth currents. The capacity of
such a line would be substantially the same as for a
wire of the same height, over a perfectly conducting
earth. The inductance would be that corresponding to
awire H T D meters above a conducting plane which
forms the return conductor. There would be a small
added charging current loss due to the resistance in
series with the capacity and a much larger loss due to
the resistance of the horizontal return conductor.
Since the depth of penetration increases with wave
lengthwe should expectgreater inductance andtherefore
lower velocities on long waves. The greater the
penetration the lower the resistance to the earth cur-
rents. Thereforethe lossesare lessand the attenuation
less on long waves. High-ground resistance increases
the penetration and loss at thesametime, and therefore
reducesthe velocity and increases the attenuation.

Beverage found for the sandy soil near Eastport, L. .
l. a specific resistance of about 2 X 10 ohms per
centimeter cube. Sinceground water occursat a depth
of something less than 100 feet (30 meters) the excess
resistance and inductance of the Riverhead antenna are
materially less than those corresponding to this value
of soil resistance.

Table 1X shows the calculated inductance and
capacity of a one, two, and a four wire line based on
perfectly conducting ground. The wire spacing is
taken as 4 feet (1.3 meters) each way with 20 feet (6.6
meters) clear above ground.

TABLE IX.
CONSTANTS OF LINE OVER PERFECT GROUND
1 wire | 2 wires | 4 wires
Lo inductance,—lr:—;] ,perfectground. . .......| 1.86 1.14 0.8
Gy capacity, ‘T—mf- perfect ground........... 0.006 | ©0.0098| 0.0139
D-C. resistanceof wires, chms .. 3.3 1.64 0.82
Rp = A-C.2 resistance of wires
atf =12000 ~ ...vunns 4.44 2.22 1.11
20000 ......... 5.50 2.75 1.38
30,000 .......... 6.6 3.3 1.64

The observed attenuation and velocity shown in
Figs. 66 and G, give a basis for calculating the effective
inductance and resistance provided the capacity is
known. The actual capacity is somewhat greater than
C, as given above owing to insulators, poles, and the
proximity of trees. An audio-frequency bridge measure-
ment showed 0.011 microfarads per kilometer for two
wires at a height o thirty feet. As this value seems
" 20. Calculated by formula for skin effect given on page 135 of

Principles of Electric Wave Telegraphy and Telephony, J. A.
Fleming, 1916.
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high and the accuracy of the bridge was not checked,
we shall assume the capacity to be 10 per cent greater
than the calculated value Co.  This gives the constants

shown in Table X for a two ware line.

TABLE X.
T o Wire Line
FrOQUENCY .. sesesnnnnnssssnsnssnnnnnnnnnn 12,000 | 20,000 | 30,000
u = observed velocity. km. per S8.. ........ 2.33 X10 | 2.37 X10°%2.42 X 10*
u
= ———= = velocity ratio.............. 77.4 79 80.6
n 3% velocity ratio..
= —— 1 efective inductance.....| 1.73 1.66 1.69
u? (1.1 co)
Ly = L ~ Iy = added inductance for
ground, mh. perkm, .. ,... 0.59 0.52 0.45
D = mean depth of eartheurrents (meters), .| 118 82 56
- 400 384
z 116G surge impedance........... 393
a = dbserved attenuation per kilometer....| 0.033( 0.044| 0.066
R =2 a Z = resistance to give observed at-
tenuation.ohms per k. m.. 26.5 34.5 43
= R = Rp = equivalent resistance Of
ground..seecsunesnnnsnns 24.3 31.75 | 39.7
w L = Inductivereactance per kiloneter. . .| 131 208 300

The ground losses and penetration would not be
materially different for the one and four wire lines.
Taking the values of R, and L, for the two wire line as
applicableto the one and four wire lines, we may calcu-
late the attenuation and velocity to be expected on the
latter as follows:

R and u = 1
2 Z vI C
are approximations applicable when the resistance is
small compared with the inductive reactance. In this

TheformulasZ = vL/C, a =

DEECTION O WAVE RN IATION

Fic. 73—Circuir APPROXIMATELY EqQuivarent To GROUND

instance w L is more than four times R for all the cases
calculated and the errorsin the magnitudes of a,u, and
Z, due to the use of these abbreviated formulas are
small. There is however an appreciable phase angle
to the vector of the surge impedance Z, which it is of
interest to estimate. If the losses were equally divided
between dielectric and vertical ground current losses
on the one hand and wire resistance and horizontal
ground current losses on the other, or to put it differ-
erently if a short section of line with ground return had
the same power factor, considered as an inductance asit
has when treated as a condenser, then the surge
impedance, would have zero phase angle or be equiva-
lent to a pure resistance. In the present casethe ground
losses are for the most part equivalent to the effectof
an added resistance in the line. If we assume all the
losses to be the result of line resistance we shall obtain
a2 maximum value for the phase angle of the surge

BEVERAGE, RICE AND KELLOGG
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impedance. The full expression for surge impedance
in vector terms is

Z = \}R+]wL
IJwC

in which G represents a shunt conductance of such
value as to give the equivalent of all the dielectric loss.

The phaseangleof Z is 1/2 (ta ( 7 n e

0 I_when G =0. From

the values of L, C, and R given in the above tables we
find the values for the surge impedance shown in
Table XII1. The figures preceded by —; are ohms of
capacity reactance. The actual amount of reactance
would be slightly lessthan this, sinceG is not actually
zero.

DIRECTIVE RECEPTION AND STRAY RATIO

Direction of Static. The general opinion that, on the
average, summer static comes from a definite direction,
for example from a southwesterly directionon our North
Atlantic coast, seems to have been brought to a focus
by Pickard’s classical paper on “Static Elimination by
Directional Reception.” In the discussion Pickard
cites an interesting note made by Marconi in 1906,
giving the results of his observation on the directivity
of static.

