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DEVELOPMENT OF RADIO AIDS TO AIR NAVIGATION*

BY
J. H. DELLINGER AND HARADEN PRATT

(Bureau of Standards, Washington, D. C.)

Summary-The development of aircraft has reached a stage where
further progress depends upon the conquest of adverse meteorological con-
ditions. The most promising avenue to such mastery of the elements is
through adaptations of radio. Intensive work extending over two years has
resulted in the development and practical demonstration of a complete set of
radio aids to flying on the civil airways of the United States. This develop-
ment was carried on by the Bureau of Standards for the Aeronautics Branch
of the Department of Commerce.

The radio aids, which will now be installed on the principal airways,
comprise a radio beacon system and telephone service from ground to aircraft.
The required radio equipment on the airplanes is reduced to a short pole antenna
and a simple receiving set weighing a few pounds, including a visual indicator
which tells the pilot whether he is on the course or how far off. AU of the
expensive and powerful apparatus necessary for the system is on the ground,
maintained by the Government.

The radio beacons operate in the frequency band 285 to 315 kc and the
telephone stations in the band 315 to 350 kc. These are allocated to air service
by the 1927 International Radio Convention. For the present the beacons
are adjusted to the frequency of 290 kc and the telephone stations to 333 kc.

The directive radio beacon is a special kind of radio station, usually lo-
cated at an airport, just off the landing field. Instead of having a single an-
tenna like an ordinary radio station, it has two loop antennas at an angle with
each other. Each of these emits a set of waves which is directive, i.e., it is
stronger in one direction than others. When an airplane flies along the line
exactly equidistant from the two beams of radio waves, it receives signals of
equal intensity from the two. If the airplane gets off this line it receives a
stronger signal from one than the other.

The indicator connected to the receiving set on the airplane shows when
the signals from the two beams are received with equal intensity, by means of
two vibrating reeds which are tuned to different modulating frequencies used
on the two antennas at the directive radio beacon station. When the beacon
signal is received the two reeds vibrate. The tips of these reeds are white in a
dark background so that when vibrating they appear as a vertical white line.
The reed on the pilot's right is tuned to a frequency of 65 cycles and the one on
the left to 85 cycles. It is only necessary for the pilot to watch the two white
lines produced by the vibrating reeds. If they are equal in length, he is on his
correct course. If the one on his right becomes longer than the other, the
airplane has drifted off the course to the right (into the region where there is
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Dellinger and Pratt: Badio Aids to Air Navigation 891

more of the 65 cycles). If he drifts off the course to the left, the white line on the
left becomes longer.

Successful flights have been made up to 185 miles, in fog and over hazard-
ous mountain terrain. This distance is more than enough to demonstrate
the success of the system, as it is contemplated that the directive radio beacon
stations will be placed not over 200 miles apart. Beacons placed at such dis-
tances, with a straight airway between them, will be supplemented by small
marker beacons at intervals along the route. A characteristic signal from a
marker beacon will show on the visual indicator aboard the airplanes what
point is being flown over.

The whole receiving system comprises a small indicator unit on the
instrument board weighing one pound, a receiving set weighing less than
15 pounds, and a 15 -pound battery. The receiving system is very little
affected by interference, including engine ignition interference, which has
hitherto been the bar to satisfactory use of radio on airplanes.

INTRODUCTION

THE urge for dependable instrumentalities of aerial navi-
gation has become progressively more intense: a natural
consequence of the development of more reliable aircraft,

the successful accomplishment of pioneer long-distance flying,
and the commercial operation of scheduled air services. The
operation of aircraft is peculiarly subject to uncontrollable
meteorological conditions. The very navigational means which
such conditions demand have hitherto been lacking.

The period preceding the World War saw aeronautics de-
velop out of the stage of experimentation into the stage of fact
and reality. The war provided a field of use which stimulated
intensive development in everything aeronautic, creating a
foundation of experience upon which this new instrumentality
of transportation has since grown. During the war the use of
radio as an adjunct to military flying received some attention,
and both telegraph and telephone sets were successfully used
for moderate distance communication.

In Europe, aeronautic post-war development took the form
of subsidized air passenger lines operating on schedule. The
problem of maintaining schedules during fog and bad weather
very soon required the use of radio as a navigational aid. The
form in which radio has evolved, to assist bad -weather flying in
Europe, is a two-way radio telephone (or telegraph) communica-
tion service between ground and aircraft, supplemented by a
system of position finding by means of direction -finder stations
on the ground. Upon radio request from an aircraft, two or more
ground direction -finder stations locate the aircraft by triangula-
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tion and send the information back. The operation is similar to
that of the radio compass service rendered by our Navy Depart-
ment to merchant ships entering American ports.

In our country, aeronautic post-war development largely
took the form of air mail service, operated first by the Govern-
ment and subsequently by private contractors. The first success-
ful experiment in regular cross-country night flying was instituted
by our Post Office Department between Chicago and Salt Lake
City in 1924. Besides establishing lighted airways, the Depart-
ment also provided advance weather service by radio telegraph
between landing fields.

These substantial advances in aerial transportation brought
out more strongly than ever before the need for better navigation
facilities, as upon these depended the betterment of flying
schedule reliability and the reduction of the hazards associated
with unfavorable weather.

