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"PREFACE

Since this boaok is believed to be the first purporting to discuss
the principles of aeronautical radio engineering, it seems manda-
tory that this subject be defined. Shortly after some enter-
prising individuals began to consider the airplane as the basis for
a different transportation system, it was realized that the means
that had been employed for navigating between fixed terminals
were not applieable to avigating between these terminals, par-
tieularly as it was desired that the airplane eomplete its journey
in all types of weather. It likewise became apparent that radio
was the only medium that could be employed to perform this
task successfully. Radio-engineering principles were extended
to include solutions to the peculiar problems of transportation
by air, and it is this extension that I have chosen to eall the
“Prineiples of Aeronautical Radio Engineering.”

The word “extension” implies a starting point; therefore it is
necessary to explain how I determined the point where ordinary
radio engineering ends and aeronautical radio engineering begins.
Of course, there is no such well-defined point. It was necessary
to cover many subjects that, if removed from the covers of this
book, would be without characteristics to distinguish them from
other types of radio engineering. Although attempting to adhere
strietly to aircraft applieations, I have discussed in greater
detail the fundamentals of those subjects that I have heard
most frequently debated by practicing aeronautical radio
engineers,

Since this book is intended chiefly to cover the extension, no
attempt is made to go into the first prineiples of radic engineering,
mueh less the fundamentals of electrical engineering. It is
assumed that the reader has some preliminary knowledge of
radio and at least understands the terms used in deseribing the
characteristics of the apparatus. There are many fine books
available on the subject of radio and communications engineering
written by authors far more capable than 1; se if the reader lacks
this essential knowledge, he should go to them before he attempts

to read this book.
v



vi PREFACE

To the practical man, this book may seem too mathematical,
but the mathematician will recognize the limited depth of my
derivations. The derivations of only those formulas thought to be
particularly significant in this work are presented. It was thought
that these derivations would be useful to the designers of equip-
ment, but that the subject would not be ecompletely nebulous to
one who does not understand them. For the serious mathe-
matician, references are given which will serve to allow the
mathematical formulas to be traced to their sources.

In order to understand fully the application of the principles
set forth, it is necessary that the reasons for their developments be
known; therefore, the book is sprinkled with a liberal treatment of
the history and philosophy behind each development.

Although the major interest today is centered on military avia-
tion, this book is written chiefly from the standpoint of continen-
tal commercial airline operation. It is believed that the same
principles hold in both fields, but that tactical requirements
demand further extensions. Although the information con-
tained in this book may not be sufficient for military use, it
should, however, serve the purpose for which it was written, that
is, as a basis to which additions can be made by the student.

In some cases it will be found that after describing a problem,
the solution is covered in a too offhand manner. For this I
apologize. It must be remembered that much of this subject
matter is new, and although solutions have been worked out,
they often have not been thoroughly tested, and it is therefore
not possible to give too many details. The factor of secrecy
has come into many of the discussions. For both commereial and
military reasons, some of the facts cannot be published.

As to the source of my material, some of the first work in this
field was done by the United States Army Aircraft Radio
Laboratories and by the National Bureau of Standards. Workers
in these laboratories published many papers with acecounts of
their work. From these papers certain information was obtained.
The Communications Laboratory of United Air Lines Transport
Corporation was organized in 1929 for the purpose of working on
the application of radio equipment to aireraft and the associated
problems and has worked diligently in this field ever since. The
entire files of this laboratory were made available to me. The
work that had been handled by the Bureau of Standards was later
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transferred to the Radio Development Section of the Bureau of
Air Commerce {now the Civil Aeronautics Administration), and
this group has been responsible for all the developments of
ground-station facilities. Desecriptions of many of their researches
have been published in Technical Development Reports which
the public 1s allowed to reproduce. Also the Bell Telephone
Laboratories, associated with the Western Electric Company, the
Bendix Radio Corporation, the International Telephone and
Radio Manufacturing Company, and the Radio Corporation of
America must be mentioned as having contributed significantly
to the development of aeronautical radio apparatus and thus to
this book. To all these organizations I wish to express my appre-
ciation, and to the Institute of Radio Engineers, the American
Institute of Fleetrical Engineers, the Franklin Institute, the
Institution of Electrical Engineers, and the National Advisory
Committee for Aeronautics, which allowed me to reproduce some
of the material that had appeared in their publications.

In particular I wish to express my thanks to A. E. Harrison,
formerly of Aeronautical Radio, Inc., for his review of Chap. 11;
to Andrew Alford of the International Telephone and Radio
Manufacturing Company for his review of Chap. I11; to R. R.
Brunner of the Bendix Radio Corporation for his review of
Chap. IV; to W. E. Jackson, chief of the Development Seection of
the Civil Aeronautical Administration, for his review of Chap.
VI; to F. C. MceMullen of the Western Electriec Company for his
review of the section on the WECO altimeter in Chap. VII; to
Harry Diamond of the Bureau of Standards for his review of
Chap. VIIT; to Charles R. Burroughs for his review of the section
on the calculation of field strength in Chap. IX; to A. F. Trum-
bull, superintendent of Aircraft Radio Maintenance of United
Air Lines, for his review of Chaps. XI and XII; to N. E. Klein
and other of my colleagues of the United Air Lines Communica-
tions Laboratory, for their contributions; and, last but not least,
to my wife for her patience in correcting the sentence structure
and assistance in preparing the entire manuseript.

P. C. SaxNprETTO.

Chicago, TL
May, 1942
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PRINCIPLES OF AERONAUTICAL
RADIO ENGINEERING

CHAPTER 1
APPLICATION OF RADIO TO AERONAUTICS

The pilot of a modern air transport would no more consider
taking off for a distant destination without his full complement
of radio equipment in working order than he would consider
taking off with only one half of the main engines in operation.
This fact can be readily understood by comparing the flight
with an automobile trip through a portion of the country having
no highways and where no information of the terrain or weather
ahead is available, for to the airplane the radio system ig both
a highway and a source of information and adwice. But what
of the men who flew before the advent of aeronautical radio?
How did they reach their destinations? They flew close to
the ground and followed landmarks. Often, however, they flew
into fog conditions and met disaster. A transport system must
not be hampered by weather and, hence, must have a road that is
open, available, and safe under all conditions,

Those who have not had the occasion to consider navigational
problems may wonder why the magnetic compass is not a satis-
factory and sufficient avigational device. A magnetic compass
points only to the north and south magnetic poles and, therefore,
indicates only the direction in which an airplane is heading.
Airplanes in New York and California may have the same head-
ings indicated on their compasses; therefore, these devices do
not indicate position. It is true, of course, that if all the forces
acting on an airplane were known, it would be possible to hold
it to any course desired, but despite the efficient government
weather-bureau measurements and the reports of previous air-
planes, the magnitude and direction of the winds are seldom
known with sufficient accuracy to permit precise long-range flying.

1



2 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING

In Fig. 1 is shown an airplane headed due west, leaving
terminal T for a town C located 500 miles from 7. The magnetic
compass in this airplane would indicate 270 deg.  If it is assumed
that the air speed of the airplane is 180 m.p.h. and that there

pmmmm e ee e 500 miles -~-~~--~——---~—~-—-E N
8 by
Airplane air / l
c ~ speed /180 mph 7
_________ ..‘A e JL
S
3
8 i
1o e \ i

Fic. 1.—Effect of cross wind on the course flown by an airplane.

is a cross wind of 40 m.p.h. from the north, then by using the
laws of force and trigonometry, the following caleculation may
be made:

tan § = % = 0.22
§ = 12.,5°

If the deviation of the airplane from its true course is expressed
by D and the airplane retains its 270-deg. heading, then

D
500 = 0.22
D = 110 miles

That is, the airplane will actually arrive at a point 110 miles
south of the desired destination. If the ground had been visible
or radio means had been employed to tell the pilot the path he
was actually traveling, he would have made a eomputation allow-
ing for the wind. This procedure is used as an avigational
method, but without the sight of land or radio facilities the
calculations cannot be trusted. The method without visual or
radio check is known as “dead reckoning,” and the statement
“he dead-reckoned himself into a mountain’’ was heard too often
in the preradio days of air transportation.

Although all aeronautical radic has as its general purpose
the promotion of reliability and safety of air travel, its two main
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uses may be classified under the general headings of Avigation
and Communiecation.

Radio for Avigation.—The avigation problem simply means
“how to get there’; therefore, radio used for this purpose is the
most important on the aireraft. The majority of the radio units
on an airplane are used for avigational purposes.

Although the airplane adds another dimension, the problem
of how to get there by air travel may in many respects be com-
pared with the analogous problem of land travel.

In beginning a trip by land, a road of some type is required.
The pioneers who traveled west secured Indians to show them
the trails. They could have resorted to celestial navigation,
perhaps, but a trail of some sort is the easier mode of travel. In
American aviation, the first radio was used in just that manner—
to build a road. This radio road (range or beacon, as it is called)
is discussed at length in the second and third chapters.

If there is a road that cdn be traveled, confusion can still
exist unless there are means of identifying towns or recognizing
destinations. The radio range provides the equivalent of radio
markers, but a positive intersection and terminal marker did
not become common on the United States atrways until Jan. 1,
1938. This important facility is described in Chap. V and is
called simply a marker.

A road and proper signposts constitute the fundamentals
of a travel system, but in aviation it is necessary to furnish
additionsal facilities. If bearings can be taken on familiar
landmarks, it is possible to determine the progress toward the
destination. These bearings also make it possible to leave the
road temporarily and travel aecross fields. A pilot must time
his progress accurately and detour storm areas directly in the
path of his normal airway. For this purpose, the radio direction
finder discussed in Chap. IV is used. Also with this direction
finder he can quickly determine his location if he must leave
the range and circle while waiting for clearance which permits
him to come into the airport.

In air transportation it is necessary to have a means for deter-
mining a safe path of travel through the vertical dimension.
This, of course, is not a problem in land travel. The instrument-
landing systems of Chap. VI and the altimeter of Chap. VII are
for this purpose.
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Inasmuch as all the preceding functions are performed by
radio, its importance to air travel can be readily understood.
Because equipment units for all the foregoing purposes, together

Mediuvm high
frequency
combined
Ffransmitier
and receiver

Interphone
and avdie
ouvtput

amplifier

Range
: receiver
Ultra high ) ,
Ao { Ultra high
communica- n
tions unit : . ! ] f:;c,z)(;eency
Yo receiver
2 0

/nstrument
landing ; e _
receiver Qe -, : receiver

Generafor®
voltage
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A qfomqﬁc
direction
finder

Terrain
clearance
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1

Fra. 2.—Aircraft radio equipment. Not all of the units shown in the aircraft
mounting rack are in general use. (Courtesy of United Air Lines.)

with necessary spare units for guarding against failure, must

be provided, it is evident that the number of radio sets required

for avigational purposes alone will not be small. A full comple-

ment of radio equipment for a transport airplane is shown in

Fig. 2.
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Radio for Communication.—Shortly after the first piece of
radio was installed on the airplane for avigational purposes, a
radio receiver and transmitter were added to make communiea-
tion possible between the aircraft and the ground. Why this
was the next step may be questioned. The answer lies in the
method of flying in use at that time. There were only a few
radio ranges, and it was not possible to base a flight plan entirely
on these. Invariably the pilot flew under the overcast, or if
he went “on top” to fly by referring to mountain peak land-
marks, he expected to find a clear weather condition or an
excellent ceiling at his terminal. He often landed his airplane
in any available tract of land and waited for the weather to clear.
A communieation system, then, was installed, not primarily.
to allow the pilot to discuss weather with ground personnel and
ask for help when making an emergeney landing, but also to give
reports to the groundmen to enable them to know all was well
or that they should start out in search of the missing airplane.
Those days have passed, however, and communication between
the airplane and the ground serves many new purposes. Some
of these are as follows:

1. Between pilot and dispatcher to learn weather trends

2. Between pilot and ground personnel to learn when the
airport is clear for landing and advise those who control the air-
port of time of arrival

3. Between pilot and ground personnel to learn of airport
conditions with respect to the prevailing traffic

4. Between pilots of airplanes as a collision-prevention means
It can be seen that these problems relate to talking and are
therefore different from those described under Avigation. These
must be met with an entirely different set of apparatus. Com-
munications equipment is discussed in detail in Chaps. IX and X.

In the United States, all communication between the ground
and the airplanes of the continental airlines is done by the
use of telephony. The ground-station communication facilities
are all owned by the aireraft operator, as contrasted with the
ground-station avigation facilities, which are owned by the
government.

A question often asked is, “ Why telephony instead of teleg-
raphy?” In the early days of air transportation all the airplanes
were flown by a single pilot, and the difficulty of manipulating
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APPLICATION OF RADIO TO AERONAUTICS 7

a telegraph key with one hand while flying an airplane in rough
weather with the other is clearly evident. As the airplapes
became larger, another pilot was added, and the question arose,
“Why not use a radio operator?”’ The answer is that the in-
formation coming over the communication system is for the pilot,
and any intermediary between him and this source of information
defeats the purpose for which the equipment was installed.

The telegraph argument centers around the statement that
telegraphy is more readily understood through static. This may
be true under certain types of static conditions, but tests made
under “crash” type static conditions have lead to contradictory
results. By crash-type static is meant that static which oecurs
as bursts having irregular periodicity. Tests have shown that
between bursts it was possible to understand several words
with telephony but only a few characters with telegraphy. Dur-
ing the bursts, neither telegraphy nor telephony can be under-
stood; therefore, telephony yielded the greatest amount of
information in a given period of time. An airline radio-telephony
ground station is shown in Fig. 3.