The remarks by Austin, Blatterman, Hoxie and
Beverage are of particular interest in showing the trend
of opinion as based on observation. The early work
of Taylor®is also of considerable interest in this con-
nection. Taylor found that atmospherics were very
strong on the high vertical antennas contemplated
for European reception. After describing tests of
various heights and lengths of antenna with the result
that the signal to static ratio remained constant, he
goes on to say—“One of the first questions that
naturally arises in connection with these sturbs is,
‘where do they come from?” and it was considered that
if their office of origin could be located this might help
solve the problem d their elimination. For this pur-
pose an investigation has been conducted at the Belmar
Station, where a directive antenna of the Bellini-Tosi
type was erected.” The conclusions from his observa-
tions are that static at Belmar has an average direction
of south to southwest, aslater observationshave shown.
Alexanderson?® had also observed the marked directivity
of static with his Barrage Receiver. More recently a
great deal of very valuable systematic experimental
work has been done by Austin? on this subject.

21. Institute of Radio Engineers 1920 Vol. 8, P. 397.

22. C. H. Taylor, Direction of Maximum Atmospheric Dis-
turbances on Wave Range 6000 to 12000 Meters “Belmar,” N. J.
Sept., Oct. 1915 and Nov., Jan. 1916, Yearbook of Wireless
Telegraphy and Telephony 1917 P. 726-743.

23. E.F.W. Alexanderson. 1. R. E. Aug. 1919.

24, Louis Austin Jour. Franklin Inst. May 1921, page 619.

which becomes — 1/2tan ~?
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One Wire Line Four Wire Line
Frequency......... N 12,000 20,000 30,000 12,000 20,000 30,000
Lo — inductance, perfect ground, mh. per km ...| 1.86 1.86 1.86 0.8 0.8 0.8
L, —indyctance due t penetration............. .| 0.59 0.52 0.45 0.59 0.52 0.45
L =1L Ly =totalinductance................. 2.45 2.38 2.31 1.39 1.32 1.25
C=1.1Co =Capacity. ..o viiirreriireener i ennaenens 0.0066 0.0066 0.0066 0.0153 0.0153 0.0153
u = vi“c =VEIOCITY oo ittt i e i e 2.48 X 10% | 2.62 X 10% | 2.56 X 10% | 2.16 X 10° | 2.22 X 10% | 2.28 X 10
N o= o o VEIOCHEY TR0, . v\ v vveee e e, 0.827 0.84 0.853 0.72 0.74 0.76
. 3x106
Rg = ground resistance. T(hms .............................. 4.3 31.75 39.7 '4.3 31.76 39.7
m
- Qhms
Ry = wire resistance k_ ................................. 4.4 5.5 6.6 1.1 1.4 1.6
m
R = Ry T Ry = total resistance. .......oovovevrrnnnnaenenns 287 37.25 16.3 154 13.15 41.3
a = % = attentuationconstant............... .. ... oL, 0.0235 0.031 0.039 0.042 0.0565 0.072
Z = yL7C = surgeimpedance.... .c..vevurererininnnnneinn, 610 602 592 301 294 286
w L = inductivereactanceperkm,.. ........coviiiuerninnnnnn. 185 299 435 105 166 236
TABLE XII
L]
] 1 Wire Line l2 Wire Lind 4 Wire Ling
12,000 20,000 30,000 12,000 20,000 30,000 12,000 20,000 30.000
185 299 435 131 208 300 105 166 236
28.7 37.2 46.3 26.5 34.5 43 25.4 33.1 41.3
Tan ! -BE .............. 8.8° 7.0° 6.0° 11.4' 9.4° 8.20 13.6° 11.3° 10°
w
AngleofZ = —1/2Tan—'_>_ . ........ —4.4° -3.5° -3.0° —-5.70 -4.70 —4.10 —6.8° —5.65° —-8°
Z = Total Impedance.................. 610 602 592 400 . 393 384 301 294 286
Components. R..evviee s srnnnnnsnsnnnnss 608 591 398 392 299 292 285
X e s —47f 601/ —~31j —40f -32j 383j —36/ —29j — 25j

Austin's conclusions on the directivity of static for
the wave length range of 8000 to 18,000 meters are
briefly as follows:

U. S. Atlantic Coast static mainly southwest.
Gulf Coast roughly southwest.

Seattle (vicinity) roughly east.

San Francisco and Sar Diego sharply east.

5.. Porto Rzco two marked directions, namely, west
and south.

Gain from Directive Receivers. Even at times when
static shows no marked predominating direction, a
directive receiving system will obviously reduce or
eliminate that fraction of the static which comes from
directions to which the receiving system is insensitive.
When static is sharply directional the possibilities of
improving the stray ratio through the use of a suitable
directive receiving system are still greater.

An important step in the improvement of stray ratios
was taken when loops superseded static antennas for
long wave reception. A further improvement resulted
from combining a loop with a static antenna to give a
unidirectional antenna system. The loop is more
directive than the static antenna. Fig. 74 shows the
irective curve of a loop, the large circle being drawn
o shaw the relative sensitiveness of a static antenna for

1
2.
3
4

various directionsascompared with theloop. Thearea
of the directive curve of the loop is one-half that of the
static antenna when both have the same sensitiveness
forsignal. Thismeansthatif disturbancescome equally
from all directions, the loop will receive just half the
energy from the disturbing waves which the static
antenna receives.

The combination of loop and static antenna while no
more sharply directive than the simple loop from the
standpoint of the area of its directive curve, can be
adjusted so that reception from certain directions is
prevented. Fig. 75 shows the directive curve of the
combination of loop and static antenna when the inten-
sities of the two are adjusted to equality for signal.
By using less energy from the static antenna than from
the loop the directive curve can be made to assume any
form such as Fig. 76, intermediate between the cardioid
of Fig. 75 and the lemniscate of Fig. 74. This is an
exceedingly useful property, particularly if static or
other disturbances comes largely from a certain direc-
tion.

At times static has a predominating direction, while
at other times it appears to be widely distributed, so
that both features are important—directive curve of
small area, and ability to prevent reception entirely
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from certain directions.

If static, while not confined to
a specificdirection, comeslargely from a certain quarter,
it is important to have an antenna system whose
directive curve has a small area within the angle from

which the heaviest static comes.