Recognizing this need, under the Air Commerce Act of 1926
establishing commercial airways, Congress provided funds to
develop and maintain aids to navigation on the airways. Ac-
cordingly, shortly after its formation in July, 1926, the Aero-
nautics Branch of the Department of Commerce began a program
of establishing aids to navigation on the nation's airways. The
aids determined upon were: upper air weather information,
airways lighting for night flying, and radio aids. It was recog-
nized that radio offered important advantages in the way of
communication between the ground and air and also direct
navigational assistance. As there had been little or no experience
in the use of radio under the conditions of flight on the civil
airways in the U. S. (the Air Mail Service did not employ radio on
its airplanes), it was not immediately evident what form these
radio aids should take.

A research division of the Aeronautics Branch was organized
in the Bureau of Standards to undertake the necessary experi-
mentation and development in this field. It is the development
work so far done under the Act that this paper describes.

EARLY WORK

As already mentioned, radio communication between aircraft
and ground received some development during the war. Such
communication is a powerful aid to air navigation, since in con-
ditions of storms or poor visibility the pilot can be informed of
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conditions along his route or told where a landing can be most
safely effected. The first attempts to develop a radio device as
an actual navigation instrument involved the direction finder,
which had been developed and used with great success in marine
navigation. It was not possible to duplicate this success in air
navigation. Engine ignition system interferences, limited space,
excessive noise, and preoccupation of the pilot diminish the
probability of taking useful bearings on airplanes with direction -
finding coils. Even the use of schemes' whereby a bearing could
be taken by comparing head telephone signals of equal intensity
do not escape these disadvantages. There have been instances'
of successful use of direction finders on airplanes, but the dis-
advantages mentioned are inherent.

The reverse procedure' (use of direction finder on the ground)
is employed successfully abroad, as previously mentioned.
However, only aircraft having complete transmitting and receiv-
ing sets can receive aid from this system. This eliminates the
small airplane. Furthermore, errors in the bearings taken are
apt to result with this system owing to the inclination of the
airplane transmitting antenna.*

The next effort to develop a radio navigational device was
the development by the Bureau of Standards of a special type
of radio beacon in 1921. Working on the air navigation problem
at the request of the Army Air Service, the Bureau devised the
crossed -coil or double -beam directive type of radio beacon.*
This beacon consists essentially of two separate coil antennas,
set at an angle with each other, which send signals at alternate
intervals. Equality of signal strength from the two antennas is
obtained along a line bisecting the angle between the planes
of the two antennas. The advantage of the system is that its use
requires nothing more than a radio receiving set on the airplane.

In the early work a switch was used to throw the radio -fre-
quency power from one antenna to the other.' Tests made at

1 "Direction Finders for Aircraft," J. Robinson; Wireless World, 7,
p. 475; 1919.

2 "Use of Radio in Airplanes," P. Franck; L'Onde Electrique, 2,
p. 200; 1923; 7, p. 109; March, 1928.

'Wireless Bearings from the Air." Wireless World and Radio Review,
18, pp. 866-868; June 30, 1926.

4 "Stationary and Rotating Equisignal Beacons," W. H. Murphy and
L. M. Wolfe. Journal Society Automotive Engineers, 19, p.209; September,
1926.

6 "A Directive Type of Radio Beacon and its Application to Naviga-
tion." F. H. Engel and F. W. Dunmore, Bureau of Standards Scientific
Paper No. 480, 1923.
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Washington on the ground and on ships showed that a course
was effectively marked out, permitting navigation without aid of
landmarks, compass, or other navigational device. The apparatus
was next set up at Dayton, Ohio, and tests made in the air.
The method was successful in airplane flights, and had the
important advantages that it required no special apparatus to
be carried on the airplane and that no error was introduced by

wind drift.
In the following four years, the Army engineers at Dayton,

Ohio, developed the beacon further'; in particular, they devised
a signal -switching arrangement such that the signals from the
two antennas merge into a steady dash when on the course,
giving an added criterion besides that of equal signal intensity
to enable the observer to tell whether he is on or off the course.
They also introduced a goniometer, or mutual inductance
device, to permit orienting the course in any desired direction
without moving the antennas.

RECENT WORK

Under the stimulus of the Air Commerce Act, the Bureau of
Standards again undertook this field of investigation in 1926,
this time for the newly formed Aeronautics Branch of the
Department of Commerce. As a first step, a conference was
called June 22, 1926, to secure information and advice from
various organizations which had experience bearing on these
problems. As a result of its recommendations the development of
radio aids for the airways of this country was immediately begun,
the principal features to be radio telephony from ground to air-
craft, and a radio beacon system.' One of the major considera-
tions in narrowing the choice of radio aids to these two was the
idea of minimizing the apparatus which would have to be
carried aboard the airplanes. The system adopted requires only
a simple receiving set to be carried by an airplane. With this set
it receives radio telephone information on weather conditions,
etc., and also the radio beacon signals to guide it along its course.
All of the complicated and expensive apparatus is on the ground
at the transmitting end, to be maintained by the Government.

During 1926 and 1927 the Bureau established two experi-
mental radio telephony and beacon stations to carry on its work,

Applications of Radio in Air Navigation," J. H. Dellinger. Engi-
neers and Engineering, 43, p. 301; Nov. 1926; Mechanical Engineering,
49, p. 29; Jan., 1927.
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one at College Park, Md., and one at Bellefonte, Pa. The latter
was chosen so that practical radio test flights and service flights
could be undertaken over a difficult sector of the transcontinental
airway.