Installation of Radio in Aircraft.—By the late fall of 1929,
there was installed in the United States a line of radio ranges
extending from New Jersey to Iowa(l).* At that time the
manager of National Air Transport, the airline then operating
from New Jersey to Illinois, wrote as follows in an article(2) on
the subject of the facilities offered by radio in aircraft:

There is no question as to the assistance that radio can give to the air
transport pilot. The problem is to insure against failure of the system.
A catastrophe may be easily caused if the pilot relies on radio at a future
instant and it fails him for one cause or another. It would be far better

to have had no radio at all.

The article further states that the radio equipment was far
too delicate and fragile. This quotation accurately expressed
the problem that was involved. Here was a phenomenon that
could provide huge benefits if the apparatus required for its
production and eontrol were only capable of withstanding the
peculiar service to which it had to be subjected. The answer
was not a simple one but rather a matter of learning the problems
and then working out the necessary solutions. The entire prob-

*Throughout this book numerals enclosed in parentheses are used to indi-
cate source of material as listed in the bibliography at the end of each echapter.
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lem is not yet solved, and the perfect solution will probably never
be. fully attained, but each year has seen some new advaneces.
The difficulty with the earlier equipment was that it had been
designed to perform a task for a different set of conditions.
The establishment of the aircraft point of view is vital to the
design of satisfactory equipment.

Equipment still fails today, as does anything made by man,
but these failures are few and average not more than five for
each 100,000 miles flown. When these failures do occur, they
do not cause the calamity predicted by the airline manager
because there are a number of other units ready to take up the
task. In each commercial airplane today about eight radio
units are installed, but more are being added as soon as they
ean be manufactured. FEach unit is designed to perform a new
function—a function that will remedy a weakness of another unit.

Aircraft Systems.—This important phase of aireraft-radio
installation will be discussed in detail in Chap. XII. It is
mentioned here, by way of introduction, as an important con-
sideration in aireraft radio installation.

Radio units ean be set up individually in a laboratory and
it can be shown that they are operating properly; vet they may
be totally useless in an airplane. The reason for this is that a
radio system is necessary in an airplane, but radio units as such
do not have any significance. This point may be hard to under-
stand, and in the past manufacturers have made equipment
that did not sell because they did not understand the prineiple
just described. The equipment they manufactured worked well
in their laboratories, but it did not fit into the pattern of the
atreraft radio system desired by air-transport operators.

By an aireraft radio system is meant a coordinated set of
radio mechanisms terminating in a few controls and indicators.
When a flight officer wants certain information necessary to
enable him to continue his flight, he manipulates control A4
and the answer he destres must instantly appear on indicator B.
The faet that a piece of radio equipment does any of a number of
other eclever things originated by the imagination of some
ingenious engineer is of no interest to the flight officer. Addi-
tional controls hamper operations and are aggravating, tooc many
indicators are annoying, and having various unattached radio
phenomena occur which are disassociated with the pilot’s wants
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of the moment is distracting when he is attempting a particular
“tough” weather manipulation.

The controls required are for volume, frequency, and faeilities,
and the indicators are headphones, lights, and meters. The
interconnection of the various radio units must be carefully
worked out as well as the design of each control knob and its
location in order that an aireraft radio installation may be
successful. Tuning or frequency-selection controls must be
made to give the desired frequency in a minimum length of
time, otherwise they are unsuccessful. Switching of any type
must be simple. To be successful, the final arrangement must
be the answer to the problem of airplane operation rather than a
solution to the individual radio-unit operation.

General Equipment Design Considerations.—Because of the
importance of radio to aircraft operation, it is necessary that
radio units be designed in such a manner that they will success-
fully withstand service without failing. Here it is necessary to
define what the air-transport operators mean by service. Certain
industries require that a piece of equipment be so constructed
that it will last for, an indefinite period. The aeronautical
field recognizes that technically there will be advances, and
henee it is not interested in equipment that will last forever.
The equipment desired is that which will not stop performing
when in use, even though certain portions of it must be replaced
at periodic intervals. Many equipment manufacturers who
have not previously served the aeromautical industry fail to
differentiate between equipment the component parts of which
will not wear out for a long period of time and that which will
not fail in use, The former type is invariably heavy, and this is
undesirable. Because of these requirements, the units must be
sturdily constructed, but sturdy construction does not mean heavy
construction, for it is an essential requirement of aireraft equip-
ment that its weight shall be held to a minimum. The same
prineiples used in constructing the airplane should be used in
constructing the chassis of airplane radio equipment. Instead
of heavy-gauge material, light gauge with webs and turned edges
should be used to give strength. Where parts are subject to wear
(such as slides) reinforcing should be provided in the form of
stainless-steel angles rather than making the entire structure of
heavier metal.
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Not only in the design of the structure of the aeronautical
radio units but also in circuits, it is important to depart from
conventional design and use ingenuity rather than brute force.
Cireuits should be designed so that they are highly efficient and
stable. Necessary adjustments should be kept to a minimum,
for it should be borne in mind that the adjustment designed out
of a radio circuit is the adjustment that will never be incorrectly
made.

All parts should be readily accessible. A part that fails may be
excusable, but a part that cannot be readily serviced when it
has failed is not excusable. It should be possible to replace any
part in a radio unit in not more than 10 min. Preferably, no
special tools should be required. All radio units should be so
constructed that they can be easily removed from the airplane
for service and replacement. All connections should be made by
plugs which ean be easily detached.

Shock mounting in the past consisted of certain rubber shock
absorbers mounted to the radio units; however, the trend is
toward the use of shock-mounted shelves permanently installed
in the airplane. The apparatus units in this case are not fitted
with shock mounts but rely on those in the airplane.

Apparatus in service must be continually removed and
installed, and because of the narrow companionways through
which servicemen must pass to reach this equipment, only one -
man can conveniently handle a radio unit. This means that
every effort should be made to limit the weight of a piece of
equipment to 50 lb. A further requirement, because of the
eonditions listed above, is that cffective carrying handles should
be provided.

For the purpose of consolidated purchasing, the airline com-
panies have formulated a set of mechanical specifications. These
are found in the Appendix. The requirements specified may
well be followed when designing aireraft radio equipment because
their formulation was the result of field cquipment experience
rather than a conclusion born of theoretical consideration.

In the United States, the Civil Aeronautics Administration
has formulated a series of tests to which radio equipment must be
subjected before it is approved for use on the airplanes of air
carriers. These tests, which were designed to determine the
ability of radio equipment to withstand aireraft service, are not
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set up to simulate field conditions but are much more severe.
They are intended to serve as accelerated life tests and be
equivalent to about 5 years of serviece.

Humidity Test—The humidity test is specified as follows:

The unit shall remain for a period of 48 hours in an atmosphere of
clear vapor maintained at not less than 959 humidity and at a tem-
perature of 50 degrees centigrade. (Permissible tolerance of relative
humidity, 5% plus or minus; permissible tolerance of temperature,
3 degrees.) The percentage of humidity and the time element involved
may be less than the maximum speciiied above if, in the opinion of the
Inspector, the design of the unit is such that any inherent defects will
be disclosed at a lower percentage of humidity or within a shorter period
of time. Wherever possible the unit shall be operated at intervals
specified by the Inspector during the actual humidity test to determine
the effects of such tests. When measurements are not being taken, the
unit must not be in the standby or operating positions. Upon comple-
tion of the humidity exposure, the unit shall be tested and such
pertinent information as required by the Inspector for purposes of
comparison shall be made. The sensitivity performance of receivers,
radio compasses, receiving equipment, and power output of transmitting
equipment, after the test shall not be below the following value at the
periods stated:

After 30 minutes warm up period, the sensitivity shall have returned
to a value of 4 to 1 or better as compared to measurements taken prior
to the test, and at the end of 4 hours of operation, substantially com-
plete recovery must be obtained. At the end of 15 minutes, trans-
mitters and transmitting equipment shall return to within 75% of
normal power output and at the end of 4 hours recovery shall be sub-
stantially complete.

Upon completion of the humidity exposure, an inspection of the
equipment shall disclose no evidence of corrosion or other condition,
the presence of which, or the continuance of which, will lower the per-
formance of the unit below the minimum necessary fer the service
intended. :

This humidity test, besides discovering those parts which
are susceptible to corrosion, uncovers certain electrical weak-
nesses. Insulation on certain wire becomes conductive when
subjected to moisture, and its resistance is lowered. When this
wire is used in high-impedance cireuits {such as automatic gain-
control circuits), the lowered insulation resistance serves as a
partial short cireuit and so decreases the value of the voltage
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delivered at the terminals of these wires. Moistureproof wire
is not difficult to secure. Wire that has enamel or rubber
covering next to the copper, or an impregnated cotton insu-
lation iz satisfactory. On the other hand, there are many
wires on the market that will not withstand the moisture test.
Before using a wire, the moisture-resistance properties of which
are not known, it is wise to test the wire by immersion in water
followed by a resistance measurement. This test will give data
indicative of the results that may be expected with the CAA test.

Coils often lose @ (ratio of reactance to resistance) in the
humidity, thereby reducing the gain of veceivers. This often
occurs even though the coil has been impregnated. Certain
impregnating compounds are very susceptible to moisture. The
various wax compounds are usually satisfactory.

Moisture affects the surfaces of dielectrics to 1educe the
resistance between two conductors mounted on the dieleetric.
If the dielectric is in a transmitter, the current passed between
the conductors will cause heating, leading to arc-overs. Dielec-
trics so affected are chiefly of the phenolic family, This difficulty
can often be corrected by impregnation in wax or certain var-
nishes. Ceramic and glass dieleetrics are but slightly affected
by moisture; certain porcelains, however, are not satisfactory
under moisture conditions, particularly if the voltage applied is
high.

Moisture will often reduce the resistance between primary
and secondary windings of power and audio transformers that
are not contained in cans filled with impregnating compound.

Certain unprotected parts corrode during these humidity
tests. A certain amount of this corrosion is permissible; how-
ever, most of this can be corrected by plating or painting. Gears
that cannot be plated can be oiled or greased. A curve for
caleulating the humidity from the readings of wet- and dry-bulb
thermometers is shown in Fig. 4.

Temperature Test.—The temperature test is specified as follows:

The unit shall be placed in an ambient temperature of plus 55 degrees
centigrade for a period of time sufficient to permit component parts of
the unit to assume that temperature. The unit shall then be operated
for a period of one hour at a supply voltage 209, above that specified as
normal in the case of 12 volt or 24 volt 13.C. equipment, and 109, above
that specified as normal in the case of 115 volt A.C. equipment. The
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unit shall then be operated under the direction of the Inspector for
such period as he may deem necessary at a supply voltage 104 below
normal. The unit shall then be placed in an ambient temperature of
minus 40 degrees centigrade for & period of time sufficient to allow the
component parts to assume that temperature, after which it shall be
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F16. 4.—Per cent relative humidity as a funection of dry-bulb-thermometer
reading for various temperature diTerences between dry and wet bulb.
operated at supply voltages 107 below and 109 above that specified
as normal for a series of operations to determine the effects of the tests.

From an electrical standpoint, the temperature test chiefly
serves to vary the tuning of the various units. Change of tuning
serves to decrease the sensitivity of a receiver or reduce the output
of a transmitter. If the circuits are pretuned and cannot be
adjusted by a cockpit tuning control, the receiver-sensitivity
decrease or transmitter-power-output decrease may be excessive,
Oscillators that are not controlled by a crystal or do not have
special temperature-resisting design have excessive drift. If
temperature effects on tuning elements are excessive, they can
be corrected by condensers available on the market having the
proper compensating temperature coefficient. Air condensers
using bimetallic plates can be constructed to compensate for
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tuning drift into other circuit elements. The subject of stable
oscillators is too extensive for discussion here, and so the reader
is referred to the bibliography(3) for literature on this subject.

Quartz crystals used for oscillators may become erratie at low
temperatures. Unless the crystals have been cut incorrectly,
hermetic sealing or heaters solve this problem.

High temperature has a destructive effect, particularly on
those elements such as power transformers, tubes, and resistors
which are in themselves heat-producing devices. There are
several solutions to this problem. One of these consists in using
elements of larger physical sizes or larger electrical ratings.
Another consists of inserting baffles between the heat-producing
elements and the deteriorating elements. The baffles should
have a large area so that they dissipate heat. Louvers on the
top and sides of apparatus cases are, of course, of apparent
assistance. Foreed draft can be supplied either by the use of a
small motor and fan or by attaching a fan to an extended dyna~
motor shaft. If forced draft is used, the air intake should be
equipped with a filter for removing dust. These fans should
apply pressure rather than suction to the apparatus. If suction
is used, dust is taken in via cracks in the apparatus, but pressure
will keep this dust out.

Low temperature chiefly affects mechanical parts. The bear-
ings of gear boxes and other parts with movable shafts seize
and become inoperative. The cure consists in the use of large-
tolerance shafts and special low-temperature greases.

Vibration Test—The vibration test is specified as follows:

The unit shall be vibrated for a period of four hours at a frequency
selected by the applicant, which shall fall between the range of 30 to
60 cycles per second, with an amplitude and wave form sufficient to
produce a vertical acceleration of 10g. During this period of vibration,
the unit shall be operated under the supervision of the inspector in order
to deteet variation in output, frequency, ete., or any other harmful
effects which may be caused by the vibration. At the termination of
this test, a visual inspection shall be made and shall diselose no condition
produced by the vibration, the presence of or the continuance of which
would be detrimental to the satisfactory performance of the unit. The
unit shall then be operated over a range of frequencies varying con-
tinuously from 25 to 150 cycles per second with an amplitude which will
permit the vibration to be easily felt by placing the hand on the table.
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This test shall be conducted under the supervision of the Inspector and
will be of sufficient duration to permit the observation of all component
parts at various frequencies. During this test all component parts and
structures of the unit will be observed for evidence of resonant vibra-
tion, and parts which show such tendencies shall be redesigned or
remounted to eliminate the resonant condition. Where redesigning or
remounting is not practical, the manufacturer shall satisfactorily
dernonstrate that the resonant vibration of the part will in no manner
be detrimental to the performance of the unit. The use of shock
mounts wil not be permitted unless the use of such shock mounts
form an integral part of the design of the unit, in which case, the type
certificate will be abrogated if the unit is mounted without the par-
tieular shock mount. which forms an integral part of the equipment.
A strobotae or stroboscopic device shall be furnished by the appheant
for use in observing the unit under vibration.