BEVERAGE, RICE AND KELLOGG
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opposite to the desired signal.  The spacingof the loops
is preferably between an eighth and a quarter wave
length. Compared with systems which obtain their
directivity in asmall space, the full length wave antenna

has the advantage mentioned in connection with the
discussion of short wave antennas, namely, that the

< = signal currents developed are strong in comparison with
- residuals, and therefore there is a better chance of
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A number of antenna arrangements have been used l 4" : /_, \ \4, .

which are considerably more directive than the loop and
The calculated directive curves of some of

vertical.

these are very similar to that of the one-wavelength,

full-velocitywave antenna.

Fig. 77 showsthe directive
curve of a pair of loops spaced apart in the direction
of signal propagation, the currents from the two loops
being combined in the receiving circuit in such phase as
to neutralize for disturbances coming,from?a’ direction

by calculation.

Fic. 77—DIRECTIVE CURVE FOR TWO LOOPS AN EicHTH WAVE

LENGTH APART

realizing in practise the directive properties predicted

Reference to Figs. 35 to 41 and 44 shows that the
areas of the directive curves of wave antennasare small,
that the areas of the back and lobes of the curves are
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very small so that disturbances coming from any direc-
tion more than 90 deg. from the signal have relatively
‘smalleffect,and we have shown in the discussion of the
reflection balance, that a blind spot can be produced for
any direction more than 90 deg. from that of the signal.
The benefit resulting from reduction in directive curve
area is illustrated by the fact that in a number of com-
parisons the full wave antenna has always shown
noticeably better stray ratios than an antenna half the
length, although the difference in calculated area is
comparatively slight.

Directive Effects for Impulses. The question will
naturally arise whether directivity curves calculated for
continuous waves, are applicable to the steep wave
frontsand pulses of static. The experimental evidence
iIsthat they are applicable. It is clear that in the case
of the wave antenna, waves on the wire will build up in
the direction of travel of the space wave, and relatively
feeblewaves will reach the opposite end of the antenna,
whatever ’the wave shape or number of waves in the
train. As applied to antennas or circuits in which a
balance of some sortisemployed, to give zero reception
for continuous waves from certain directions, the
explanation of our experience with static is to be found
in the great frequency selectivity of our receiving sets.
Harmonic analysis of a pulse would show it to be equiva-
lent to the sum of a large number of trains of waves of
different frequencies. Of these the receiving set rejects
all but the waves of signal frequency. Another view of
the problem is the following:

Any circuit which produces a balance or zero recep-
tion for continuous waves of a certain frequency will
react to a single pulse in such a way as to cause a second
pulse in the opposite direction, simultaneously or a
whole number of cycles later, or else a second pulse in
the receiver in the same direction as the original, but
an odd number of half cycles later. The receiving
set has a tuned circuit and a detecting system which
integrates over many cyclesthe effectsof the oscillation
of the tuned circuit. If the neutralizing pulse is
simultaneous with the original, the tuned circuit is
unaffected; otherwise the tuned circuit is set into
oscillation by the initial pulse, but immediately stopped
by the neutralizing pulse. The integrated effect of the
brief oscillation is comparatively slight. If there were
no neutralizing pulse the tuned circuit would (assuming
a reasonably low loss circuit), execute something like a
hundred oscillations before the amplitude is reduced to
half the initial value.

While we have discussed static as if it consisted of
single pulses or of waves of very high decrement, it may
well be that some of our static consists of trains of many
waves of a fairly constant frequency. The wave
antenna, being aperiodic, provides a means of studying
some of these disturbances without altering their
character. If we insert an ordinary telephore receiver
in the ground lead, at one end of a wave antenna, we
hear a variety of “crackling” and “sputtering” noises,
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some of which coincide with the static disturbances in
the radio receiving sets. Among these noises is an
occasional “ping,” or sound of definitely musical
character, resembling the sound given out when a bare
telephone or telegraph wire is struck a sharp blow. No
such sound in the receiver is heard, however, when the
outside wire isactually struck.

The manner in which such continuous trains of waves
might originateisnot evident, but the following analogy
is of interest.  If you throw a stone into the water, you
will note two or three circular waves as soon as the
splash has subsided. Three or four seconds later you
can count seven or eight waves, of substantially uniform
size with a calm area inside, and after some ten seconds
there may be a dozen to twenty waves. This analogy
may haveno significancein connection with etherwaves,
but it suggests a possibility. If it is true that static
contains trains of waves of moderately low decrement,
this would in part explain the failure of attempts to
improve stray ratio by interior circuits (apart from the
frequency selectivity obtainable by highly tuned cir-
cuits) and point to the conclusionthat increased direct-
ivity must be our main reliance for further improve-
ments in receiving through static.

GENERAL ENGINEERING FEATURES

Type o Construction. It is brought out in the dis-
cussion of the theory that, so far as collecting signal
energy is concerned, there is no object in placing the
wires of a wave. antenna higher than is required for
security and to pass obstructions. A high line will
show slightly greater wave velocity and less attenua-
tion than a low line, and be less affected by changes in
ground conditions or proximity of trees, which some-
times cause sufficient changes in the line constants to
give rise to slight reflections. The differencesin favor
of the higher line, however, are so small that they
would rarely warrant the. expense of taller poles.

Apart from the importance of a straight line and
avoiding proximity of other conductors, the specifi-
cations for wave antenna construction might be taken
bodily from those written for an open wire copper
telephone circuit. Any change in construction or
material which will appreciably alterthe line impedance
and give rise to reflections, should be avoided. Special
care should be given to obtaining clean surfaces for
making joints, since we are dealing with voltages which,
on the average, are hardly a tenth of those developed
in ordinary telephone circuits. Sleeve joints are
recommended for permanence. The smallest copper
wire which will stand the storms will make as satis-
factory an antenna as a heavier wire. Good balance,
where two wires are used, is important, and for this
reason first-class insulation should be provided. We
have seen that a single-wire antenna shows lower at-
tenuation and higher velocity than a two wire antenna.
For the same reasons, although in less degree, the use
of small wire, and placing the wires near together (if
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the antenna consists of several wires in multiple) is
conducive t0 high velocity and small attenuation.