INTERLOCKING TYPE OF DIRECTIVE BEACON

A simplified circuit arrangement of the beacon is shown
in Fig. 1. A 50 -watt master oscillator with two 250 -watt ampli-
fier tubes supplies power to two loop antennas. A 500 -cycle
generator supplies plate power. With this arrangement coil
antennas of a type capable of rotation are used to permit orienta-
tion of the course.

Fig. 1.-Diagram of Elementary Directive Beacon Circuit Employing
Rotating Loop Antennas.

While some of the first beacon set-ups employed quenched -
spark sets to provide the radio -frequency power, the College
Park beacon started from the first with vacuum -tube equipment.

To permit orientation of the course in any direction when
large fixed antennas are used, the circuit arrangement shown in
Fig. 2 was set up at College Park. This is substantially the
arrangement developed by the Army engineers. A four -coil
goniometer was interposed between the amplifier plate circuits
and the antennas, so that the currents in these antennas due to
the driving voltage of one primary goniometer coil would create
a resultant field corresponding to that which would be produced
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by an imaginary or phantom loop rotating with the primary coil.
Two such phantom loops, rotating as the two primary goni-
ometer coils rotate together, set up the course or equisignal zone
and allow it to be oriented at any angle without any variation
in the field intensity produced.

Fig. 2 also shows the circuit arrangements for the sending
of the interlocking signal. As the cams rotate slowly, ampli-
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Fig. 2.-Diagram of Interlocking Signal Type of Directive Beacon Circuit
Equipped with Fixed Loop Antennas and Goniometer.

fier tube 1 is excited with the Morse letter A and amplifier tube 2
with the letter N. The two are so interlocked that if the outputs
of both amplifiers were fed into a common circuit only a long
dash would result. It is to be noted that tubes 1 and 2 never
receive any grid excitation simultaneously. An observer located
on a line bisecting the angle between the two phantom loops,
receiving signals of equal amplitude from each loop, would
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therefore hear only long dashes. Were he not on such a line,
then he would hear a preponderance of either letter A or N
depending upon the distance away from the line.

Fig. 3 shows a diagrammatic representation of the interlocking
signal for different angular positions around the beacon. As might
be concluded from inspection of this diagram, some training and
skill are necessary to determine direction sharply by listening
to these signals.

 MB =NAL FROM COIL. A =I0 0 ft N

Fig. 3.-Interlocking Characteristic of Equisignal Radio Beacon, Showing
Change in Relative Intensity of the Two Signals Received on an Air -
draft Flying around the Beacon.

The diagram of Fig. 4 shows further refinements and simpli-
fications resulting in a circuit which has been in use for practical
test flying for nearly a year. Small relays serve to provide the
interlocking through control of grid current. The master oscilla-
tor uses one 250 -watt tube and the amplifiers two 1000 -watt
tubes. The type of goniometer used is shown in Fig. 5. It has
two rotors each wound with 8 turns of No. 12 bare copper wire
and two stator coils each wound with 32 turns of insulated wire.
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The stator coils are the primary input coils from the amplifier
tube plate circuits. It is because this gives a more simple me-
chanical design that the secondary coils are the ones capable of
rotation. With this construction, therefore, the phantom loops
revolve in the opposite direction to the revolution of the rotor
coils, and care must be exercised to engrave and mount the
indicating dial to take that fact into account.

F g. 5.-Double Rotor Type of Goniometer Used with Modulation Type
Directive Beacon.

A number of disadvantages are inherent in the aural inter-
locking beacon system as described, and the Bureau undertook to
investigate these and seek measures for improvement. The
obvious advantage of having a visual indicating instrument
rather than using the aural (telephone receiver) method made the
development of a visual system the first objective. Another ob-
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jective was the reduction or elimination of apparent errors in
the observed course due to slanting airplane antennas and other
causes.

Several methods of operating a visual device for a directive
beacon system have been tried. The Army Air Corps worked out
a sequence relay arrangement whereby the letter A of the
interlocking signal would light a red lamp on the airplane instru-
ment board, the letter N a green lamp, and the interlocked
dash a white light. This system has not been found practical
because of the complications of the special apparatus and its

A

A
Fig. 6.-Field Intensity Distribution Diagram for Early Type of Modula-

tion Beacon System.

weight, and also the disadvantage that it indicated only whether
the airplane was on or off the correct course, giving no infor-
mation as to how far off it might be.

MODULATION TYPE BEACON

The Bureau attacked the problem of visual indication from
another angle. It was determined to try the possibilities of ener-
gizing both antennas simultaneously and modulating each by
a different audio frequency. Means for separately selecting
these modulated frequencies in the receiving set would permit
the operation of some indicating device.
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As a first step in this development, a method was tried which
required only a single source of audio -frequency modulation.
Reference to Fig. 4 shows that if both amplifier tube grids
receive excitation from the master oscillator simultaneously,
power can be supplied to both loop antennas together. Owing to
the method of supplying plate voltage whereby plate current
flows only when the audio -frequency alternating supply voltage
is positive, radio -frequency current flows in only one antenna at
any given time.