From an electrical standpoint, the vibration test produces
certain modulation which either makes the operation of an
associated indicator erratic or creates a wavering signal in the
audio output of a receiver or radio-frequency output of a trans-
mitter. The usual source of this modulation is the variable
air tuning condensers. The cure consists in more rigid mounting
of the condensers. It may be necessary, however, to use a con-
denser with plates having a different mass or construction, that
is, having a resonant frequency different from the test fre-
quencies. Severe modulation can be caused by intermittent
relay contacts. *This condition may be remedied by using higher
pressures at the relay contacts or shorter relay arms. A good
rule to follow is to use twice the normal spring pressure if a relay
is to be used for aircraft. This means, then, that relay coils for
aircraft units should be designed for twice the normal ampere-
turns. Certain clever designs have been evolved. One of these
consists of using a knife-switch type of contact. In the other
a locking mechanism is used whereby the eontaet arm is a portion
of a simple toggle mechanism and effectively locks when it travels
past a center. The mechanism follows those used in toggle
switches but has a simplified form. Generally speaking, relays
on aircraft have always been troublesome, and their application
should be limited to those cases where they must be used.

A force of 10g is a very severe test, and unless a unit is care-
{fully constructed many structural weaknesses may appear dur-
ing the vibration test. Certain spot welds supporting large
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masses may fail. These welds should be tested as the design
of the unit progresses rather than waiting for the completed
unit before making vibration tests and then learning that the
entire unit must be redesigned to make it satisfactory struc-
turally. Shock mounting will, if properly designed, greatly
minimize the effects of the vibration test, but if incorrectly
designed it may serve to accentuate these effects. Since these
tests were designed to uncover structural weaknesses, it is
strongly recommended that shock mounting should not be used
in the tests. Equipment that successfully withstands vibration
tests without shock mounts is preferred by equipment users
hecause they can mount it on any rack of their own design with-
out the necessity of having the equipment recertificated. This is
a specific requirement of airline equipment. The airlines ask
that their units be designed without shocks and that shocks be
fitted to a detachable mounting rack. In Fig. 5 is shown a
curve giving amplitude necessary for a given frequency to pro-
duce a certain acceleration.

Drop Testing.—Another test for the purpose of determining
the suitability of aeronautical radio-equipment structures is the
drop test specified as follows by the CAA:

At least 100 free drops from heights varying from 6 to 18 inches shall
be made; no shock absorbers will be attached to the unit. If shock
absorbers are incorporated in the design of the unit as an integral part
of the equipment, these shock absorbers shall be removed. Commereial
sponge rubber of a thickness not to exceed one inch may be interposed
as a damping medium between the unit and the substantially selid
platform upon which the equipment will come to rest. During this test
the Inspector may require that connecting plugs and external plug-in
devices be connected to determine the stability of locking devices
employed thereon.

The effects, both electrical and mechanical, of the drop test
on equipment are similar to those of vibration; consequently, the
remarks eovering equipment under vibration test also apply to
those under drop tests.

Pressure Test.—As the amount of gas in a given volume is
reduced, the number of collisions between ions is reduced, and
the ionic path is therefore decreased. This decrease causes the
conductance of the gas to increase up to the point where so much
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gas is removed that too few ions are present. This means, then,
that as an airplane ascends, the danger of arc-over increases.
This phenomenon is shown in Fig. 6. In the early days of air-
eraft radio, few transmitters traveled over the Rocky Mountains
and reached their destinations in an operating condition.

13,000 ¥
12,000 \\
1,000 \\ \\ AN
10000 AN AN N\
~ \,\
9000 < . S
o 8000 AN AN \ %o
™~ N \ PGS
S &%
= ™. "L T
S 1000 TN o
c \ \ o
£ 6000 \\\J ™ N 2 N
=3 ol 2
5 5000 . - S
4000 (T & \\
3000 R
P— O Ocrm [—
2000 e =
——t | 802 om I
1000
0
0 5000 10000 15000 20000 25000 30,000 35000
Altitude, feet above sea level
2992 203 1355 - 862

Barometric pressure,inches of mercury

Fre. 6.—~Air-gap breakdown voltage as a function of altitude for direcw-
current voltage applied between Z-em. ball gaps. (Daia from Smithsonian
Physical Tables.)

Chiefly applying to transmitters and other high-voltage appa-
ratus, the following test is specified:

The unit shall be operated in a pressure chamber under counditions of
pressures ranging from 8.52 to 31 inches of mercury (sea level to 31,000
feet altitude). The period of observation at the lower pressures shall
be sufficient to disclose any defects which will be aggravated by reduced
pressure. The unit shall show satisfactory performance at all pressure
ranges. Transmitters subjected to this test shall be tuned to their
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lowest frequency and operated into the smallest antenna for which the
transmitter is designed. The transmitter shall be modulated at the
highest percentage of modulation for which the unit is designed.

As previously stated, this pressure test applies chiefly to high
voltages, and are-overs are its effect. The effects of high altitude
may be minimized by increasing the 5
path between high-voltage points of !
opposite polarity. Where a dielectric f b
is involved, this can often be accom- : l g_"
plished by barriers. Such a barrier is
shown in Fig. 7 around the plate pin
on a tube base. The curves of Fig. 6
cannot be used as an absolute criterion
of design because the distance shown
thereon applies to air between 2-cm.
ball gaps using direct current. These
curves will be greatly modified where
radio frequency is used and where a
dielectric other than air is present.

Service Procedure for Aircraft Radio.
The very essence of satisfactory aircraft
radio operation is the constant servie-
ing that it receives. In order to per-
form this service, two things are .
essential. One is organization and the  Fi6. 7.—Barrier used to

g X = increase breakdown voltage
other is procedure. The organization across base of transmitting
and procedures developed by the air- tubs
lines of the United States for accomplishing this service will now
be described.

Service Organizations.—Since the airplanes bearing the radio
equipment travel between fixed points, it is unnecessary for the
service personnel to travel, and hence bases are provided at
which the equipment may be serviced. At all these places
there are men capable of making the simplest of radio tests
known as ingoing and outcoming checks. These checks consist
of the following work:

i. Placing equipment in airplane radio racks
Making minor adjustments of tuning controls
. Checking operation of all associated switches
. Making a test transmission and listening to reception

W 0 b



20 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING

5. Making oscillator tests on those radio receivers to which
listening tests do not apply

6. Checking pilot log books for unfavorable comments concern-
ing radio operation

7. Removing radio equipment from the airplane and forward-
ing such equipment to the service shops

Personnel used for this work need not have a high degree of
radio training. Very often they have duties in connection with

Fi16. S.—An airline radio-equipment maintenance shop. (Courtesy of United
Ar Lines.)
airplane service other than those concerning radio. They are
charged with the repair of broken radio wiring and controls
but not with the repair of any radio unit. Defective units are
replaced. That is, they are merely removed from the radio
racks, tagged with a label describing the difficulties experienced,
and then forwarded to the nearest removable-unit repair base.
The removable-unit repair base employs a number of well-
trained radio servicemen. These men have at least high-school
and trade-school training, or the equivalent. The shops (see
Fig. 8) where they are stationed invariably are equipped with



APPLICATION OF RADIO TO AERONAUTICS 21

one or more screen rooms. These rooms serve to keep out noise
and local transmitter interference; also they prevent the trans-
mitter under test from interfering with the local airline com-
munication station. In these screen rooms are the following
equipment :

1. Audio oscillators
Signal generators
Artificial antennas
Tube testers
Vibrators
Voltmeter panels
Cathode-ray oscilloscopes
Ohmeters
. Capacity indicators
In short they contain all modern test equipment.

Although the service shops make repairs, they have as their
most important duty the prevention of failures. Tests of radio
units at regular intervals show the lowering resistance of
by-pass condensers, the weakening of tubes, the deterioration
of resistors, etc. All tuning controls are realigned. In addition
to the duties already described, this shop installs ‘“ conversions’’
in removable radio units. These conversions, either brought out
by the manufacturers of the radio equipment or by the airline
radio engineering department, are made to correct an inherent
apparatus defect which makes its appearance when the equip-
ment is placed in service or to modernize a unit when it has
approached obsolescence.

Sometimes a second type of radio-repair shop is employed.
This shop installs and repairs the “permanent” portion of the
radio equipment. This equipment consists of the radio racks,
antennas, volume-control panels, conduit, and wiring. This
shop is employed because the servicing of permanent equipment
involves dismantling certain portions of the airplane and this
can be done only during the time of airplane overhaul. If this
second shop is not employed, its functions are performed by a
shop located at the main airplane repair base, and removable
equipment is serviced at the same point. Since the installation
of new radio units requires wiring changes in the airplane, all
these are made by the permanent-equipment repair base. This
base must employ men who not only have radio ability but whe

© X0 NPTk WD
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have also a good knowledge of airplane mechanical work and
can bend conduit and construet mounting brackets. Sometimes
this permanent-equipment shop also is responsible for all airplane
wiring.

Considerations in Ground-station Installations.—Besides the
installation in the airplane, aeronautical radio requires extensive
ground station installation; for few of the units on an airplane
can produce the desired results without their counterpart_in
ground-station equipment, A large part of these ground-station
installations are owned and maintained by the Federal govern-
ment. In this country, the airline operators own and maintain
only stations responsible for direct communication with the
airline’s own airplanes, In Kurope, even this facility is the
funetion of the government.

Characteristics of Ground-station Installations.—The aero-
nautical ground-station radio equipment is not, of course, limited
by weight but it does have some characteristies not in common
with other communication equipment.

One of these is the necessity for mobility., Route change,
facility changes, or changes from one type of equipment to
another make it necessary that rapid installations may be made.
It also follows that the equipment should be designed into a
number of smaller units that can easily pass through the average
door. Since there is no direct relation between the air-line
income and transmitter power and since the tube complement
eost is multiplied by the number of stations owned by the airline,
power should be kept at a minimum. This also applies to the
transmitter circuits used. A minimum number of circuits should
be employed, and the design should not include additional
doublers or isolation amplifiers unless they provide undeniable
advantages. A broadeast (amusement) station can afford these
but not the aeronautical station. ,

Ground stations are, in general, serviced not by the local
operator but by traveling radio servicemen. This is true of
both government- and airline-owned stations. The reason for
the adoption of this practice was to ensure uniformity of service.
Also, the men charged with the operating duties do not have time
to maintain the radio-station equipment. The labor of traveling
servicemen is costly since the living expenses of these men must
be paid in addition to their salaries; therefore, all ground-station
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equipment should be designed so that all parts can readily be
examined. As with the aireraft servicemen, the purpose of the
ground-station servicemen is not primarily to repair equipment
after it has failed but to locate evidence of equipment deteriora-
tion before failure oceurs. It is unreasonable, then, to construct
the equipment so that terminals and component radio parts are
hidden beneath chassis and then pay a salary to a man who must
discover them, Also, it must be remembered that the unit
which will receive the best inspection is that which is the easiest
to inspeet.

- Appearance of ground-station equipment should not be a
primary consideration in its design. A neat front panel is all
that is required. The interior should be designed entirely with
respect to service.

Since the aeronautical ground-station operator is interested
not in the radio part of the equipment but only in the results
he obtains with it, controls should be kept to an absolute mini-
mum. All controls not necessary to operate a unit (such as
tuning controls of a transmitter) should be located behind a
panel and the opening of the panel so arranged that tampering
will be discouraged.

Protlems

1. If the radio equipment in an airplane with a provisional gross weight of
23,000 1b. is 250 lb., and it is desired to install a 500-1b. radio installation in
an airplane with a provisional gross weight of 55,000 1b., what arguments
can you advance to justify the increased equipment weight?

2. Develop the equation that may be used to caleulate the curve shown in
Fig. 5.
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CHAPTER 1II
THE RADIO RANGE

As mentioned in Chap. 1, the primary guidance for aireraft
in the United States is the radio beacon, or radio range. Guid-
ance supplied by this device simulates a radio road between all
the principal cities in this country. Although this system enjoys
the widest use in the United States and has been developed here
more extensively than elsewhere, the original patent covering

this device was issued by Ger-
----------- S T many in 1907 to O. Scheller.

—— 7. s
X — A similar British patent was
‘ I i granted the Marconi Company
A Loop of wire A and Henery Round in 1909.
: v In 1912, Marconi and Charles
7 ¢ Price were granted a patent
¥ [ 7rans;) L substituting loop antennas for

— | mitter -
izl the original directional anten-

Frg. 9—Cufrent fowing in 2 smole as. In about 1923, the Signal
Corps of the United States
Army and the National Bureau of Standards developed a radio-
range system employing a Bellini-Tosi goniometer in order to
permit rotating the range courses at will. This range system, in
simple and modified {orms, is still used in this country.

The first U. 8. radio ranges were designed based on the
peculiar directional characteristics of transmitting loop antennas,
so loop field patterns will first be discussed.