Except for temporary or experimental purposes,
two-wire antennas are practically always desirable,
since they permit adjustmentsin the station for putting
out ‘“back end'" disturbances. The use of more wires
will, in some cases, collect slightly more energy,
but has no other advantage. -/ <

Whether a minimum of attenuation and a high
velocity are desirable depends primarily on the length
of the antenna. For an antenna a wave-length long,
the best directivepropertiesare obtained with avelocity
between 0.7 and 0.8 of that of light. Higher velocities
are desirable for longer antennas and lower velocities
forshorterantennas; These considerations may govern
the choice of number of wires, or other features of the
design. It may even be desirable, in some cases, to
reduce the wave velocity of the antenna below the
natural value, by loading. The loading may be done
by adding series inductance, with the effect of raising
the line impedance and reducing the attenuation, as
well as reducing the velocity. Slowing down the line
by adding capacity to ground will lower the impedance
and increase the attenuation. The amount of atten-
uation experienced on antennas consisting of bare wires
on poles, does not appear to affect their directive
propertiesadversely. -

Location of Antenna. The land chosen for a wave
antenna should be as flat and uniform as possible. The
desired location of the.receiving station need not control
the selection of the location for the antenna. Parallels
with other wire linesare to be avoided as far as possible,
since the foreign lines, acting as antennas, pick up
disturbance fran various directionsand introduce these
into the antenna by induction. There is no simple way
of balancing out'this induction, for both the lines and

the antenna are acting as ground return circuits.  Itis
possible to prevent detrimental effects from adjacent

b <
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lines by loading them so as to prevent their carrying
radio frequency currents, Theimportance of a straight
right of way depends in part on the desired over-all
veloeity, which, in tum, depends on the length em-
ployed. Considerable deviations from a straight line
affectthe directive properties of the antenna, not only
by reducing its wave velocity, but by altering the
electromotive forces induced in it. For example, the
antenna shown in Fig. 784 would receive disturbances
from a direction at right angles to the mean line of the
antenna, since the electromotive forces in the sections

BEVERAGE, RICE AND KELLOGQ
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a-b and d-¢ would by no means neutralize. Ontheother
hand, in Fig. 78B, the sectionsa-b and c-b, which are
affected by disturbancesat right angles to the antenna,
are a small fraction of a wave length apart, and the
effects of the disturbance would nearly neutralize each
other in the two sections.

It isimportant to provide grounds at the ends of the
antenna which will not change sufficiently to upset
adjustments. A body of water in which several
hundred feet of copper wire can be laid is the most
desirable terminal for the antenna, but fairly satis-
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Fic. 79—ARRANGEMENT PERMITTING LoCATION OF RECEIVING
StAaTiION AT A DisTANCE FROM THE ANTENNA

factory grounds can be made by burying sufficient
lengths of wire. Beverage found on Long Island that,
for grounds of this type, it was best to lay the wire in the
sod rather than bury it deeper, since the humous of the
surface soil retains its moisture better than the sand
below. A star consisting of ten or a dozen 100 foot
radii of 0.081 in. copper wire laid in this way usually
givesa resistance as low as 20 to 40 ohms.

Location of Receiving Station.  In the casesof the wave
antennas which have so far been built, the receiving
station has been located at the end nearest the trans-
mitting station and the signals sent back over the
transmission line as illustrated in Fig. 18. Figs. 79 and
80 show arrangements by which the receiving station
may be located some distance from the antenna. Ef-
fective damping must be provided at the end A, and
this can be done either by wasting most of the energy
in a resistance at A and transmitting to the station only
so much as is necessary for compensation, or by using.
close coupled transformers of proper ratio to fit the
impedance of the circuits which they connect together,
and effectively damping the transmission lines in the
station. Experience has shown that signals can easily
be transmitted a number of miles over open wire lines,
with comparatively little loss of intensity, and if
we start with signals of such intensity? as is usually
obtained from a full wave length antenna, there
IS no perceptible impairment of stray ratio. For
the transmission lines which are not a part of the an-
tenna, there isno objectin avoiding parallelswith other

25. The quietness and balance of a two-wire transmission line
are not absolute, and if we attempted to transmit very weak
signals, they would obviously suffer in stray ratio.
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sircuits, but they should be transposed frequently
enough to prevent picking up radio frequency currents
by induction from other circuits.

Transmission lineswill inevitably act asantennasand
waves will be built up onthem by disturbancestraveling
parallel with the direction of the transmission lines.
[f the lines are balanced, these waves will cause no
jifference of potential between wires, but only potentials
:0 ground. Balanced transformers at the ends, with
slectrostatic shielding between primary and secondary,
#ll in general suffice to prevent any effects of the
»arasitic waves from entering the receiver. Cases may
wrise, however, in which the waves built up on the trans-
nission line are especially strong, making adequate
»alance difficult. There are several possible measures
or reducing the antenna effectsof the transmission lines,
nchas

1. Loadingto give low velocity.

2. Sectionalizingwith transformers.

3. Draining.

If the loading coils in the two wires are inductively
oupled, they may be made to introduce comparatively
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ttle inductance in the transmission line and a higher
iductancein the ground return line. A short-circuited
scondary of suitable resistance will cause high loss to

rdio frequency currents in the two wires in multiple, -

ut have no effect on the currentsin the metalliccircuit.

Sectionalizingas shown in Fig. 81is one of the most
Tective means of preventing antenna effects in a
ansmission line. Drains from the neutrals of the
ansformer are also shown, to dissipate energy and
revent standing waves from building up.

Use of Existing Wiresfor Antenna. Existing copper
ire lines, if uniform throughout the required length,
ad having the proper bearing, may be utilized as wave
atennas.  If the wires are in use for telegraph service,
ils of 0.075 to 0.1 henry inductance may be used to
olate the part of the line which is to be used as an
atenna, The remainder of the line may be drained
rrough condensers if objectionable disturbances get
ast the coils into the antenna section. Unless the
itenna ground is of very low resistance the ground for
1¢'drain should be separate, in order that disturbances
1all not be carried through to the antenna, owing to
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common resistance in the ground. Fig. 82 shows a
circuit designed to isolate a portion of a telephone line
for antenna purposes. This provides both chokes and
a drain, and the coils and condensers are proportioned
to cause minimum interference with the passage of the
telephonic currents. If the grounding of the wires
through the 0.3 microfarad condensers makes the
telephone line noisy, a 0.2 microfarad condenser in the
ground lead wall reduce this tendency.