An observer, therefore, exploring the field around a beacon
station so connected and excited from a 500 -cycle alternator,
will encounter, as indicated in Fig. 6, two wide zones A where
signals of 500 -cycle pitch from loop antenna A will be heard.
Similar signals will be heard in two other wide zones B from loop

A A

F g. 7.-Circuit Diagram for Visual Indicator Using Glow Lamps.

antenna B. In four other narrow zones C, signals of 1000 -cycle
pitch will be heard, due to the combined presence of approxi-
mately equal signals from both loop antennas. Since the audio -
frequency modulation of one antenna lags one-half cycle behind
that of the other, the two received together produce the 1000 -
cycle pitch. If the observer moves from a zone C to either zone
A or B, he finds a location where the amplitude of the received
500 -cycle current equals that of the 1000 -cycle. The eight dotted
lines indicate the location of the eight places where such equality
exists.

It was thought that if a suitable visual device eould be
developed to indicate when equality of the 500- and 1000 -cycle
currents was present, then these dotted lines would constitute
radio courses. Such a beacon transmitter contained the very
desirable feature of simplicity, particularly as with a push-pull
connection of two tubes in the master -oscillator circuit the same
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alternator could be used for all tubes, grid excitation voltage
in this way being present whenever either amplifier tube plate is
positive.

Two visual methods were attempted. Fig. 7 shows a neon
lamp device. The output of a receiving set was fed into two
selective circuits containing the lamps. Both lamps lighted
indicated the position of the course location. One lamp lighted
meant off course on the side corresponding to the frequency used
to light it. This method was abandoned after several trials be-
cause of the need for too many amplifiers to operate the lamps,
nor could the distance deviated from the course be told as the
lamps were either lighted full or not at all.

Fig. 8 shows the other visual scheme tried. Here the selected
audio -frequency currents are rectified and the direct -current
outputs connected opposed to a center zero d.c. microammeter.
The needle stands balanced at zero with equality of the 500 -

Fig. 8.-Circuit Diagram for Visual Indicator Using Zero Center Micro -
ammeter.

and 1000 -cycle currents, with a swing in the appropriate direction
resulting from "off course" positions. The observer here could
estimate his distance off course, but a new disadvantage arose.
If all is well and the airplane is flying on the course with balanced
needle at zero, the beacon might accidentally stop without the
pilot becoming aware of it. This actually occurred twice during
test flights near College Park.

Although much work was done on this visual system, it was
finally laid aside as impractical because of serious inherent de-
fects. Unduly special receiving circuits were needed. The course
could be shifted while flying by changing the radio -frequency tun-
ing, thereby changing the relative magnitudes of the side -band
amplitudes corresponding to the 500- and 1000 -cycle currents.
Frequent rebalance of the rectified currents through the micro -
ammeter was necessary. And last but not least, eight courses
around a beacon, with pairs of them only a few degrees apart,
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proved to be very confusing to the pilots who had opportunity
to try it, constituting an arrangement which might have an
element of danger.

It was therefore decided to try a system in which two inde-
pendent modulation frequencies are supplied in the beacon
transmitter. This system results in four instead of eight courses,
as shown in Fig. 9. To eliminate the wide sidebands of the
previous system, low modulation frequencies seemed desirable.
It then became possible to use a very simple vibrating steel reed
as an indicator. On the airplane the receiving set output is fed
to the indicator consisting of small electromagnets between which
two vibrating polarized steel reeds are mounted. The reeds are
tuned mechanically to the frequencies of the beacon modula-
tion voltages.

Fig. 9.-Field Intensity Distribution Diagram for Modulation Type of
Beacon.

Simplicity of operation has resulted. An ordinary receiving
set, with the small reed unit which weighs less than an oritnar3-
pair of head telephones, constitutes thiairplane radio equipment.
The reeds vibrate with equal amplitude when on the course.
When off the course, the observer can estimate the distance he
is off by noting the relative reed amplitudes. An advantage of
the system is that if the beacon ceases to function the observer
is aware of it, whether he is on or off course. A still more im-
portant advantage is that, owing to the sharp mechanical tuning
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of the reeds, they are immune to interference that would entirely
ruin aural reception, unless the interference is of such strength
as to overload completely the receiving set.

BEACON TRANSMITTING APPARATUS

The first practical attempt to produce workable signals was
carried out with a master oscillator operating with a direct -
current plate supply. One of the amplifiers was supplied with
plate power from a transformer connected to the commercial
60 -cycle supply line, and the other amplifier supplied with 86
cycles obtained from a small alternator. Two reeds tuned to these

Fig. 10.-Temporary Beacon Apparatus for Modulation System, Installed
at College Park, Md.

frequencies were made up and full scale deflections were obtained
at a distance of ten miles with a suitable receiving set. Upon
trial in flight an observer equipped with reeds tuned to these
modulating frequencies experienced no difficulty in guiding the
airplane by giving instructions to the pilot.

It was observed when making a field intensity survey of
signals from this beacon, that symmetrical figure -eight patterns
were not secured when the stator coils were set at right anles to
each other. It was found necessary to set the stator coils that



Dellinger and Pratt: Radio Aids to Air Navigation 905

there would be no inductive coupling between them. Some of
these effects appeared due to couplings between different parts of
the system. It was also found that a more steady source for the
low -frequency currents would be needed. The commercial power
supply frequency varies in Washington as much as ±0.15 cycle
while the reeds required steadiness within ±0.05 cycle.