Field Pattern of a Loop.—Suppose that a long piece of wire
shaped so that it forms a rectangle, with the ends of the wire
terminating in the center of one of the sides, is installed in the
center of a circular race track with the plane of the wire vertical;
further, suppose that the terminals of the wire are connected
to a radio transmitter (see Fig. 9) and a suitable voltmeter (one
which will read radio-frequency voltage) is used to take field-
strength readings around the circular track. It will be found
that a point exists where the voltage reads some maximum value

24
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{for example, 10 volts) when the voltmeter is in a position exactly
in line with the plane of the loop. A point will also be found
where the voltage read by the meter is zero. This point is in
line with the normal to the plane of the loop. If vectors (lines)
are drawn with lengths corresponding in units to the observed
voltage (for example, a 10-unit length e
corresponding to 10 volts) and the -
position of each vector corresponds to s/
the position in which the voltages were
read, a field pattern results. For clar- {
ity, it is common practice to erase the |

vectors and draw lines connecting their \
outermost terminals. The resulting
lines represent the loci of all vector Sl
terminals associated with the particular e

electric field in question. When thisis /

wire described, two tangential circles f
result. These are shown in Fig. 10. |

It is clear that the distance from the ‘\
center of this pattern (point of tangency  \

. . N
of the two circles) to any point on the Sl 0T )‘/
circle peripheries represents the mag- : \‘0‘;:;;\

nitude of the voltage at any arbitrary )

distance from the antenna but for a msﬁ’ifi‘nglg,‘;f o o tern
position at seme given angle (#in Fig. tors corresponding to meas-
10) to the antenna array. ured voltages.

The preceding discussion relating specifically to a loop antenna
also serves to describe a field-strength pattern for any antenna
array. A field-strength pattern is a line joining the extremities
of vectors, the origin of which is the center of any antenna array.
Fach vector represents the voltage at a given angle from an
arbitrary line drawn through the antenna array. The field-
strength pattern for the loop is the pattern for the horizontal
plane only. Similar patterns can, of course, be drawn to repre-
sent the field strength in the vertical plane.

Returning to the field-strength pattern of the loop antenna,
if the angle between any vector and the plane of the loop is
designated as 8, the value of the vector will be

E =E_, cos 8 (1)
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In this equation F,,, is the voltage read at a position in line
with the plane of the loop.

Proof of Equation.—Referring to Fig. 9, a transmitter will be
seen feeding current to a loop antenna. The loop antenna has a
rectangular configuration, but any configuration can be resolved
into a structure having a vertical and horizontal member; so
the theory about to be developed, with some slight modification,
will hold for any loop.

Suppose that the periphery of the loop antenna is short
compared with the wave length of the voltage connected to it,
then the current will be essentially the same everywhere along
the loop. This current I flowing through an increment of length
Ah will cause a voltage Ae in space. This may be expressed by

Ae = AhI (2)

The current in one side of the loop, however, is flowing in a
direction opposite to the current in the other side of the loop, so
the voltages produced in space are equal and opposite. As the
propagated waves generated by the individual sides of the loop
travel through space, they meet at various points. If the dis-
tances traversed by the various waves are equal, there will be no
phase change and cancellation will result, the resultant field
being thus made zero. If, however, there is a greater distance
traversed by one wave than by the other, the phase of the wave
traveling the greatest distance will be retarded, and the sum of
the two voltages will have some finite value. If one wave could
be made to travel a distance one-half wave length greater than
the other, there would be a phase retardation of 180 deg., or
the waves would be in phase, and the voltage at the point where
this occurs would be twice that generated by one side,

Figure 11 shows the plan view of the loop. It is apparent
that the voltage generated by current flowing through an incre-
ment of loop in the top and bottom wires will contribute nothing
to the vertical field. Sinece the point P is farther from one
vertical member of the loop than the other, there will be a phase
difference between the voltages from these vertical sides and,
consequently, their vector sum will be some finite value.

This vector addition is shown in Fig, 12. The voltage E4
is equal to voltage K and opposite in phase as originally gen-
erated. As these voltages travel distances d, and ds which
are assumed to be great compared with the element spacing s,
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their relative intensities remain the same, but becauss d. is
greater than d; (for point P-of Fig. 11) the vector E; will be

Fra. 11.-~Currents flowing in loop sides 4 and B set up a field at point P.

retarded in time by an amount greater than the retardation of
the phase of the voltage from Ep. This amount is shown as ¢.

£,
-

Fia. 12.—Vectorial addition of the voltages at point P,

The phase angle ¢ is a function of the difference between ds

and di.  From trigonometry the resulting voltage will be
E P E A

S0 (L&;ﬁ)

(3)

In this expression, the voltage £, is the voltage induced at the
point P by the current flowing through element 4 of the loop.
Then

Es=E, 309 (4)
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if in Fig. 11, d, the distance from the center of the antenna, is
very great as compared with the spacing s, it can be assumed
without appreciable error that

6, = Gy = 6 (6)

Then it is evident (see Fig. 11) that the difference between the
paths traversed by voltages from A and B will be

ds — d; = s cos 8 (7)
Assuming that the waves propagate with the velocity of light

6 = *‘f?,%ﬁ; o V (8)
¢ = g%rf cos 0 )
or
Er = 2E,sin (?—;19 cos 6) (10)
If
™ cos 0 =3

A
the preceding expression reduces to
Ep = 2E, sin & (11)

By examining § it can be seen that it will vary from 0 to =g/
as @ varies from 90 deg. to zero. If the spacing s between the
loops is small in comparison to X, 8 will always be small or

sin & = & (12)

From which it can be written that
Er = 2E,8 (13)
Er = 2ns % cos (14

It is apparent that the greatest value of E» occurs when 8 = 0,
cos 6 = 1, or

Ep = B, = 21.-3% (15)

or substituting in Eq. (14)
Ep = Epu cos 0 )]
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The Radio Range.—The radio-range system makes use of two
loop antennas spaced at right angles to each other. The field
patterns of the two antennas are identical exeept that they are
displaced in space by 90 deg. In terms of an angle referred to the
plane of the first loop, the field strength will be given by the
expression

Elmp(?) = Emax Sin 6 (16)

At an angle to the plane of the first loop equal to 45 deg. and
anly at this angle, the sine and cosine of § will be equal (and have
a value of 0.707). The foregoing discussion refers to the field

Fi1e. 13.—Ficld pattern produced by two loop antennas placed with their planes
at right angles to each other. The antennas are not excited sunultanecusly.

strength from the second loop assuming that a transmitter is
not connected to the first loop. If a field-strength meter is
placed at an angle of 45 deg. to the plane of either loop and a
transmitter is connected first to one loop and then to the other,
there will be no difference in the reading of this meter. This is
evident from an examination of Fig. 13. The radio range makes
use of this principle. A transmitter modulated with a tone
to which the ear is sensitive is alternately connected first to
one loop and then to the other. It is connected to one loop
for 3 sec., to the second loop for 1 see., back to the first loop for
1 sec., and back again to the second loop for 3 see. If a listener
equipped with suitable radio-receiving apparatus is located at
a position that makes an angle of 45 deg. to the plane of one
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loop, the switching of the transmitter from loop to loop will not
be observed, and a continuous long tone will be heard for 8 sec.
If, however, the listener is located at a position directly in line
with the plane of one loop (such as the number one loop), a
tone will be heard for 3 sec. followed by a l-sec. break and a
1-sec. tone. If the listener is located in line with the plane
of the second loop, the converse is true. A l-gsec. tone will be
heard, followed by a break and a 3-sec. tone. This phenomenon
is shown graphically in Fig. 14,

Rocio ]
Fransemitie

Wi

l N

g

Fis. 14—Diagrammatiral representation of the prineciples of the aural radio
range.

Range Characteristics.—Between the two extreme positions in
line with the plane of the loops, varying amounts of the second
signal will be heard. The positions in line with the 45-deg.
angles to the planes of the loops are considered the courses of the
radio range. Theoretically, it can be seen that there is one,
and only one, angle (for one quadrant) where the two signals
{Morse code A and N) have equal intensities, but since this
comparison of signal strength is made not with an accurate volt-
meter but by ear, there is some inaceuracy in the measurement,
which causes the course to have an apparent width. This width
will be narrower close to the station where the signal strength
is great and cannot be influenced by noise and will be wider
at the extremities of the useful range of the radio beacon. This
width is generally considered to be a total of 3 deg. On either
side of the course there is an area referred to as the twilight zone.



THE RADIO RANGE 31

This is a zone where a weak opposite signal will always be heard,
that is, where one signal always has an appreciable intensity as
compared with the stronger sighal. Obviously, this area is a
function of receiver-sensitivity adjustment. In general these
areas are regarded as having a width of 3 deg. Beyond these
areas lie the 4 and N quadrants.

The United States Range System.—The radio range in the
United States operates on frequencies in the range from 200 to
100 ke. Thesestations are spaced at distances of about 200 miles.
After several successive transmissions of the A and N signals
lasting about 30 sec., there is an interruption followed by a code
signal sent first from the N loop then from the A loop. This
code signal serves to identify the various stations, As the pilot
reaches the point where the intensity of the range he is following
has weakened, he tunes in the beacon ahead by referring to a
chart and map on which the various stations are designated.
There is a total of about 200 range stations located in the United
States. The frequency separation between stations is often
only 3 ke., and many stations with sufficient geographical separa-
tion operate on the same frequency.

Characteristics of Range Loops.—The effectiveness of a radio
range (employing loop antennas) is largely a function of the loop
design. The United States ranges employ polygonial loops
50 {t. high, 200 ft. across the base, and 39 ft. on the extreme sides.
Small radio-range systems called ““loealizers,” intended to furnish
aireraft guidance only from the time that an airplane leaves a
main range course to the time that it reaches the airport (a
distance of not more than 20 miles), employ smaller triangular
loop antennas with 60-ft. bases and 30-ft. heights. Loop
antennas have three characteristics of importance to the design-
ing engineer. The first of these is the effective height. The
current in the loops multiplied by this effective height determines
the signal strength output. The effective heights of loop
antennas have been worked out by many engineers, but the
most thorough treatment of the single-turn loop (the loop most
commonly used for radio-range transmitters) is that by V. L
Bashenoff and N, A, Mjasoedoff. Their expression follows(1):
where

hy = - (17)
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2% S

where K = Bh
N
k - 1—)

= effective height, meters

b = maximum dimension of loop perpendicular t¢ the

ground, meters

P = perimeter of loop, meters

» = wave length, meters

S = area inclosed by loop, square meters
This formula is a modification of the standard formula for a
loop the size of which is small in comparison to the wave length
of the energy that the loop is transmitting. The better known
formula follows:

P
®

he = 22 (18)

It can easily be proved that this expression is identical with
that of Eq. (17). In Eq. (17), K has definite values for various
loop configurations. Its value is #/2 for an isosceles triangle,
circle, and square. In a transmitting loop, however, the perim-
eter is often as long as A/4, and for this case Bashenoff and
Mjasoedoff develop the following expression:

he = hlo(k) — ¢(k1)] (19)

In this expression, applying principally to an isosceles triangle,

N . T
p(k) = — sin 5

}Cl 9 T
¢(ky) = — sin oE,

This formula will often give results differing from those obtained
by the use of Eq. (17) by as much as 30 per cent.

The inductance of single-turn loops is of interest from a design
standpoint. This inductance is given by(2)

L = 2P (log,; gf—) —a + 6) X 103 (20)
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In this expression, P = perimeter of the loop, centimeters

r = radius of the conductor, centimeters

L = inductance, microhenrys
In order to determine a and 3, it is first necessary to calculate z
from

il

r = 0.2142r A/¥
and ¥ from
P
¥ = \/ﬁS
80
15
10 /(/
6.5 4
x=P/VS . /
60 P=Perimefer va
§ = Areo in same units as P2 A
55 —

50 A
a /

45

40
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300 /
25 /

20

L5
1.0
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Fia, 15.—The value of a for use in formula (20). {(Courtesy of Institute of Radio
Engineers.)

Then the values for these quantities can be read from the curves
of Figs. 15 and 16. These values hold only for nonmagnetic
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F1a. 16.—The value of 8 for use in formula (20). (Courtesy of Institute of Radio
Engineers.)
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loop conductors. The following values for a apply to the follow-
ing structures:

Cirele. ... 2.451
Square. .. . .. e 2.853
Equilateral triangle. . ... ... ... ... L ol 3.197
Regular hexagon..... ... ... ... . ... .. ... ... . ..... 2.636
Regularoetagon. ... ... ... ... ... ... .. ... 2.561
Equal-leg right triangle. . ........ ... ... ........... 3.332

In order to determine the signal strength that will be produced
by a loop antenna, it is necessary to know the current flowing
into a loop, as well as its effective height. This current is a
function of transmitter power and antenna resistance. Unfor-
tunately, this latter quantity does not lend itself readily to
compuiation. Certain currents in the loop flow to ground before
traveling the entire perimeter of the loop, 50 the virtual resistance
ealeulation is further complicated. In making certain pre-
liminary designs, however, an approximate answer is often of
help, and consideration of certain factors that make up the
resistance of a large loop antenna makes possible an approximate
caleulation. Some of the resistances that enter to make up the
total resistance of a loop are the resistance of the wire, the
resistance equivalent of the dielectric losses, the resistance due to
eddy-current losses in the ground, and the radiation resistance.

If the losses due to eddy currents are neglected, the following
expression for the loop resistance(3) may be written:

RBi=R,+ R, + R (21)
P~fp sin 27 /k
R, = 0.0001 —¥F (1+ e

where f = frequency, cycles per second
d = wire diameter, centimeters
p = specific resistance, microhms per cubic centimeter
% and P have been previously defined
P is in centimeters

R, = 1,600 —

After other loop constants have been calculated, the engineer
will wish to estimate the strength (maximum) of the signal that
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will be emitted by the loop. If the transmitter to which the
loop is connected has an output power of P, watts, the current
flowing into the terminals of the loop can be calculated from
P,
I= z (22)
The field strength in millivolts per meter at 1 mile from the loop

will then be(4)

B, - 2341% (23)

In this expression I is in amperes and h, and X are in meters.