All parallel wires. which are not used as part of the
antenna should be sectionalized for radio frequency
currents, either by coils, or by links of artificial line
like that shown in Fig. 82, at intervals of a quarter or a
third wave-length or less, of the shortest waves for
which the antenna is to be used.

8 AH

Fia. 81—SrcTIiONALIZING TRANSFORMER FOR TRANSMISSION
Lines, wiTH By-Pass FOR DIRECT CURRENT

The principal disadvantages of using telegraph or
telephone wires for an antenna are the compromise
antenna design which is likely to result, and the diffi-
culty of making tests on the antenna for balance or
leakage. The latter applies especially to telegraph
lines. [If the wires are used for telephony only, large
stopping condensers which will permit the telephone
ringing currents to pass, may be introduced in series
with the wires, at the ends of the antenna, thus per-
mitting direct current teststo be made on the antenna.

Antenna Testing. In any permanent receiving sys-
tem it should be possible, from the station, to test the
continuity and insulation of the antenna and the balance
or quietness of the transmission line. Fig. 83 shows an
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arrangement which Beverage applied to the Riverhead
antenna.  With the switch S, open, the line is insulated
from ground and may be tested for leakage by voltmeter
or megger. Throwing the switch S. to the battery side
operates the relay at the far end of the antenna. This
cuts out the reflection transformer, and if the trans-
mission line is balanced the receiving set becomes al-
most entirely quiet. Fig. 84 shows the application of
the same method of testing to the case where the re-
ceiving station is connected through transmission lines
to the antenna. Arrangements for more complete tests
are obviously possible, employing polarized relays or
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selector switches, but the need of any more elaborate
testing system has not yet arisen.

Protection. Potentials of several hundred volts are
not uncommon on the wave antenna, even With no
storm in the immediate vicinity. All coils which may
have to stand these voltages should therefore have
substantial insulation, Condensers rated at 1000volts
have been used in the installationsat Belmar, Chatham,
and Riverhead. Vacuum tube lightning arresters
rated at 360 volts are connected between antenna wires
and ground atboth ends. The switch S, in Fig. 83, is
closed except during tests, to prevent static potentials
from accumulating.

Apparatus Usad with Wave Antenna. Some idea of
the design of the essential pieces of apparatus which go
with the wave antenna, may be of interest.

The reflection transformer for long wave work con-
sists of three 84 turns “pancake” coils. The two out-
side coils in series constitute the secondary winding
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F1Q. 83—ARRANGEMENTS FOR INsULATING AND BALANCE TEsTS

ANTENNA

Fio. 84—ReLay CircuiT FOR TeEsTING ANTENNA OVER TRANS-
MIssSION LINER

which is connected between the antenna wires. The
middle coil, which is the primary winding, is connected
from ground to the neutral of the secondary. Each
coil is approximately 8 in. by 11in. diameter by 1/2in.
thick. The conductor consists of seven strands of
0,010 in. wire with double cotton covering and a cotton
braid, thus giving a loose, low-capacity winding. The
whole transformer is placed in a wooden box which is

filled with paraffin to exclude moisture. The following
readings show the inductance:
Primary (84 turns) with secondary
0] 0 =T o 2.4 millihenrys
Primary with secondary short-cir-
(011 =T [ 0.56 “
Secondary (168 turns) with primary
(0] o<1 o 1R 7.5 “
Secondary with primary short-cir-
cuited . .. ..ot 1.2 «

An arrangement suggested by Kellogg eliminates the
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reflection transformer.  This consists in grounding one
wire of the antenna and leaving the other open-cir-
cuited. The signal wave currents built up on the
antenna flow in the same direction in the two wires.
When the waves reach the end of the antenna, reflec-
tions occur in opposite phase on the two wires, so that
the waves which travel back toward the receiving
station are of opposite sign,’and are received by a trans-
former in the station connected across from wire to wire,
exactly as is the case when a reflection transformer is
used.

Iron coretransformers have been used for the antenna
output, or between the transmission line and the re-
ceiving set. The core is of 0.0015 in. enamelled iron,
and is approximately a square inch in cross-section.
The primary, or line winding, is in two equal coils of 60
turns each, placed symmetrically on the core and
symmetrically with respect to the secondary windings.
There are four secondary windings of 160 turns each
with a grounded tinfoil shield between each winding and
the next to prevent electrostatic coupling. The.
*secondarywindingsare connected to thegridsof pliotron
tubes. A greater step-up ratio might have been em-
ployed, with consequent increase in signal strength, but
the method of compensation, or “back end balance,” did
not provide sufficient potentials to permit using any
more secondary turns on the output transformer.

Another type of antenna output transformer has been
used in which the secondary winding is connected
directly in serieswith a tuned circuit of the receivingset.
This transformer was essentially like the one already
described, except that the secondary windings were of
ten turns each.

Theartificial line which isused to adjust phase for the
back end compensation, consists of a wooden cylinder
4inches (10cm.) in diameter, on which iswound a single
layer 36 in. long of 0.0126 enamelled copper wire spaced
46 turns per inch. A tap is brought out, 3/4in. from
theend, and every 134 inches thereafter, giving a total
of 24 taps. A 0.005 microfarad condenser is connected
from each winding tap to the common conductor, which
forms the other side of the “line.” A damping resist-
ance of about 400 ohms, wound on a card, is connected
across one end of the line. The line has an electrical
length of about 16,000meters and an intensity loss of
about 5 per cent from end to end. Four sliders are
provided, with double-contact phosphor bronze springs
which bear lightly on the Wires of the solenoid.

A trap to prevent interference from the transmitting
station at Marion, Mass., which is directly in front of
the Riverhead antenna, was used to advantage by
Beverage. This consisted in a low-resistance series
tuned circuit (about 15millihenrys and a 0.005 micro-
farad variable air condenser) connected between the
wires of the antenna in the station, thus shunting the
primary of the output transformer. This formed such
a low-impedance shunt when tuned to Marion’s wave
length as to practically extinguish his signals. Subse-
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quently, with receiving sets in which additional fre-
quency selectivity was provided, this shunt trap was
omitted, but it has a field of usefulness, and the high
power factor of the circuit, where it is applied, makes its
operation simple and satisfactory.