It was accordingly decided to secure the low frequencies from
two vacuum -tube driven tuning forks and then modulate the 290-
kc carrier in the two respective amplifier branches from these
using either grid or plate modulating methods. The system
was therefore set up in this way using d.c. plate power supply
throughout, though at first vacuum -tube oscillators were em-
ployed instead of tuning forks. Their frequencies were held
sufficiently steady by hand -operated trimming condensers so
they could be used for experimental purposes. Fig. 10 shows
the first temporary setup of apparatus at College Park. Fig. 11
shows the circuit arrangement. The master oscillator employs a
7.5 -watt tube. This supplies grid voltage for both of the first
tubes of the two sets of amplifiers, which are also of 7.5 -watt size.
Following this is a stage consisting of two 50 -watt tubes in parallel
followed by a single 1000 -watt tube. Voltage from the low -
frequency oscillators marked A and B in Fig. 11, which also use a
7.5 -watt tube each, is applied in each case to the grids of two
7.5 -watt modulator tubes connected to the plate of the 7.5 -watt
radio -frequency amplifier tube in the usual Heising fashion. A
goniometer of different design was also introduced, having two
sets of rotor coils in series, each set being in the field of one of the
stator coils. The purpose of this construction was to separate
the stator coils and reduce coupling between them.

Upon investigation many stray capacitive couplings were
found in the system. For example a 10 to 15 per cent capacitive
coupling was found to exist between the stator coils due to their
position with respect to each other. A like amount was found
between the stator coils due to the couplings between them and
the common rotor system which, while it did not manifest itself
as a coupling between the stators, resulted in capacity currents
flowing out through the rotor coils into the horizontal portions
of the loop antennas. These currents, being of different phase
from those normally flowing, introduced errors and dissymmetry.
These couplings were largely overcome by placing copper
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screens between and around the stator coils, and grounding both
rotor systems at their center point so that capacity currents leave
the system by that return instead of via the antenna wires. It
was also found necessary to shield carefully all the amplifier
stages as well as the master oscillator, and introduce choke
coils with bypass condensers at strategic points so as to prevent
cross couplings between the two amplifier systems.

Some remarks concerning the field patterns produced by this
system may be of interest. In vector diagram, Fig. 12

Es, is voltage across upper stator coil S1 of goniometer
E8, is voltage across lower stator coil 82 of goniometer

connected

ER1, is voltage in upper rotor coil R1' of goniometer in series
ER," is voltage in lower rotor coil R1" of goniometer with an-

tenna 1.

connected
ER,. is voltage in upper rotor coil R2' of goniometer in series
ER," is voltage in lower rotor coil R2" of goniometer with an-

tenna 2.
Si and 82 are at right angles to each other
R1' and RI" are in the same plane.
R2' and R2" are in a plane at right angles to rotors R1.
P is the position of the observer considered to be in the

horizontal plane containing the radio station.

(Eat,-ER1 )

Fig. 12.-Vector Diagram of Goniometer and Antenna Currents.

For the sake of clarity, since the rotor currents are the same
as the antenna currents, and the antennas are fixed in space,
this treatment can be simplified by considering the stator coils
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as the ones rotated. This has not been done with the equipment
because of mechanical reasons, a better structure resulting when
the antenna coils are the ones capable of rotation.

Whenever observer P is in such a location that he obtained
equal field intensities from the two phantom beacon antennas,
and these intensities become unequal as the observer moves
away transversely in either direction from the place of equality,
then a radio course can be said to exist.

The field intensity at P will be

E,=K[(ER,+ER,-) cos 8+ (ER,-FER,-) sin 81 (1)
The rotor voltages will be

ERi = AE8, cos 0

ER,=AEs, cos (90+0)
ERe= AEsi sin 0

ER,"= AEs, sin (0+90)

The antenna voltages will be

ERe-FERi- = A Es, cos 0- AEs, sin 0 (2)
= A Es, sin 0+ AEs, cos 0 (3)

where K and A are constants.
Combining equations (1), (2), and (3) and simplifying

E,= AK [Es, cos (0-8)-Es, sin (0-8)] (4)

This shows that for any fixed position of the coils, the field
pattern will be two cosine curves at right angles to each other,
as polar functions of angle S.

The field intensity observed at a fixed point P varies in the
same manner as the coils are rotated. If no modulation is im-
pressed on either amplifier system, and taking

Es,= Es,= Es

E,= A KE sin(0- - 21) (5)4

The existence of such a single figure -of -eight pattern which
rotates when the coils are turned was verified by observation.

Of interest is the situation when one rotor coil is reversed.
The vector diagram of Fig. 13 applies. Here equation (3) must
be written

ERe-ER,,,=AEsi sin 0- AEs, cos 0 (6)
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and equation (4) becomes
E,=AK[Es, cos (0 -6)]-Es, sin (0+6) (7)

In this case when the coils are rotated the cosine and sine
field intensity patterns revolve in opposite directions, and the
course cannot be oriented where desired. It lies on the same
axis at all times. This relation can be written in another form
taking the case of no modulation, with

EB1= Es:= Es
E,= AKEs(cos 0 cos 5+ sin 0 sin 6-sin 0 cos 5 - cos 0 sin 5)

E,=2AKEs cos (0 +--74) sin) sin (5 +2-r-) (8)

Fig. 13.-Vector Diagram of Goniometer and Antenna Currents with One
Secondary Coil Reversed.

Here it can be seen that the only effect of changing the angular
position of the coils, which means a change in 0, is to control
the amplitude of the sine curve field intensity pattern. When

7r 57
=

4
- or - no external field exists as E, is zero. At angles

4

4

3 7r 7w
and - the two components of the field are in phase and

4
no course exists in the sense as defined above.