Field strength at distances greater than 1 mile involves con-
sideration of the propagating medium and its attenuation.
This subject will be discussed later. Before closing the subject
of loop characteristics, it is necessary to mention that the loops
must be balanced electrically with respect to ground. If this
is not done, the capacity current flowing between each side
of the loop and ground will not be equal, and, hence, the greater
current flowing through one side of the loop will produce greater
voltage than the other side. This will then cause an irregular
pattern in space instead of the regular figure 8 pattern.

Course Rotation.—In 1907, E. Bellini and A. Tosi developed a
system of direction finding that eliminated the necessity for
rotating the direction-finding antenna. This system made use
of a radio-frequency transformer of unique design known as a
goniometer. The men of the Signal Corps and Bureau of
Standards working on this problem modified this goniometer to
produce a means for rotating the range course at will without
the necessity of moving the range antennas.

The goniometer now used consists of a radio-frequency trans-
former with two primary and two secondary windings. The
secondary windings are mounted on a structure outside of the
primary structure. The inner structure is mounted on a shaft
so that it may be rotated and the coupling between the secondary
windings and the primary windings can be varied from a certain
maximum value to nearly zero. The two primary windings are
at right angles to each other, and this also is true for the two
secondary windings (see Fig. 17). The secondary windings
are connected one to each of the loop antennas. A motor-driven
switch alternately connects the transmitter first to one then
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to the other primary winding for periods required to generate
the Morse code A and N as was previously described (see Fig. 18).
One primary winding will deliver all its energy to only one second-

Sec.No.l

Sec. No.2

Pri. No.2

Fia. 17.—The aural-radio-range goniometer.

Loop Mo.2

Goniometer

e,
f
o \Moirgr driven
keying switch
O
Radio

fransmitfer

F16. 18.—Connection of a goniometer in an aural radio range.

ary winding if that secondary is coaxial to it alone. This is
because under these conditions the coupling between this par-
ticular primary winding and the other secondary winding is
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zero, while it is 2 maximum with respect to the coaxial secondary.
If it is assumed that the coaxial secondary is connected to the
No. 1 loop antenna and the primary with which it is coaxial
is that which is keyed with N signal energy, then the No. 1
loop will send out only N signals and in the interval between the
energy periods, it will not be energized. This is because the
secondary to which it is connected is at zero coupling to the other
primary. As the secondary windings are rotated so that the
secondary connected to the No. 2 loop is coaxial with the N
primary, the No. 2 loop will send out the N signals. Thus, the
course of the range has been rotated by 90 deg. (in space).

Suppose now that the secondaries of the goniometer are
rotated so that neither are coaxial with the primary coils but
each has a 45-deg. relation to the primaries. Then the N
primary will deliver equal energy to both the No. 1 and No. 2
loops; also the A primary will deliver equal energies to these
loops. In space, the radiation from the two loops combines
(since energy is being emitted from both loops simultaneously),
and the direction of maximum field strength will no longer be
in the plane of either of the loops but will be in a plane at 45 deg.
to the plane of the loops. The same equation for field strength
(E = E.. cos 8) will hold, but in this case 6 must be taken as
the angle to the maximum radiation plane. If an observer did
not know that a goniometer was in use and made the tests
described under Field Pattern of a Loop, he would assume that
the loops were loeated at 45 deg. to their actual position. For
purposes of calculation, the planes containing the direction
of maximum energy are called the phantom loops because it
appears that the real loops have been rotated to this fictitious
position. The goniometers are so designed that the coupling
between primary and secondary windings is a sine or cosine
function of the angle of rotation. If M., is the maximum
coupling between primary and secondary, then for one primary
winding the mutual inductance is (5)

My = M., cos 68 for the No. 1 secondary (24)
M, = M_,. sin 8, for the No. 2 secondary (25)

In these equations, # is the angle between the primary under
consideration and the No. 1 secondary. For the other primary
winding
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M, = M., sin 8, for the No. I secondary (26)
M’y = M. cos 8, for the No. 2 secondary (27)

The current is a direct funetion of these mutual inductances when
the secondaries of the transformers Ab./ Loop Position N
are tuned to resonance; therefore, ,=94 '+ phantom lop
if a current of 10 amp. is nduced 20%f | Ep~1amp.
in the secondary when the cou- A
pling between primary and second-
ary is maximum (zero-degree
position) this current will have a
value of 8.66 amp. if the goniom- +
eter is rotated to the 30-deg. posi- No.2 Loop
tion, 7.07 amp. at the 45-deg. Iy=34
position, and 5.00 amp. at the 60-
deg. position. The current in the
other secondary willi vary as the
sine of the angle of rotation. That
is, if the current in it is zero for the
zero-degree position, it will be 5.00 C )
amp. for the 30-deg. position, 7.07 sig?;{ gﬁ;;f,‘f‘“g’;p"fm;ﬁfm;‘g
amp. for the 45-deg. position, and from currents in both sets of
8.66 amp. for the 60-deg. position. loop antennas.

In space, the voltages produced by the currents in the two loops
add vectorially. An example is shown on Figs. 19, 20, and 21.
In Pig. 19 the goniometer has been rotated by 20 deg. The cur-

*. Mo/ Loop
: Rz
20°
+1. ¢ —~ Mo.2logp
L=94
Position of A
- phantorn leop

Fra. 20.—Position of the A signal phantom loop resulting from ecurrents in both
sets of loop antennas,

rent in the No. 1 loop (which normally sends out N signals) is

reduced from its normal 10 amp. to 9.4 amp. (cos 20° X 10) and

the No. 2 loop now has in it 3.4 amp. (sin 20° X 10). The

resulting vector has exaetly the same voltage as when the goni-

ometer was in the zero position but has been rotated in a clock-
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wise position by 20 deg. The direction of rotation is a matter of
polarity of the windings. If the windings had a different polar-
ity, the resulting vector might have rotated in a counterclockwise
position. In Fig. 20, a caleulation similar to that made for the
N loop is made for the A4 loops. In Fig. 21, then, the resulting
energy lobes and courses are shown.

It is very desirable that the rotation of the goniometer does not.
disturb the tuning of any portion of the antenna circuits, It is
also necessary that the variation in mutual inductance with

Orvginal course
from frue loops

Rotetled course from
phantom loops

Fra. 21.—Field pattern of radio range generated by the phantom loops of Figs.
19 and 20.

goniometer rotation does not deviate from true sine and cosine
functions. In order to meet both of the foregoing conditions,
the coupling between primary and secondary must be maintained
at a low value. The usual coeflicient of coupling used in goni-
ometers is not more than 20 per cent. The problem solved
graphically in Figs. 19, 20, and 21 can, of course, be solved just
as easily by algebraic methods. This method will be discussed in
detail later. As far as the problem illustrated in Figs. 19, 20, and
21 is concerned, it is only necessary to know the angle of goni-
ometer rotation, and the course shift will be known immediately.

Course Shifting and Bending.—By ‘‘course shifting’’ is meant
the moving of the courses of a radio range from their normal
90-deg. displacement to any angle between courses of 60 to 120
deg. The term “course bending’’ is used to designate that the
opposite courses are changed from their normal 180-deg. displace-
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ment to a position where the angles between these courses have
values of 150 to 210 deg.

The necessity for course bending and shifting lies in the neces-
sity for arranging the legs of a range to bear on the various air-
ways leading from a city. For example, the airways leading out
of Albany, N.Y., lead to Poughkeepsie, N.Y., on the south;
Springfield, Mass., on the east; Burlington, Vt., on the north;

N C,

Fig. 22.—Course shifting resulting from a reduction in the A loop energy.

and Utica, N.Y., on the west. Seldom do the important cities
adjoining a major city lie from it at all the cardinal points of the
compass. In the case of the Albany station, the angle between
the west and north leg is 85 deg., between the north and east
110 deg., the east and south 57 deg., and the south and west 108
deg. Neither a 90- nor a 180-deg. angle exists between any of
the legs of this range. Since the bearings of these cities from
Albany are not integral multiples of 90 deg., it is necessary to
bend and shift the legs to bear on the appropriate routes.

As has previously been explained, ringe courses are in reality
areas where the strength of the signals from the two loops is
equal. If the field radiated by one loop of a pair is decreased by
reducing its effective height, or by introducing resistance, the
course will be shifted toward the weaker loop. This is illustrated
in Fig. 22. In this figure the angle between the C; courses is the
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normal 90 deg. when the energy radiated by both loops is equal;
however, when the energy from the A loop is reduced to one-half
that of the N loop, the courses move together to a new position Cs
with an angle between them of only 53 deg. (approximately).
The angle between the courses can be caleulated graphically as
has been done in Fig. 22, or it can be calculated by simple trig-
onometry from

8 = 2 arc tan -f,—’ (28)
b
where 6 = smallest angle
I, = smaller of the currents in the {wo loops
I, = larger currents in the two loops

In this expression the two loops are assumed to be identical; that
is, for a given current in either loop, the same field strength is
produced at an angle of 45 deg. to the plane of the loops. If a
given course shift is desired, it is possible to compute from Eq.
{28) the ratio of the two currents that is necessary in order to
produce this shift. If the resistance of the loops and the avail-
able transmitter power are known, it is possible to compute the
resistance that is required for insertion in one of the loops in
order to obtain the desired shift. If each leg of a loop could be
excited individually without reference to any other leg, it would
be possible to produce bending very easily. The mere insertion
of resistance would accomplish this effect, and the calculation
would follow from what has been discussed for bending. For
the tower range to be later described, bending is actually accom-
plished in this manner, but it is not applicable to the loop range.
In order to affect one leg of a radio range without affect-
ing the other legs, it is necessary to add to the range a vertical
antenna and the proper phase-shifting apparatus. This vertical
antenna is so connected that it is energized at all times. In Fig.
23 is shown a standard range emitting field patterns Ny, Ay, Ny,
and 4. The resulting courses occupy positions designated by
;. To this range is added a vertical antenna that emits the
uniform field V. This energy adds and subtracts from the
various loop field patterns, depending on the relative phase
between the energy from the loops and the energy from the
vertical antenna. Since the two lobes of energy emitted from a
loop have opposite phases, the energy from the vertical antenna
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adds to one lobe and subtracts from the other. The results are
the lobes Ni, As, N3, and A, The intersection of the resulting
lobes produces the new courses. It will be seen that C,; is now
displaced and the angle between opposite courses is no longer
180 deg. The resulting angle is 203 deg. between the new
courses C's. The new courses Ca, however, although formed by
the energy from fields of lower value than formerly, retain their

F1a. 23.—Course bending produced by the addition of a vertical antenna to the
loop system.

same positions. If the field strength and phase of the energy
from the vertical tower are known, the positions of the resulting
courses can be calculated; however, the necessary data are diffi-
cult to obtain, and course bending is usually accomplished by
experimental methods. It can be seen, however, that by using
both course bending and shifting each leg of a range can be posi-
tioned so that it bears on any airway desired.

Night Effect.—The first United States ranges to go into the
making of the present airway system were installed between
Bellefonte, Pa., and New York City in the summer of 1927 and
were test flown sometime in September of that year. In 1928,
Haraden Pratt of the Bureau of Standards wrote a paper(6)
describing night-effect phenomena.
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This effect, noticed for the most part at sunset and after night-
fall, is quite weird. If one is listening to the A signal from a
station at some distance from the radio receiver, the signal will
slowly fade and an interlaced “on-course” signal will be present
in the output of the receiver. This signal will continue to change,
and soon a predominant N signal will be heard. All this oceurs
without changing the position of the receiver.

After this, the reverse condition sets in and an A signal is again
heard. This signal change will sometimes continue for hours.
The phenomenon sounds as if someone at the transmitting station
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Fra. 24— Eleetric field components produced by loop antenna.

were slowly moving the rotating coils of the goniometer to and
fro.

This anomalous transmission is caused by the reflection of sig-
nals by the ionized gas layer located above the surface of the
earth, often referred to as the Kennelly-Heaviside layer but more
properly known as the ionosphere. The mechanism of trans-
mission from this layer will be described later, but for the time
being certain statements regarding the characteristics of this
layer will be made, which the reader is asked to accept. - Refer-
ring to Fig. 24, a loop antenna(7) will be seen in perspective.
Current flowing through this loop is shown producing a magnetic
vector at point P. At right angles to this magnetic vector is the
corresponding electric vector E. From trigonometry the vector
E can be resolved into three components—two in the horizontal
plane and one in the vertical plane. The vertical vector voltage
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E, will be given by
E, = FE cos o (29)

This component is the one that is normally polarized and is
propagated via the ground and affects the receiver under normal
conditions. The term cos « serves to give E, some constant value
for the zenithal angle «. The vector E will be without value since
it acts in a direction that does not affect the receiver, but the
vector E, will be propagated by the higher reflecting layers when
the lower absorbing layers disappear at sunset. Normally this
voltage is weaker than F,, but when propagated under suitable
ionosphere conditions it may have a field strength equal to the
ground propagated wave E,. This vector has for its value

E, = E sin a sin 6 (30)

Notice that the angle 6 in Fig. 24 is the same as angle 8 in Fig. 10,
and remember that the normal loop pattern was described as a
function of the cosine of 8. For a given zenithal angle «, then,
the voltage E, acts as if it were radiated from a loop at right
angles to the loop that is actually emitting this signal. For the
position where the N signal should be zero, it will actually be some
finite value, which value may be equal to the normal N value
90 deg. displaced from the point of reception of the false signal.
By taking into consideration the fact that the amplitude of the
spurious, as well as the true, signals may be changing as the
propagating layer changes, it is evident that peculiar effects of
any character may be observed.