Application to Skort Waves.2 We have discussed the
wave antenna as applied to long wave reception only;
that is, to the reception df waves ranging from 7000 to
25,000 meters, used in transoceanic communication.
It was in this field that the need of greater directivity
in reception seemed most urgent, and in this field that
the wave antenna was developed. The writers early
demonstrated, in the short wave tests at Schenectady,
that the wave antenna functioned in the same way on
short waves as on long waves.

The first commercial application to shorter waves
was the construction of a 2000-meter antenna at
Chatham, Mass., for ship reception.  This antenna was
built in the summer of 1921 and is used for receiving
traffic from ships having 1800 to 3000 meter continuous
wave transmitting sets. It was in no wise a disap-
pointment, for it resulted in a great improvement in
reception, making it possible to receive ships from
practically all the way across the Atlantic.

The next important trial of the wave antenna for
short wave reception was during Mr. Paul F. Godley’s
transoceanic reception tests at Ardrossan, Scotland.
Using a wave antenna about 400 meters long, pointed
toward the United States, and using the best short wave
receiving apparatus obtainable, Mr. Godley copied
messages from many American amateur -stations, on
wave lengths between 200 and 300 meters. He attrib-
uted much of his success to his directive receiving
antenna. Descriptions of the tests and of the antenna,
written by Mr. Godley, were published in the February,
1922, Q. S. T., and the March, 1922, Wireless Age.

Recently the writers have done some experimenting
with wave antennas for wave lengths in the 300 to 400
meter range. The advantage of the wave antenna on
long waves in giving especially strong signals, is less
apparent on short waves. The principal reason for
this isthat, for short waves, the static antennas or loops
which we use as a basis of comparison are much larger
in proportion to the wave antenna than is true in the
case of antennas used in long wave reception.

The advantage, then, of the wave antenna for re-
ceiving waves of 450 meters or less, lies in its directive
properties. Many amateurs wish to hear all the
stations within range, but where the object is to receive
from a certain direction only, and to exclude as much
else as possible, the wave antenna will perform its
function as well as on long waves.

The form of antenna best for short wave reception
is practically the same as for long waves, although it
will in general be desirable to reduce the height, in

26. For more detailed discussion of the application to short

wave reception, see article by H. H. Beverage in Q. 8. T.. Nov.
1922,
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order to lessen the effect of the vertical conductors at
the ends. Fig. 85 shows suitable arrangements for
short wave reception. Thesurge impedance for agiven
type of construction will be slightly less on short waves
than on long waves. The double wire antenna with
reflection transformer has a decided advantage in
convenience compared with a single-wire antenna.
The equivalent of the reflection transformer —namely,
grounding one Wireand leavingthe other open-circuited,
will, as a rule, be preferred for its simplicity. Rear
end compensation by means of the reflection balance
is desirable and easily applied. This calls for a series-
tuned circuit in series with the surge impedance, as
shown in Fig. 85. The resistance should be variable
and the capacity reactance and inductive reactance
should preferably not exceed about 500 ohms each.
For output a coil of about 0.1 millihenry in the ground
lead of a single-wireantenna, or, if the reflection trans-
former system is followed, a 0.2 millihenry coil con-
nected between the two wires of the antenna is sulit-
able. The first tuned circuit of the receiving setJmay

then be coupled to this output coil.
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APPENDIX A

Typical Operations with Vector Quantities

For additions or subtractions, vectors must be

expressed in terms of their component
@i +etin—atotiote
(aTjb)—(c+7d) =<a—c +i(b- o)

The vector a + j b has a length v/ a? + b and an
angletan-1b/a.

Letting ¢ stand for the angle tan—* b/q,
a=+/a*+bcospand b = v/ a* Tb?sin ¢ whence
atjib=+a To(ose Tjsinp).

There are several other ways of expressing a vector
in terms of its length and angle « * ;b = (v/a? + &)
¢°if pisexpressed inradians or ¢ Tj b = (v/a? + b2)
¢T3 if »° s expressed in degrees. a tj b =
vat + b /e if we define the symbol /¢ as meaning

that the quantity +/ a® + b2 after which it appears is
to be multiplied by cos ¢ + jsin ¢.

The identity of ¢* and cos ¢ T jsin ¢ is most
readily shown by expending ¢’*, cos ¢, and sin¢ in
power series, and replacing 52 by — 1. This relation is
shown in a number of text books.

The product of two vectors is found by multiplying
their lengths together and adding their angles.
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Thus (4 /ey (B/@) = A X B /o1 + ¢
(@+37b) (c+7d) = (vVa+b)(c+d)

/tan~1b/a + tan—1d/c

To divide one vector quantity by another we take

the quotient of their lengths and the difference of their

ff—‘ = A/B /o1~ o1

' A
angles, B ol

Multiplication and division may also be performed
with the vectors in the form a +7 b, thus (atjb)(c
4+jd) =ac+jad+jbe+jbd=(ac — b d)
+j(ad+be)

a+jb _ (@a+Jb x (c=34d)
c+jd T (cTjd) (c—3d)
(ac +bd) *j (—ad Tbc)
et T de

In the foregoing any component or any angle may

have a negative sign.
In the expression a +jb =4/ a? T (cos ¢ + jsin
b* taken

@) Where ¢ = tan-! b/a the quantity +/ a? +
by itself would have zero phase angle, and the quantity
(cos ¢ +j sin ¢) has a phase angle ¢ and a length
unity (since cos? ¢+ sin? ¢ = 1 and therefore
Vecost g Tsinzg = 1). Multiplyingby cos ¢+ sin
@, Or its equivalent ¢¢ thus simply causes a counter-
clockwise rotation or phase advance by the amount of
the angle ¢. Multiplying by €”* or cos (— ¢) +J
sin (= ¢) which is cos ¢ —] sin @ causes clockwise
rotation or phase retardation by the amount of the
angle ¢.