Care must therefore be taken when connecting up an ar-
rangement of this kind, not to get one rotor coil reversed. This
can be very easily checked by noting the antenna currents. When
correctly connected the antenna currents, resulting from the
voltages expressed by equations (2) and (3), are such that when
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there is a rise in one, a fall occurs in the other when the goni-
ometer is rotated. If incorrectly connected the currents are as
expressed in equations (2) and (6) and rise and fall together as
the goniometer is turned.

So far we have assumed resonance in the antennas with
voltages and currents in phase. This has permitted the writing
of a direct relation between field intensity and stator coil voltage.
Another matter of interest, therefore, is what occurs when these
antenna currents are out of phase. Such a condition can occur
from several causes, but the most likely one from a practical
standpoint is that due to the antenna circuits getting out of tune.

The loop antennas at College Park operate at 290 kc and
are tuned with condensers of 0.0006 tif in series. The total loop

Fig. 14.-Circuit Relations in Goniometer-Antenna System.

resistance is about 8 ohms. If the capacity of one loop were in-
creased and that of the other decreased a like amount, reducing

1

2
the loop currents to

V-=
(their normal values) then these currents

would be in quadrature. This would result in a rotating field
and the field intensity would be the same at every point around
the beacon in the case of no modulation. For a phase difference of
less than 90 deg. the locus of the rotating vector would be
elliptical and the pattern of field intensity would have two
minima which become less sharply defined as the phase difference
increases. Observations taken by means of a thermoelement
at a distant receiving point, as the goniometer is rotated, can
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thus be used as a ready check upon the equality of phase adjust-
ment of the antenna currents.

With modulation impressed on the two antenna currents, no
difficulty is encountered by reason of a phase displacement, pro-
vided each modulating frequency is entirely confined to its own
antenna.

The matter of inequality of these phase angles, however, is
important, as it introduces reaction back into the primary coil
circuits. Referring to Fig. 14, L1 and L2 are the input goniometer
coils, and L3 and L4 those connected to the antennas. As the two
input circuits are identical with the same voltage impressed on
each of them, we can put

M1= M4 = M cos 0
M2 = M3 = M sin 0

+jcoLs = R2 +3COL2 = Z
1

R4 +j(COL4 co-c4) = Z4

1
R3 +.(COL3 - co-ci) = Z3

The following relations can be written
El= /1Z +jwMI4 sin 0+jcoM/8 cos 0 (9)

E2 =12Z +jwMI4 cos 0 +.4i)MIa sin 0 (10)

0= /sZa+jaiM/1 cos 0 -jcoM/2 sin 0 (11)

0= /4Z4-FjcoM/i sin 0+.fraM/2 cos 0 (12)

From (11) and (12) we get

/3"=-(/2 sin 0-Is cos 0) (13)
Zs

jwAI
14 = -(12 cos 0-71 sin 0) (14)

Z4

If the impedances Z3 and Z4 are made equal, the antenna
currents will be in phase. This condition is fulfilled when both
circuits are in resonance, and the values of Is and /2 become after
placing values for /3 and 14 in (9) and (10)

Es
=

(42M2
+

Zo

(15)
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E2/2- (16)
co2M 2

Z
Zo

where Zo is the antenna impedance, or in the case of resonance
its resistance. Here the values of currents /1 and /2 are indepen-
dent of the coil angle. It can be seen in this case that the current
in each primary circuit is due only to the applied voltage of its
own circuit.

If E1= E2 = E and Z3 is not equal to Z4 in which case the an-
tenna currents are not in phase, the solutions for /1 and /2 are

w2-4
Z+ w1

1 w2m2 1 1(
Z4

)+-(-
2 Z3 Z4

04z3--z-4)sm(20 4)
E-

O M' (02 312
-(17)

(Z4 (Z4-
Z3

(02 M2 (..)2 3/2 1 1 (42 M2 1 1 al(Z
Z4 2 \Z3 Z4/+

(i3- OSin(-F20
4

12=E (18)

(Z-f-w-2312) (Z+w-21112)
Z3

and it can be seen that these currents vary with the angular
position of the goniometer primary and secondary coils to each
other showing that one primary circuit reacts on the other
primary circuit by way of the antenna circuits.

If El and E2 are each modulated to one of the desired low
frequencies, such as 65 and 86 cycles, the expressions for I1 and /2
become much more complicated and I1 will contain a component
due to voltage E2, and /2 likewise will have a component due to
voltage E1, for all values of angle 0 except certain multiples of z.
This situation is equivalent to that produced by coupling
between the amplifier systems which introduce distortion in the
output characteristic. The maintenance of resonance in both the
antennas therefore constitutes an important operating condition.

RECEIVING EQUIPMENT

The only airplane antenna system that has been found ef-
fective heretofore is the weighted trailing wire. This, generally
speaking, has marked directive properties* so that unless it lies
in the plane containing the transmitting station, erroneous indi ca-
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tions of the beacon course are received.' When near the beacon
so that the vertical angle of the airplane position is appreciable,
further errors arise. The trailing wire antenna is annoying to
handle and also dangerous, and when made of large substantial
material hangs at a still more unfavorable angle.

Were it possible to receive sufficient signal strength, a short
trailing wire about 20 ft. long would suffice and would have
some advantages, as tests show that with a proper stream -lined
weight an antenna of this length will hang nearly vertically
even with a heavy wire.

Fig. 15.-Airplane with Vertical Pole Antenna Installed.