The TL Range.—Since the E, vector above is a sine function of
the zenithal angle, this vector will be eliminated if the angle is
zero. The original vector P occurred at some angle « merely
because there were currents flowing through horizontal elements
as well as through vertical elements. The elimination of all
horizontal components should give « a permanent zero value. In
the discussion of the derivation of the normal field pattern, it was
said that the horizontal loop members did not contribute in any
way to the field-strength pattern except that they served to
furnish current to the vertical legs of the loop antenna. If it
were possible to furnish this current and yet eliminate the hori-
zontal legs of the loop, the same radio range would result except
that night effect would no longer be present. The elimination of
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the horizontal members was accomplished by using steel towers
rather than loops and feeding these towers with buried trans-
mission lines. These towers and the transmission lines con-
necting to-them are shown in Fig. 25. This system became
known in the United States as the TL range.

Characteristics of Range Towers.— Previously, methods for the
caleulation of the electrical characteristics of the loop antennas
used with radio ranges were given, and it is desirable to discuss
the electrical characteristics of the towers used with the T'L range.
Dimensions of a typical tower installation are shown in Fig. 25.
It will be seen that each of the towers has a height of 125 ft.

Fic. 25.—~~The TL radio-range antenna system.

This height is great, but it is smaller than that of many com-
mercial broadeasting stations, the antennas of which often have a
height of 500 ft. If the electrical height of these towers is com-
puted for the frequencies between 200 and 400 ke., it will be
found to be only between 9 and 18 deg.; thus these towers are
really very short in comparison to the wave length. There are
several reasons why taller towers with increased radiation effi-
ciency cannot be used for this purpose. The most important
reason is that they are all located near airports or at least on the
airplane routes, and hence if they were high they would con-
stitute a hazard., In addition, tall towers could not be con-
structed practically without using guy wires. These guys would
fill the field between the towers and would probably serve to dis-
tort the courses. Although it is overshadowed by the other
reasons, the cost of four large towers for each of nearly 200 sta-
tions would be a considerable sum.



" THE RADIO RANGE 47

The methods for caleulating electrical characteristics of vertical
antennas have been derived by several authors and would be
given here exeept for the fact that these calenlations were found
to be inaceurate because of the extremely short electrical length
of these towers. The largest portion of the resistance of these
antennas is made up by ohmic resistance and dielectric losses.
The radiation resistance computed for these towers was found to
be only about 0.06 ohm, whereas the total measured resistance is
actually about 1.5 ohms. The same condition is also true for the
reactance of these antennas. All theoretical formulas are based
on antennas with small cross sections. This is not true of the
tower. The short tower acts as a lumped capacity of about
845 upf. At 300 ke. the impedance of the antenna is 1.5 — j629
ohms.

The current will be maximum at the base and zero at the top
of a uniform vertical wire that is short compared with the wave
length of the energy connected to it if the inductance and capacity
per unit length are constant. Since the average current for such
an antenna is one-half of the maximum current, the effective
height will be one-half of the actual height(5). For the towers
of Fig. 25, the effective height, by this formula, is calculated to be
approximately 19 meters. The capacity of these towers is not
uniform and is much greater at the base than at the top; accord-
ingly, the effective height will be less than ealeulated above.
This effective height has been measured as 16.1 meters., This
caleulation, therefore, is in error by 15.7 per cent. This error
is high; however, the method of calculation is useful as a basis
for an engineering approximation. The effective height of the
* system consisting of the two towers has been measured as 2.3
times the effective height of one toiwer.

The towers of these antennas are insulated from ground at each
tower leg. The tower itself is secured to its foundation by a
single insulated support in the center. The individual legs
“float” on their insulators. Electrically, these insulators con-
tribute to the high base capacity. The insulators used are com-
paratively short, and it was found that, in certain sections of
the country, alkali dust would gather on them. When if rained,
a conducting path to ground was formed, which caused the
courses to shift. In order to prevent this occurrence, each tower
leg is fitted with a “skirt’” over each insulator. This skirt is in
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the form of an inverted funnel which serves to prevent rain and
other matter from falling on the surface of the insulator.

Design of Output Circuits for the TL Range.—In developing
the tangent circle pattern (commonly called figure 8) for theloop
antenna, it was assumed that the phase relation between the two
currents in the vertical legs of the loop antenna was 180 deg.
This relation holds true by the mechanical construction of the
loop antenna. The current flowing from the source upward in
one leg must flow downward in the opposite leg in its return to
the source. Such a relation, however, need not be true for the
vertical antennas. By referring to Fig. 12, it can be seen that
if the relation between voltage E; and Ep is no longer 180 deg.,
the resulting sum of these voltages will have some other value
than that given by Eq. (1). Actually, the resulting field pattern
can have any form. It may be a cardioid or a figure 8 displaced
90 deg. to the normal pattern. Under Course Shifting and Bend-
ing was explained the dependence of the course position on the
relative currents in the two loops and also (when the vertical
antenna was added) to the relative currents in each lobe of the
loop pattern. It is evident, then, that in order to maintain
course stability the phase relation as well as the ratio of the
currents in the individual lobes must always remain constant,
that is, if the courses are to remain in the position to which they
are originally set.

As has previously been discussed, the @ (ratio of reactance
to resistance) of the United States TL tower antenna is very
high, and therefore slight changes in capacity of the antenna
cause serious detuning and the current change through the
antenna will be great. Since such changes in electrical charac-
teristies can be caused by moisture and other atmospheric condi-
tions, it becomes necessary to design an output coupling system
that will reduce their effects on course stability. In Fig. 26 is
shown the schematie cireuit of the output system actually used.

" The transmitter is connected to the link cireuit relay. This relay
is motor operated and keys the A and N signals previously
deseribed.  Next to this relay is the course shifting pad which
reduces the eurrent in one pair of towers. From the pad the
energy flows through the condensers Cy, and C,, which serve to
resonate the primaries of the goniometers Gy, and Gy, To these
primaries are coupled the goniometer secondaries G, and Gy,
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resonated by the condensers Cy, and Cz,. From these second-
aries the current flows to two sections of artificial line in the form
of two 7 sections. ¥rom here the energy travels through under-
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Fia. 26.—S8chematic diagram of radio-range coupling system. {(Couriesy of
CAA)

ground transmission lines to the secondary resonating condensers

C 1. and (4, of antenna transformers. The secondaries of these

transformers are resonated by varying the inductance. In Fig.
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Fira. 27.—Schematic disgram of coupling system used to excite one pair of
diagonally opposite radio-range antennas. (Courfesy of CAA.)

27 is shown the eleetrical equivalent of one of the tower circuits

(6). If the voltage at the terminals of one antenna transformer is

E,, it will cause a current I, to flow in the primary and a current

I, in the secondary of that transformer. If the primary imped-
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ance of the transformer is Z,, the secondary s Z,, and the total
secondary is Zyz, the primary and secondary cireuit equations
can be written as follows:

E1 = Ilzl + 12Z12 (31}
0=12y+ 1.2, (32)

Before proceeding, it may be well to explain the terms Zy,, Z,,
and Z,. The term Z;; is a mutual term and describes the
values of impedance reflected from primary to secondary, or
vice versa; the terms Z; and Z, represent the characteristics
of primary and secondary {respectively) alone, without consider-
ing the values reflected by the coupling. The term Z, covers all
seeondary values ineluding the characteristics of the secondary
tuning units and antenna.
Equations (31) and (32) can be simplified to

_ E\Z,,
Iy = = s (33)
- 12 ,
L= -2 (34)

The voltage impressed at the sending end of a transmission line
can be expressed in terms of receiving-end conditions by

E, = E,cos 6 + jI,.Z,5in 8 (35)

In this expression the angle 6 is the electrical length of the line
in degrees so that

§ = §;§ in radians (36)
or
¢ = 36)? 8 in degrees (37)

The antenna current I, is a funection of the sending-end volt-
age and the impedance interposed between this sending-end
voltage and the antenna. This impedance is commonly ecalled
the “transfer’” impedance. This transfer impedance can be
expressed by dividing Eq. (35) by Eq. (33) and substituting for
I, its value given in Eq. (34)

E

B =52 = Zi3c08 8 — 22 {(Zycos 8+ jZysin 8)  (38)
I, Z12
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It can be seen that only the second term of Eq. (38) contains
the antenna impedance; therefore, it follows that if this second
term could be made zero, the antenna current would be

E,

12 = Z;z cos 8

(39)
and hence would not be a function of the antenna impedance.
To express it in other terms, the antenna could be detuned
without its current changing if power supply regulation is
perfect. To make the second term of Eq. (38) zero, the expres-
sion in the bracket should be zero, thus:

Z; cos 8 "}"jZ(; sin § = 0 (40)
., sin 8 )
7z = ]Zo CFS-ué = jZo tan 8 (41)

If primary resistance is neglected,
xy = —Z,tan § (41a)

and
Loy = X 1q COS 0 (41b)

It is possible to make a ecircuit-that will satisfy Eq. (41) except
when ¢ = 90 deg., at which time tan 6 equals infinity.

In practice, 6 is always much less than 90 deg., so no difficulty
is experienced in satisfying the terms of Eq. (41). When this
relation is satisfied, the ratio of E, to I, remains constant as the
antenna is detuned. By looking at Fig. 27 it can be seen that
the voltage E, is common to both antennas; hence, if antenna A
is detuned, the ratio of E,/I, remains constant and therefore
the antenna current in the diagonally opposite antenna will
change in the same proportion. Thus, if all four antenna cir-
cuits are adjusted to satisly Eq. (41), the established phase
and amplitude relations of the currents in the opposite pairs
will be preserved even though the antennas may be detuned by
random variations in capacity and resistance.

In addition to satisfying Eq. (41), it is also necessary that the
impedance presented by each primary be equal to the line
impedance in order that maximum power may be absorbed
and standing waves on the transmission line may be eliminated.
By using Eqs. (33) and (34), it can be shown that the total
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impedance of the primary is

— 7t
Zi o= &wa (42)
which is the same as
— X%R, Xy — sz:»f{g)
R A4 XY I3+ X%

If the characteristic impedance of the transmission line is a
pure resistance, which is true for the ceramic-air lines, the real
part of the foregoing expression should be equal to the character-
istic impedance of the line, and the reactive component should
be zero.

Zy; (43)

X*R,

%= mt X )
_ XX,
0=X - poy x7, (+5)
If the phase angle of the antenna circuit is defined by
¢ = are tan X (46)
IRy
then Eqs. (44) and (45) may be written as fcllows:
VIR,
Xu = cos @ (47)
tan ¢ = — tan @ (48)

Equations (47) and (48), then, must be true if the line impedance
1s matched.

If Eq. (41) is satisfied, (415) will be a pure imaginary and will
denote a 90-deg. phase difference bhetween line voltage and
antenna current. Under this condition, course alignment is
restricted to that in which opposite courses are 180 deg. (space)
apart. If it is desired to bend courses, it is not possible to satisfy
Eq. (41). That is, if nonreciprocal course alignment is neces-
sary, it is also necessary to depart from the most stable cireuit
adjustment,

Adjustment of the goniometer must also be discussed at this
time. Suppose that the antenna circuits are adjusted to satisfy
Eq. (41) but the courses are so aligned that the goniometer is in
the zero position. This means that one pair of towers will be
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energized only during the N interval and the other towers only
during the 4 interval. If one of the towers (for example, an
N tower) becomes detuned, the current in the other tower of
the pair will also decrease by a corresponding amount, but the 4
tower currents will be unaffected. As has previously been shown,
if the N energy lobes decrease but the A lobes retain their normal
size, the courses will be shifted toward the N towers. Suppose,
now, that the goniometer is set at its 45-deg. position; both of
the goniometer secondaries will be equally coupled to the primary.
Since the secondary windings are resonated, their entire voltage
will appear across the transmission lines; hence the sending-end
voltage will always be equal for any transmission-line impedance.
If one of the antennas becomes detuned, the current will drop
equally in all four towers, and although the received signal
strength will be decreased, the course alignment will not change.
In order to maintain the goniometer setting at 45 deg., it is
necessary that the desired course alignment be known prior to
the time that the towers are erected. Stability of courses is very
important, and it is unfortunate that other demands make neces-
sary the alignment of the radio range for conditions that deviate
from maximum stability.

The Simultaneous Radio Range.—When the radio range was
first placed into use in the United States, it was made to serve a
dual purpose. In addition to providing guidance, its 4 and N
signals were interrupted so that the weather in the area in which
the range was located could be broadeast. This weather infor-
mation is, of course, very valuable to a pilot, and while en route
to a terminal, the momentary loss of the guiding signals is of
small consequence. However, as the range began to be used
as a means for allowing the pilot to come down through a sclid
overcast to a low ceiling, the loss of these guiding signals during
the crucial descent period was a serious matter. Such an inter-
ruption meant that the pilot had to begin working out his
instrument, problem all over again. Not only was time lost,
but invaluable quantities of gasoline were wasted. A procedure
was, of course, set up whereby the range-station operators were
notified during these times and the transmission of guidance
signals was allowed to continue without interruption. This
procedure disrupted the weather-broadeasting schedule and was
unsatisfactory in other ways. A solution to this problem would
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have been the placing of the weather broadcast on a separate
frequency; however, this was not possible because the channels
were already badly crowded. The solution that was developed
is quite novel and consists(9) in transmitting the weather and
range signals simultaneously with a means for selecting either
type of signal at will. This solution consisted in adding to the
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Fia. 28.—Principles of the simultaneous radio range.