From the rule for multiplication it follows that to
square a vector quantity we square its length and
double its angle. Thus (A /) = A2 /2 ¢ and con-
versely to find the square root of a vector we take the
square root of its length and divide its angle by two,
VA/jp=vA/1/2¢.

Differentiation of a vector quantity A, with respect
to some variable X, on which A depends, gives the
vector change in A per unit changein X.

dA A, - A

dx = Z:— I
in which A, — A, is a vector difference, A, is the value
of A corresponding to X, and A, that corresponding
to X:; and X, differs from X, by an infinitesimal
amount.

In Fig. 624 a vector connecting the ends 1and 2
of the total current vectors, corresponding to z = 1

dl .
— corresponding to a

and z = 2, would represent Iz

value 1.5for X,

Integration of a vector quantity givesthe vector sum
of an infiite number of infinitesimal vectors. This
Process is illustrated, using finite numbers, in Figs. 28
and 33.
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APPENDIX B
Analysis of Action of Wave Antenna

The following treatment of the problem of the wave
antenna, was worked out by Mr. Ivar Herlitz or Kel-
logg’s request. Mr. Herlitz was at the time pursuing
graduate studies in electrical engineering at Union
College as exchange student of the American Scandi-
navian Foundation. The treatmentis given here partly .
byway of acknowledgmentforthesubstantial assistance
derived from Mr. Herlitz’s solution of the problem,
at an early date in the evolution of the theory of the
antenna, and partly because the equations are derived
in a radically different manner, and provide a valuable
means of checking results as calculated by the expres-
sions given in the bady of the paper.

Referring to Fig. 26, z isa distance measured along
the antenna from the end A, nearest the source of
signals, and 7 is the total length of the antenna.

As in the discussion given in the paper, the induced
voltage per unit length of wire at the point X, is taken
> E, =Ejcosf ¢’ "=

The following new symbols will be used.

i = current in wire at X

e = potential of wire at X, with respect to ground.

The potential gradient along wire is the resultant
of that due to the passage of current through the line
inductance and resistance, and the voltage induced
in the wae by the space wave, or

4 - (RtjwlyitEcosgel xemor

dzx
(52)

The current in the wire changes from point to point
by the amount of the leakage and charging currents,
or

QL =-G+jul)e (53)
. - i de .
Differentiating (53) and solving for Z—- gives
d, i . de
dlez =-(G+.7 wC) dzx
de 1 ds i
ax = G Hse0 d= (54)

Substituting this in (52) and multiplying through by
- (G+j wo gives
bl _R+jwl)G+iw0)i
~ (GTj wC) Eqcos g el W=/ (55)
or since (R+jwoLl)(G+JwC) =7

ds i
d x?

-J wx (cos 8)/y

=7i— (G+7 wC)Ejcos 0 ¢
(56)
Use trial solution of the form

i=Ad*F Be " 4 D¢ oxlest/m (57)
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Differentiating (57)

Ll yAe - yBETE

. wcose -3 0 X (cos 8)/v
-j == ~=—D (58)
32x: - 1A T BT
2 2 ) o
_ w (;(:S e De J w x (cos )/ . (59)

We next substitute the value of i given in (57) and
the value of szi'—given in (59) in equation (56)

w? cos? @
v? -
=7Ae "+ ¥Be" "+ D€

—(G+7wC)Escos e

,yer'y De-j w x (cos 8) /v

"+ 7Be -
j w=x (cos 8) /v

F wx (cos 8)/v

from which
D( 2 +_0_'_2_9'$’_§_) = (G+j w C) Eo.cos §

(G +j w C) Eqcos

w? cost €
2 - s -
7e 4 2

D=

(60)

Using this value of D in (57), we have as the gen-
eral expression for current

i=Ae“"+Be "
+ (G +] O)C) Eocose -_1 @ x (cos 6) /v (61)
v w? cos? €
. +—v2

The constants A and B depend on the terminal im-

pedance and we must find an expression for the volt-
age e, aswell asthe current i, in order to evaluate them.

From (53)
e‘“(G+%w®'ﬁf

di
in which we may substitute the value of Ix given in
X

(58) using the value given in (60) for D

- YA€ + yBe™*
T GFjeC G+jwl

. wecos @

E.cos €

w? cost
v2

=7 wx (cos 6) /v

4

T+

Since = Z, the expression for e becomes.

_r
GH+jwe
e=—ZA¢"+ZBeF

j_a’c_os__o_Eocose

w? cos? @
v2

-j w=x (cos 8) /v

’ v+ (62)
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For an antenna with non-reflectingends, or in other
words, with the surge impedance at each end,
e=—~Ziforx=20
e=+Ziforx =1
Using the expresssions for i and e given in (61) and
(62) we set x = 0 and equate — Z i to e, and have
_zA—7B- 2@ TiwC)Eicosg
yr 4 _ o' cos e

vﬂ
; —&5-gos 0
J—fy)s—Eo cos €

Y 4 _wicost @
vz

=—ZA+ZB+

E,cos 6

2 cos? 0
72_*__“’_;;_

+ZG+jw0) }

. 0
{ wc:s

and since Z (G +j we) =y

. wcos B
E,cos € 'Y+JwT
B=- 27Z . + w? cos? B
v2
- Eocos0 - (63)
22[7—1 1

Next settingx = lin (61) and (62) and equating +zi
to e we have
ZAe'tzB !
(G +j wC) Eye088 -1l cos 8)/0

+ Z w?cos? € €
T

+ZBe

cos @
j E,cos €
] -4 w i (cos @)/v

vt + w? cos? €

v2
2ZA¢) =

-5 w i (cos &) /¢

=—ZAc¢

2 WY s

+

Eocos 0 ¢ ., wcos b

v+

—zm+jw®]

w? cos? §
')2

E cos 0 e-j w ! (cos 8)/v
0

w? cos? §
Y+ — g

- - EH'COS 0 e-j w I (cos 6)/v
Y 4 j-mrus b
v

r w I {cos N/r

[7-i52%]

— Ejcos B¢
2Z¢ " (v +)

sy 4+ 7 w ! (cos 8)/r
E.cosde "7/’

22(7—{—;’ wc:)SG )—

A=

w cos @
— )