Receiving sets have been developed of a sensitivity sufficient
to use such an antenna effectively, developing an output at the
modulated frequencies of about 10 volts. This gives satisfactory
reception of the beacon signals at a distance of 100 miles with
10 amperes antenna current fully modulated.

To simplify further the airplane antenna structure, flight
tests were made with a vertical metal pole ten feet high mounted
on the airplane. (See Fig. 15). Used in conjunction with specially
designed receiving sets described below, this type of antenna was

7 Space Characteristics of Antennae. W. H. Murphy. Journal of
the Franklin Institute, 201, pp. 411-429, April, 1926; 203, pp. 289-312,
Feb., 1927.



914 Dellinger and Pratt: Radio Aids to Air Navigation

found to be very satisfactory from all standpoints. No apparent
errors in the beacon courses could be noticed. With the trailing
wire it was a very difficult feat to guide an airplane right to the
beacon, and it became impossible when a side wind produced a
slide slant to the antenna. With the vertical pole antenna it
became very simple to fly directly towards the beacon. Further-
more since a horizontal electric field induces no current in the
vertical pole antenna and as no vertical field exists directly above
the beacon station, there is a cessation of signal at the moment
when the airplane passes over it. The beacon can thus be located
within 100 feet when the airplane is not over 1000 feet above it,
a most valuable aid to landing in fog.

Fig. 16.-Special Receiving Set Developed for Aircraft Reception of?Radio
Beacon and Telephone Signals.

Receiving sets have been developed for this work which
supply ample voltage for operating the visual indicator unit,
with a radio -frequency input voltage of as low as 10 microvolts.
These sets (see Fig. 16) are equipped with a uni-tuning control
to cover the aircraft telephone and beacon frequency bands
extending from 285 to 350 kc, allocated by the 1927 International
Radiotelegraph Convention. The set has an audio -frequency
amplifier which is efficient down to 50 cycles; it weighs from 12
to 16 lbs., depending upon the design. A small panel, mounted
in the cockpit or on the instrument board, contains a volume
control, battery voltmeter, filament switch, and jack for head
telephones. The pilot adjusts the volume control to maintain a
convenient amplitude of vibration of the reed indicator.
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With sets of this sensitivity, full range of operation cannot
be secured without careful engine ignition system shielding.
Merely shielding the high and low tension wires is not sufficient.
The spark plugs must also be screened. It seems that the ad-
vantages of the vertical pole antenna must be purchased at the
price of installing spark plug shielding, which entirely eliminates
the undesired interference. There is sufficient room on the
modern radial type of airplane engine to accommodate spark plug
covers, and a successful installation of this kind has been made
at College Park. It is expected that suitable spark plugs and
shielded wire harnesses to connect with them will be available
on the market in the near future.

Fig. 17.-Reed Indicator Unit with Spring Holder

Figs. 17 and 18 show one type of reed indicator unit. This
unit is designed to match the output impedance of the receiving
set, which is between 4000 and 7000 ohms, and gives full scale
deflections with from 4 to 10 volts across the terminals. The
indicator reeds may be all steel, or may consist of a small steel
armature with the principal vibrating portion of elinvar. The
latter has the advantage that the reed tuning is practically
independent of temperature because the modulus of elasticity of
elinvar has a negligible temperature coefficient. When an all -
steel reed is used, the effect of temperature in varying the tuning
of the reed is such that damping must be provided to make it
respond to frequencies over a range of plus or minus at least
0.4 per cent. The damping is introduced by so shaping the reed
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as to introduce an appropriate amount of surface moving against
the air. With any type of reed some damping is necessary, in
order to keep the reed operative in case small variations of fre-
quency occur in the radio beacon transmitting apparatus.

The indicator unit is placed on the airplane instrument board
in a shock -proof mounting. The indicator with mounting
weighs only about a pound, rather less than a head telephone
set which it replaces. This system thus ideally meets the re-
quirement of minimum weight aboard airplanes. The type of
indicator shown plugs conveniently into its mounting. The plug -

Fig. 18.-Reed Indicator Unit and Holder Mounted on Airplane Instru-
ment Board.

in arrangement has several advantages. It facilitates changing
indicators when the airplane is used on a route in which dif-
ferent modulation frequencies are used at the beacon. It is
also a convenient practice to reverse the connections of the
indicator whenever flying past the beacon by removing the
indicator, turning it upside down, and plugging in again. Then
the convention as to relative amplitudes of reed vibration remains
unchanged. For this reason, the indicator has "From beacon"
and "To beacon" engraved at opposite ends of its face.
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DIRECTION VARIATIONS

The existence of errors at night in the apparent observed
direction of radio stations has long been known.80 Their existence
in the case of the directive radio beacon of the type described
was discovered by one of the authors" during test flights made
in August, 1927."

Investigations as to the causes of direction shifts have been
under way for some time, particularly in England," and experi-
mental proof has been secured that these shifts are due to the
horizontal component of the downcoming-reflected or refracted
wave. Special experiments made upon our beacon stations have
verified this."

As it has been shown and experimentally verified, that the
vertical pole type of airplane antenna is immune to horizontal
electric fields when correctly installed, it is expected that with
it, no night variations of magnitude will be observed.

PRACTICAL APPLICATIONS

By the use of the directive radio beacon, an airplane can be
held on a straight course represented by a zone from 2 deg.
to 5 deg. wide extending from the beacon station. The equipment
described has a reliable day operating range of 100 miles. As

can readily be seen, the controlled flight of the airplane along
this straight course is independent of wind drift, so that the
pilot does not need to take that into account.