TL range antenna system a fifth tower centrally disposed with
respect to the four towers already in use. The range transmitter
was shifted in frequeney so that it now had a value that wax
1,020 cycles higher than previously. To the central tower there
was connected a new transmitter operating on the carrier
frequency previously used by the range transmitter. The tone
with which the range transmitters were modulated was removed
80 that they now transmitted only a pure carrier wave. In the
radio receiver, the radio frequencies from the center tower and
from the range towers beat together by virfue of the frequency
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difference to produce a 1,020-cycle tone. This tone {frequency
difference) was chosen because of the following reasons:

1. The ear is very sensitive to it

2. It is easily distinguishable above the noise of the airplane

3. It is pleasing to the ear

4. It is a multiple of 80 cycles, and consequently the com-
mercial power source supplies a frequency standard

The transmitter connected to the corner towers of the range
station is keyved from one pair of towers to the other in exactly
the same manner as was previously done when it was used as a
TL range; hence, an observer hearing the modulation that takes
place in the detector of his receiver is unaware that this tone
is not the result of modulation at the transmitter. The trans-
nmitter connected to the center tower must transmit continucusly
or else the tone in the receiver will disappear. When necessary,
this center tower transmits weather broadeasts in the form of
voice. A wave filter is, however, connected in series with the
microphone cireuit and prevents any 1,020-cycle tone in the
speaker’s voice from modulating the transmitter. Other voice
frequencies must serve to carry the intelligibility to the pilot.
In the airplane, two filters are connected to the receiver output.
One of these passes only 1,020 cycles; this, then, passes the tone
generated in the detector of the receiver. The other filter passes
all frequencies except 1,020 cycles; hence, headphones connected
to it will have only the weather broadecast impressed on them.
By means of a switch, the pilot connects his headphones to the
output of either filter at will and thus has the choice of weather-
or range-guidance signals. This system is shown diagram-
matically in Fig. 28, Since the generation of the tone signal
actually occurs in the receiver, it is necessary that the relative
amounts of power from the two transmitters be regulated so that
the proper modulation takes place,

The statement was made that one of the filters passed only
1,020 cyeles, whereas the other passed all frequencies except
1,020 cycles, but actually this is not the case. All filters must
have an appreciable band width, and the filters used for the
reception of the simultaneous range are no exception to this
rule. The filter characteristics are shown in Fig. 29. These
characteristics are not the best that could be secured were it
desired to pass only 1,020 eycles for one filter and all frequencies
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except 1,020 cycles for the other. A filter with a cutoff char-
acteristic that is too sharp cannot be tolerated for the range
tone-passing filter. This is because s sharp filter gives rise to
transients that produce a ringing sound in the headphones
whenever the filter is subjected to static or shock excitation of
similar character. Ringing so severe that it is impossible to
distinguish the 4 from the N signal has been observed with a
filter having characteristies

% that were too ‘“good.” The
Y o combined weight of the two
360 \ _ filters is usually less than 3 1b.
B Vojce frarge The Simultaneous-range
£40 \ / Transmitter.—Since this is the
- \ [ ] / most common transmitter used
-§ 30 \ ! / in this country and issomewhat
£ unusual in design, a deseription

10 - will be given here. It actually

o / N consists of two transmitters in

6 éycle?per,;zem Jgskhg?l ol ® 2 asingleframe. Both transmit-
Fia. 29.—Characteristics of the tors are crystal controlled by a
filters used for simultaneous radio- matehed set of zero-tempera-
range reception. ture-coefficient crystals that
assure a frequency separation of 1,020 cycles between the two
carriers at all times. The weathcr transmitter has a power out-
put of 400 watts and is eapable of being modulated 70 per cent
with voice. This transmitter is connected to the center tower.
The transmitter that furnishes (in effect) the single side band
is unmodulated and has a power output of 275 watts. Two
transmitters, as described, are used in each station and are so
arranged that either can be connected to the antenna system in
the event of failure of one unit. A goniometer unit common to
both transmitters is used, but it is equipped with duplicate keying
systems to guard against failure.

Visual Radio Range.—A long-wave visual radio range was
developed by the Bureau of Standards in about 1928(10, 11).
Some equipment of this type was purchased and installed but
was later removed from service. Although none of these devices
are in use today, the engineering associated with this development
‘had many unusual features which are interesting. The trans-
mitter consisted of two radio-frequency amplifiers each connected
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to crossed-loop antennas similar to those described earlier in
this chapter. The two amplifiers operated on the same carrier
frequency but were modulated with different tone frequencies.
The tone frequencies actually used were 65 and 86% cycles per
second. These frequencies were chosen because they are not
harmonically related. As was discussed under Course Shifting
and Bending, the energy emitted simultaneously from various
radiators will combine to form a space pattern; hence, if the
methods discussed in that chapter are applied to the energy
from the two loops, it will be seen that the resulting space
pattern is again a figure 8, but located with its maximum vector
45 deg. to the plane of the loops. As the two amplifiers were
ieodulated, however, side-band frequencies were present. These
were

F. -+ 65
F.— 65

F, + 86.7
F, — 86.7

In these expressions F, is the carrier frequency. Two of the
terms represent the upper whereas the other two are the lower
gside bands, Sinee these four frequencies are not identieal, they
will not combine in space but will form a normal twin figure 8
pattern in space. The carrier wave, however, is necessary
regardless of the position of the receiver from the antenna in
order to properly detect (demodulate) the wave. A ecircular
field-strength pattern for the carrier wave is desired, while the
side-band patterns should be two figure 8’s at right angles to
cach other. In order to accomplish this, a common oscillator
was used for both amplifier channels; however, a network shifting
the phase of the exciting voltage to one amplifier was used. The
results were two waves of equal magnitude and frequency but
with a 90-deg. phase difference between them. When energy
from the two loops is added vectorially for every position about
them but with 90-deg. displaced vectors, the resulting pattern
will be a circle; that is, the carrier-wave pattern is equal for all
angles about the loop. If an airplane is flying at an angle of
45 deg. to the planes of the loops, the received side bands will
be equal for 65 and 86.7 eyecles, and equal quantities of both
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tones will be present in the headphones. Coils similar to those
used in headphones were connected to the ocutput of the radio
receiver(12). Above the pole pieces of these coils were placed
spring strips of metal about 4 in. in length. One end of these
metal strips, or “reeds,” was attached to a rigid support, whereas
the other end was free. The free end was bent to form a small
flag which was painted white. Two of these metal strips were
supported above the receiver coils. The mass and elasticity
of these metal strips were so adjusted that they had mechanical
resonant periods of 65 and 86.7 cycles per second.  As the various
side bands were received, the corresponding reed end vibrated
to form a “blur.” The amplitude of this blur was propoertional
to the received signal strength. When both sets of side bands
were received with equal intensity, the klurs bad equal amph-
tude. The fact that the airplane was flying in the direction
of the plane of one loop more than the other was indicated by
the relative amplitudes. The maximum amplitude was also an
indication of the proximity of the airplane to the radio station.
Because the reeds were very sharply tuned, they were unappre-
ciably affected by static. The accuracy of the applied frequency
had to be correct to within 0.05 cycle in order to actuate the reeds
properly.

A further modification(13), interesting from an engineering
standpoint, was designed. This consisted c¢f adding a thid
amplifier to the system described above., The common cscillator
was connected to the amplifiers by means of three phase-chifting
networks (one per amplifier) so that the earrier frequencies at
the output of each amplifier had a 120-deg. phase displacement.
" This third amplifier was modulated with a 108.3-cvcle tene,
whereas the other two amplifiers were modulated with 65 and
86.7 cycles, respectively, as deseribed above,

The antenna system consisted of the two crossed loops, but
these were connected to a goniometer having six secondartes.
In pairs, these secondaries were mutually perpendicular to each
other, Three of the secondaries were connected in series and fed
one of the loops, whereas the other three were also connected in
series to serve the second loop.

The goniometer had one primary for each pair of secondary
coils. These primary coils were physically displaced 120 deg.
with respect to each other, and each amplifier was connected
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to one of the primaries. In space, the carrier frequencies from
the two loops combine to form a pattern resembling (roughly)
an ecllipse. The side bands form three figure 8 patterns. The
angle between the major axis through these three figure-8
patterns was 60 deg. These patterns have 12 intersections
where the signal intensity from two sets of side bands is equal;
hence, this range has 12 courses. Reception of this range is
accomplished with a receiver similar to that used to receive the
visual range previously deseribed, except that the indicator has
another 65-cycle reed and a 108.3-cycle reed. The added
65-cycele reed is merely for ease in making it possible to compare
the relative amplitude of one tone with any other tone.

The four-course visual range was actually installed for airway
use, but the twelve-course range was never placed in service.
The four-course range was found to be subject to several
defects which, although they might have been corrected, were
instead converted to the aural type. One of the defects was
caused by the use of two amplifiers. If the power output of one
of these amplifiers changed, the courses would change. This is
not true for the aural range, since a change in transmitter power
output would affect both the 4 and the N field patterns equally.
Another difficulty experienced was with the tuned reeds. Appar-
ently they lost their calibration in service. It is interesting to
note, however, that the desirability of a visual indicator was
realized as early as 1927 (about the time that the first aural-type
ranges were installed for service). The latest thoughts with
regard to visual ranges will be discussed in the next chapter,

Geographical Coverage of Radio Ranges.—In order to know
what spacing (in miles) to use between radio ranges, or, the
corollary, what power fo use in order to cover a given distance,
it is necessary to compute the field strength produced at a given
distance by a radio range. There are a number of formulas
that may be used for solving this problem. All these are com-
posed of three parts. The first part can be termed the power-
output expression. This is that part of the formula which is
concerned with the number of watts from the transmitter and
the efficiency of the antenna. The next section can be called
the natural-diminution section. The intensity of the radio
wave (and many other natural phenomena) varies inversely
as the distance from the transmitter. The third term contains
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attenuation factors which are a function of the electrical charac-
teristics of the terrain.

The terrain factor does not enter into calculations made for
distances of 1 mile, and since this point is beyond the range
of the induetion field, it is convenient to base the first portion
of this calculation on the mile distance. This portion of the
formula was already given by Eq. (23)

 234Ih,
B

E (23)
In the section under antennas, the effective height of the range
tower was given as 16.1 meters, but this must further be modified
because of the two-tower configuration. The two-tower correc-
tion applying only to caleulations of field strength 45 deg. from
on course is a function of the tower spacing and is given by(14)

her = b (1.414 sin %) (49)
where h., = corrected effective height

h. = effective height of tower

d = gpacing between towers

A = wave length, meters
A further correction must be made to take care of the side-band
characteristic of the simultaneous radio range as follows:

K, = 0.212K, (50)

K, sin (’X' d cos s)

where K, = factor by which the field strength is measured to
account for the modulation characteristies of the
range
K, = square root of the ratio of unmodulated to modu-
lated transmitter power capacity
K, = ratio of side band to carrier amplitude resulting
from attenuation by sharply tuned antenna circuits
For the conventional range, K, equals 1.22 and K, was caleulated
to be about 0.6. Cos 8 refers to the point of measurement as
discussed in the paragraph under range theory.
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The current in the base cf the antenna expressed by I in Eq.
(49) is a function of transmitter power and efficiency as well as

tower resistance; thus ‘
7= \/P - eff (51)

R

The resistance of the towers was given as about 1.5 ohms. The
efficiency of the coupling system is subject to many variables,
but since the resistance of the tower is so low, even the best
inductances that can be constructed will have a resistance equal
to or higher than that of the tower; hence, efficiency cannot be
expected to be much more than 50 per cent.

The natural diminution factor can be easily applied merely
by dividing the field strength secured by Eq. (23) by the distance
in miles from the transmitter to the point for which the field
strength is to be computed.

A number of methods have been worked out for computing
the terrain factor, but for the longer waves the most consistent
of these, when checked repeatedly by actual measurements,
appears to be the van der Pol formula, This formula gives a
factor 8 by which the field strength computed, as deseribed
above, must be multiplied in order to obtain the actual value.
Factor S is given by(15)

_ 2403P
S=oFP+oom (52)
or where P is greater than 29 by
1
P ig given by
0.842r
P =5 1o (59)

In this expression, » = distance from transmitter, miles

A = wave length, kilometers

o = soil conductivity, electromagnetic units
No account is taken of the dielectric constant of the soil, but
this causes no appreciable error for range frequencies.

The Federal Communications Commission has a large amount

of data dealing with soil conductivity. Table I gives values of
conductivity for various types of soil.
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The field strength from a typical radio range was computed
and plotted in Fig. 30 by using two extreme values of soil con-
ductivity. Experience has shown that a field strength of at
least 50 uv per meter is necessary in order that satisfactory recep-
tion of range signals under conditions of heavy static may

prevail. Figure 30 would indicate that this was possible for
Tasre I*
Terrain Soil type i:) ;{fa(:;;;zi Conductivity,
ft. T, X 101
Sea water........ e e 10,000
Fresh water. .. ... ... . . i e 5,000-8,000
Marsh........ ..... .. Loamandsilt | ..... ..., .. 1,000
Flat or gently rolling. .| Black loam 50 150-200
Rolling............... Loam and sandy loam,| 50-100 80100
loam predominating
Rolling .| Sandy loam predomi- | 100-500 60-80
nating
Hilly.................| Gravelly, sandy loams | 500-800 40-60
and rocky loams
Suburbs and small
TOWnS. .| 30~-40
Hilly .| Gravelly, sandy loams | 600-1,000 30-40
and roeky loams
Flat or hilly. .. .. .. | 8and and ghale | ... ... ... 25-40
Very broken..... ... .. Gravelly, stony land | 300-1,000 | 20-30
Restdential seetions.. . .| ... ... ... ... ... ] oo 20--30
Mountainous. . .... ... Stony land 1,000-1, 500, 10
Broken mountainous.. .| Stony land 1,000-8,000 5-7

* Reprinted by courtesy of the RCA Manufacturing Company, Ine.

distances up to 65 miles only, for soils of low conduectivity and
up to 210 miles for soils of high conductivity. Actually, there
is another factor not acecounted for by this formula but which
will be discussed in Chap. X. This is the important ionosphere
factor which gives greater signal strengths, but chiefly at night.
The usual practice is to locate major radio ranges at intervals
of 200 miles, although some low-power ranges are often placed
at intermediate points.