(64)
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With these values for A and B and with v/Z sub-
stituted for G +j w C, equation (61) for current be-

comes
~+iwl(cos )

i=‘Eocos0‘{ 2;(6 v wcosG) €’
_ L cyx
'ZZ'('y—j wc:sO)

E-j w I (cos @) /v

Y
)

The receiver end current is found by letting x =1
in (65) which gives

- & +j w I (cos 6) /v

i, = Egcos 0 { oos b ) e’

ZZ(7+ =
— P ,
’ . wcos @
22(v-i—5—)
% e’j w 1 (cos 8) /v
w? cos? @
2 ———————————
Z(r+-—250)
- Eycos 6 _ etk
2z { Y+ _“’_?95..‘?_
_ 6-71
v — '_“’_c;)?ﬂ
- 2~ e'J' w | {cos @) /v

+

=) |

(’Y+j w cos 0 )(7_1. w cos 0
v

Eo cOS e G-j w ! (cos 8) /v

- 27 (‘Y .wcosﬂ)
(’y .wcosﬂ)
Y+ 4 wcgso

_ e-‘yl’e'l'j w 1 (cos &) /v +

2y
SerrTa

= E, cos 8 e'j w ! (cos 0) /v y
' . wCOSH §
2Z(v-jecsl
. cos €
7+] _e'('Y']'wl(coSa)/u
. cos €
Y+ s C
) Eocose e {1—— '(‘Y'le(cosﬂ)/"'}
. weos 0
ZZ('y_jT)
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Eo CO$ e E -7 wi(cos 8)/y
2Z[aTjB8(1—ncosf)] X
{1___ -[a+1ﬁ(l+ncoso)]l’

(66)

The back end current is found by settlng z=0
in (65) which gives

'['y€+j w | (cos 8) /v

i. =E;cos € — PP I
2Z( v +i—5—)
_ 1
ZZ('Y—j wc;)se )

+ wcosﬂ‘y A [ l
Z(vHi— ) (=i
Eo,cos A

=——'-——”wcose—~—{_s-h+.iw(éos"o)/v“
2Z( 7 +j—)
. weos B
3 7+]—?—‘ . 2y
. weos @ T wcos 0
L e R e b
= . Egcos 8 {1_6-(1+jw(coga)/,,“’
22(')’+j_9_%)§1)
Eocos0

2Z[a+58(1 4+ ncos )] X

{1_6-[a+.jﬂ(l+ncoso)]l’ (67)
APPENDIX C
List of Symbols

Symbols in heavy faced type, as I, E, Z stand for
vector quantities.
L = Seriesinductance of antenna conductors, henrys
per kilometer.
C = Shunt capacity of antenna, farads per kilometer
R = Effective series resistance of antenna, ohms per
kilometer
G = Leakage conductance to ground, mhos for one
kilometer, (effectivevalue at high frequency)
Z = Characteristic or surge impedance of antenna

Z = 4 Btjel or for most purposes at radio
G+jwl
frequency Z = v/ L/C

y = Propagation constant for antenna

Y =+v (R Tj wl) (G Tj wC)

a = Attenuation constant per kilometer = real part
of y. If wL is large compared with R, and
wc large compared with G, @ = R/2 +/C/L
+G/2 \/C/L approximately

7B = Imaginary component of v, or g = Wave
length constant of Antenna. y = a tja.

For most purposes at radio frequency g
= w +/ L C approximately
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u = Antenna wave velocity, kilometers per second
u = w/Boru =1/+/LC approximately
v = Velocity of space waves
= Velocity of light = 3 X 1 kilometers per
second
= Velocity ratio of antenna = /v

f = frequency of signal waves, cycles per second

>

. 3 X 1k
A = Signal wave length = ———— kilometers
w =2xf
¢ = Base of natural logarithms = 2.718 & =
100.4343;:
! = Length of antenna in kilometers
6 = Angle between direction of signal and direction

of antenna

E, = Measure of signal intensity = Induced volts per
kilometer in horizontal conductor parallel to
signal direction

I, = Current at receiver end of antenna (both ends
of antenna assumed to be damped by surge
impedance) -

I. = Current at back end of antenna (both ends
assumed damped)

p = Specific resistance of earth, ohms for one centi-
meter cube.
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Discussion

H. H. Beverage: Since the wave antenna paper was written,
more quantitative measurements have been made on the effect-
ive height of the wave antenna. Tbe measurements mentioned
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in the paper gave the ratio of horizontal to vertical voltage
gradient as 30 per cent. This measurement was based on com-

paratively few observations and was not checked simultaneously
against an antenna of known effective height. Furthermore,
the measurements were based on vertical gradients calculated
by Austin’s formula, which gives values much lower than ob-
served values at certain periods of the day.

Recently, a much more accurate quantitative method has been
developed for measuring signal intensity, and many measure-
ments have been made on the wave antenna at Belmar. In this
case, the effective height of the wave antenna was determined by
simultaneous observations on a vertical antenna of known effect-
ive height. Measurements made by H. H. Beverageand H. O.
Peterson indicated that the average effective height of the Belmar
long wave antenna was 200 meters.  Since the horizontal length
was 12,500 meters, the horizontal potential gradient is 16 per
cent of the vertical potential gradient. At 11,000 meters, the
effective height was somewhat greater than this average value,
and at 19,000 meters the effective height was lower than the
average value. These observations give the same order of
magnitude as the calculations by Zenneck’s formula for wave
tilt.

On short wave lengths, that is, 200 to 600 meters, the horizon-
tal gradient appears to be around 5 per cent to 6 per cent of the
vertical gradient over soil of moderately low conductivity such
as is found at Belmar. This increase in tilt with shorter wave
length is in accordance with Zenneck’s formula.

A further check on the wave tilt theory has been noted by
comparing the effective height of short wave antennas over earth
o high and low conductivity. These antennas were about 400
meters long, and measurements made by Peterson on 4060 meters
indicated that the signal strength on an antenna over moderately
conducting groundwes three to four times as great as on a similar
antenna partly over salt water and partly over a marsh. In this
case, comparisons were made directly with a local loop in order
to check the field intensity in the vicinity of the wave antennas.
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