However, there is no means whereby the pilot can judge his
distance from the beacon, as a head or tailwind may alter the air-
plane's ground speed. Small marker beacons set at frequent inter-
vals along the directive beacon course will provide this informa-
tion. Tests have indicated that a 7.5 -watt tube oscillator feeding
a vertical antenna, both tuned to the same radio frequency on
the directive beacon, will have a signal range of less than about

"Variation in Direction of Propagation of Long Electromagnetic
Waves," A. H. Taylor, Scientific Paper, Bureau of Standards, No. 353,
1919.

"Some Radio Direction -Finding Observations on Ship and Shore
Transmitting Stations. Smith -Rose, R. L. Journal I.E.E. (London), 62,
pp. 701-711, August, 1924.

10 Haraden Pratt.
" "Apparent Night Variations of Crossed Coil Radio Beacons,"

H. Pratt. Paoc. I. R. E., 16, p. 653; May, 1928.
" "The Cause and Elimination of Night Errors in Radio Direction -

Finding." R. L. Smith -Rose and R. H.Barfield, Journal I. E. E.(London),
64, pp. 831-843; August, 1926.
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three miles. The present modulating frequencies used at the
College Park station are 65 and 86 cycles. By supplying the
marker beacon oscillator with a plate voltage secured from a com-
mercial 60 -cycle supply, a third reed unit on the airplane instru-
ment board tuned to 60 cycles will respond to these markers, and
if each marker emits a characteristic signal at an appropriate
speed, it may be identified by the pilot. Here again, the marker
will have above it a conical region of no signal, made possible
by the vertical pole airplane antenna. This will make the marker's
location capable of definite determination by the pilot.

The successful reception of a characteristic marker beacon
signal with the reeds has demonstrated the feasibility of the
sending of intelligence by telegraphic code over the system.

S.
,

4.

tt
..441t

Fig. 19.-Directive Radio Beacon Station of Bureau of Standards, College
Park, Md.

Weather information, for example, might be sent using a few
simple code groups. Such information can be sent on the reeds
provided for the beacon reception, or on one or more special
reeds.

It has been found that if the two modulating frequencies of
the directive beacon are too nearly alike, the low -frequency
beats between them cause the reeds to flutter. This beat fre-
quency must be sufficiently high so that the reed does not have
opportunity to store up and dissipate energy in its oscillating
state. With the system as now developed, a separation of 20
cycles between the reeds is necessary. This does not permit of
more than two or, at the most, three groups of these frequencies
to be used on the same carrier frequency in any one neighborhood.
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This is not a serious matter as more than two or three groups
in one locality will not be needed.

Since the marker beacon frequency of 60 cycles will not have
a separation of 20 cycles from the 65 -cycle modulation of the
directive beacon, and may not have this separation from some
other directive beacon frequency which may be in operation in
the vicinity, some flutter will occur when very close to the marker.
Tests have indicated that the degree of flutter in that case is not
of a serious nature as the marker beacons use low power and
have a short distance range.

The plugging of a pair of head telephones, or an aviation
helmet equipped with telephone receivers, into the output
circuit of the receiving set, makes possible the reception of
radio telephone messages. The change to the telephone con-
nection involves an adjustment of the unicontrol tuning ele-
ment on the receiving set at present in use. At the present time
the College Park and Bellefonte beacons are adjusted to a fre-
quency of 290 kc and the ground telephone transmitting stations
to the new International calling and distress aircraft frequency
of 333 kc. Suitable stops on the receiving set tuning control
lever adjusted for these frequency settings enable the pilot to
make the change from one to the other with a minimum of effort.

With a ground station power of 1 kw, reliable telephone
signals have been received on an airplane in flight for a distance
of 100 miles. The important limiting factor is the engine ignition
interference, as noise from this source that will not influence the
reed indicator will create serious interference with the reception
of speech. The practical distance range for speech is also some-
what reduced by the presence of a considerable general noise
level on the airplane, which is not a factor in the operation of
the reed indicator. Experience to date has indicated that a some-
what greater distance range may be expected with the visual
indicator than for radio telephony, under similar conditions of
power and receiving equipment.

The combination of directive and marker beacons with weather
and other information broadcast to airplanes by radio telephony,
properly organized, thus provides a complete set of radio aids
for air navigation. They permit flying under conditions of no
visibility, and should add materially to the safety and reliability
of air transportation.

In concluding, the authors desire to acknowledge the parts



920 Dellinger and Pratt: Radio Aids to Air Navigation

played in these developments by their coworkers in the Bureau
of Standards. Appreciation of valuable contributions is extended
to F. W. Dunmore, particularly for ingenious laboratory develop-
ments and basic ideas in connection with the modulation type of
beacon and the visual indicator; to Harry Diamond for the design
and construction of the airplane receiving sets, and the research
incident to the operation of the beacon and its modulating ar-
rangements; and to Dr. E. Z. Stowell for contributions to the
earlier circuit arrangements described and studies of the field
intensity diagrams. Acknowledgments are also due to Captain
Russell L. Meredith, airplane pilot, C. B. Hempel and R. M.
Green for field installations and tests, F. G. Gardner, airplane
mechanic, and L. L. Hughes, D. 0. Lybrand, and R. R. Gessford,
who manufactured much of the apparatus used.