The Range Receiver.—In order to obtain the directional guid-
ance offered by a radio range, it is necessary to carry only an
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appropriate receiver and attach it to a suitable antenna located
on the airplane’s exterior. The output of the receiver comes
through a filter (previously discussed) if reception is to be from a
simultaneous-type range, but the conventional range delivers
its message to a pair of headphones. The engineering features
of this receiver will now be discussed. The receiver is, of course,
of the superheterodyne type. The antenna characteristics will
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Fre. 30,—Field strength of radio-range signals for two types of terrain.

be discussed more fully later, but as would be expected the
antenna is short compared with the wave length of the energy
it is designed to receive; hence, it acts like a pure capacitive
reactance over the entire range band of 195 to 415 ke. This
antenna s usually connected directly across the first tuned
circuit in the receiver. The first circuit must be designed for
high amplification, as the desirable signal-to-noise ratio is usually
specified as 6 db with an input of only 1 gv and 30 per cent modu-
lation. The first eircuit of a range receiver is usually that of a
first radio-frequency amplifier. This is necessary because the
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desired image-frequency suppression (in order to eliminate
interference from broadeast and marine stations) is 100 db.
The oscillator should be stable in order to meet the temperature
requirement previously specified.

The use of tubes performing both first detector and oscillator
functions has proved practical. The oscillator is (on a percentage
basis) operating at a frequency far removed from the carrier
frequency, so no interlock difficulty is experienced. Intermediate
frequencies of both 90 and 180 ke. have been used. A selectivity
of a high order is required for avoiding interference from stations
separated by only 3 ke., so two stages of intermediate frequency
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Fiag. 31.—8clectivity characteristic of a modern radio-range reeeiver.
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amplification are necessary. The desirable sclectivity provides
s band width of only 7 ke. when the attenuation (compared with
maximum response} is 20 db. Suitable seclectivity charaecter-
istics are shown in Fig. 31. Sensitivity is automatically of a
high order when the selectivity requirements are met. It is
usually specified that not more than 1 uv of 30 per cent modulated
input is required in order to produce 50 mw. of audio cutput over
the entire band. The reason given for demanding this high
sensitivity was that the receiver should still behave in a satis-
factory manner even though it was necessary to operate with a
very low-voltage battery (in event of generator failure).

The design of the second detector must be carefully con-
sidered because in this detector the audio signals from a simul-
taneous type range are actually generated. Every effort should
be made to obtain a detector with an output directly proportional
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to the input. The usual detector employed is of the diode type,
which is generally considered to be linear, but additional effort
spent in adjusting biases on this tube is necessary in order that
the effect of the curvature in the detector-tube characteristic
may be reduced and hence eliminate the cross talk between the
weather and range signals. In Fig. 82 is shown the phenomenal
difference in results between using a linear and a square-law
detector.
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Fra. 32.—Effect of square-law and linear datectors on the reception of simul-
taneous radis-ranz> siznals.
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The weight of receivers of this type, including a high-voltage
dynamotor for plate power supply, should not exceed 22 1b.

Obviously, with such excellent selectivity, it is impossible
to secure good quality. The frequency response is seldom flat
within 4 db from 230 to 2,000 cycles. A typical response is
shown in Fig. 33. After examining this figure, it is natural to
question whether or not sufficient intelligibility remains upon
subtracting the response of the filter of Fig. 2. This phenome-
non bears testimony to the fact that although a monotone may
be unpleasant to the ear, it is all that is necessary in order to
convey intelligibility. The sharp selectivity serves to exclude
statie and, hence, aids in making the range signals easily read.
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The successful interpretation of these signals is, after all, the
most important function of the range receiver.

Automatic volume control serves to widen the course even
when used with a simultaneous range which always has an
uninterrupted carrier frequency. But since it is necessary to
follow a range from directly over a station where the field
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Fia. 33.—Audio response of 8 modern radio-range receiver.

strength is more than 50,600 pv to a distance of more than
100 miles where the field strength is £0 pv or less, an effec-
tive control of gain must be provided by controlling physi-
ological factors. This consists in providing a rather large audio
power output, so that the operator must reduce his receiver
gain as the station is approached, because of the aural discom-
fort. This is a very important consideration. If the gain
control is not effective, the first stage will overload, then the
signal (4 or N) that is stronger in space will be weaker in the
headphones, while that which is weaker in space will be stronger
in the headphones; the course will therefore apparently reverse
in space, and it will be impossible for the pilot to work out his
orientation problem correctly and locate himself before coming
through the overcast.

Range-receiver Antenna.—Although the antenna used for
range reception on aircraft appears to be a simple structure, it
will cause course errors unless designed consistent with certain
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principles. This fact was recognized as early as 1918 by the
men who developed the range. W. H. Murphy of the Army
showed by trigonometry that this error was caused by the pro-
jection of the antenna’s horizontal dimension on the loop, and
he developed a formula for course error. His paper(17), pub-
lished in 1927, gave a curve for antenna error which is reproduced
in Fig. 34. In this curve, 8 is the angle of sight, and a» is the
angle of the antenna slope. In this figure it is clearly seen that
the error can be reduced to zero only if the antenna slope it
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Fie. 34.—Variation in bearing orror for various range-receiving antennas.
(Reproduced with the consent of the Franklin Institute.)

90 deg., that is, if the antenna is vertical. It will be seen, how-
ever, that the error is the greatest as the airplane approaches the
station (8 approaches 90-deg.). For years the vertical antenna
was used. This consisted of a self-supporting streamline mast
with a eross section having a major axis up to 6 in. and a height
up to 6 ft. This mast was located on top of the fuselage. The
comparatively large height was necessary in order to secure
sufficient pickup. The exact electrical characteristics of this
antenna are not known, but they probably were equivalent to a
condenser of about 30 uuf. Obviously, such a structure was not
desirable from an aerodynamic standpoint. This mast was
subjeet to icing and often vibrated vigorously when iced. In
1932, Diamond studied this problem(16), using a vector method
of analysis. He developed a formula for bearing error that
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closely resembled that previously developed by Murphy; how-
ever, he coneluded that a flat top could be attached to the
antenna if this flat top were symmetrieal (as in a 7 antenna).
He further found that this antenna was the equivalent in pickup
to the vertical mast even though its actual vertical height was
only a matter of 1 or 2 ft. He concluded that slthough the top
section added nothing in so far as pickup was concerned, its
loading contributed to increasing the effective height. Further
comments relating to this increased pickup will follow later. It
is believed that both these authors overlooked a factor that did
not make itself evident until the advent of the present high-speed
airplane. A great amount of maneuvering of airplanes always
takes place near the radio station, and it is at this point that
course bearing errors are important. With a high-speed air-
plane it is necessary to use rather steep banks, even in passenger
service. These banks are usually less than 45 deg., but they may
be as great as this figure. At this angle, then, the vertical mast
has a 70.7 per cent horizontal component. Both the pure
vertical mast and the in-line T antenna may produce course
error.

A T antenna with the flat top across the line of flight in such a
position that the vertical component increases during banks
may be helpful, but such a structure is subject to icing. In
1932, United Air Lines developed a symmetrical V antenna
which, although better than the crosswise 7 from an aerodynamic
standpoint, still retains the ability to add vertical component
as the airplane is banked. '

This V antenna is spaced a distance of only 18 in. from the
fuselage at the apex of the V and is very close to the fuselage
at the extremity of the V. The leadin comes from the apex.
Each leg in the V is 85 in. in length, and the leadin (to the
fuselage insulator) is 75 in. The inecluded angle between the
sides is about 90 deg.

The total eapacity of this antenna is about 90 puf, and to this
the lead from the fuselage insulator to the receiver adds 50 puf.
These antennas can be considered as generators having as their
internal impedanece, impedances equal to the capacitive reactance
of the antennas, and having shunted across their terminals the
lead-incapacity. It can be seenthat if the capacity of the vertical
mast had been of the order of 30 uuf, and the lead-in capacity
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had been 50 puf, the antenna voltage would have been drastically
reduced before the radio receiver was ever connected to it.
Recent measurements on a vertical antenna made of a 6-ft. length
of %{¢ in. diameter steel showed it to have a capacity of only 15
uuf.  This antenna would deliver very little of its induced voltage
to its receiver if the Jeadin had a capacity of 50 uuf.

In adding a flat top section to the short vertical antenna, the
effective internal impedance of the generator is lowered. If it
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Fie. 35.—The low-impedance coupling syatem for radio-range-receiving antennas.

can be lowered to the point where it is small when compared with
the shunt lead-in capacity, there will be no appreciable voltage
loss by adding the leadin.

With the development of iron cores for radio-frequency trans-
formers, it has been possible to eliminate some of the lead-in loss
by the use of these transformers. A transformer is located at
the fuselage insulator, which in effect reduces the antenna
impedance to a low figure. The secondary of this transformer is
connected by means of a low impedance shielded eoaxial trans-
mission line to the primary of another transformer in the receiver.
Here the impedance is stepped up and connected to the grid of a
tube. Figure 35 shows the performance of such a transformer ax
compared with a leadin. Measurements were made both in
flight and in the laboratory. It will be seen that the gain in
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favor of the transformer iz never less than 5 db and may be as
high as 10. In addition, these transformers are shielded and
should be an important factor in keeping ignition interference
out of the receivers. The high-impedance leadin has always
been subject to ignition noise, (1) because it was high impedance
and hence small coupling of noise to it was appreciable, and (2)
beeause it could not be shielded, otherwise it would have pro-
duced too great a signal loss. It will be noticed that the antenna
transformer in Fig. 35 has included within it an electrostatic
shield between primary and secondary.

The number of antennas on the airplane has inereased, and in
an attempt to simplify the antenna structure there have been
some installations of a small-diameter vertical mast located
below the fuselage. This should, of course, give no course error
except when the airplane is banked. Because of its flexibility,
the air stream bends it, and hence it has a horizontal component
which may act to minimize course errors during banking,

Problems

1. A localizer is designed for use with trianguiar 10op antennas. These
antennas have a center pole 33 ft. in height and four short poles—one at
each of the lower corners of the two loops, so that the lower wires are 5 ft.
from the ground. The base of each triangle is 5 {t. above the ground and
60 ft. long. Design a complete coupling circuit for this range, specifying
the values of each condenser and coil used, assuming that the tuning unit is
connected to a 70-chm transmission line.

2. The government allows a 1,000 uv per meter signal at 1 mile. Assume
that the coupling unit is 50 per cent efficient, and compute the maximum
permissible transmitter power of the range of Prob. 1,

3. A TL range with the goniometer phased as in Fig. 21 has the towers
placed so that one is at each cardinal point of the compass. The north and
south towers normally have antenna currents of 6 amp., and the east and
west towers have normal currents of 4 amp, Compute the resulting courses.

4. Owing to a faulty insulator, the current in the east tower was ohserved
to have fallen to !4 amp. The output circuit was designed as has been
described in this chapter. Compute the resulting field pattern, and discuss
in detail what the pilot would hear under these conditions.

3. Over what distance is o localizer preducing a 1,000 uv per meter signal
at 1 mile useful if the soil is rolling with sand loam predominating and 20 uv
per meter is considered the minimum useful field strength?
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CHAPTER III
THE ULTRA-HIGH-FREQUENCY RADIO RANGE

In the previous chapter the radio range was discussed in
detail, also some of its aberrations and their cures. There are,
however, some phases of this irregular range behavior that have
not yet been corrected. Tests with ranges operating on ultra-
high frequencies, as well as theoretical considerations, indicate
that the solution of certain of these problems lies in the use of
the higher frequencies for the range facilities. In this chapter,
then, the faults of the low-frequency range will first be discussed,
then the ultra-high-frequenecy range technique which is at present
undergoing development will be introduced.

Bent Courses.—The fact that the range operation was found to
be hampered by certain phenomena does not mean that its use
disclosed some hitherto unknown characteristics of radio-wave
propagation. This was decidedly not true for the case of bent.
courses. This phenomenon was long known to marine operators
who found, upon taking bearings on radio stations located at some
distance from the sea coast, that the radio waves apparently
“bent” as they reached the coast, so it was named the “shore
effect”(1). This effect is experienced by airplanes flying in
mountainous terrain. A particularly outstanding example of
this effect, not because it is the most severe case existing in the
United States, but because it can be so clearly observed, occurs
in one section of the Allegheny Mountains where there are a
number of parallel ridges separated, perhaps, by some 25 miles.
By carefully following the on-course signal of the radio range, the
path or area in which interlocked signals exist seems to bend each
time the signals reach one of these ridges.

This phenomenon ean be explained by the simple illustration
shown in Fig. 86. FEach dot in this figure represents a marching
soldier. The column is marching six abreast on a road when
they strike a muddy field. The speed of the first soldier to
gtrike the field is slackened. This also oecurs & moment later

72
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to the second soldier, etec. The front of the eolumn is skewed,
and an observer would eonclude that they are marching in direc-

Ffreld

road

Paved /‘)k Muddy

F1a. 36.—Skewing of the front of a marching column caused by increased
impediment.

tion B, whereas they had formerly been marching in direction A.
The same analogy can be applied to the bending of light waves
and the index of refraction. It is necessary to caution against
the extension of this analogy .
for, although the men would %
doubtlessly correct their di-
rection of march in order to
reach the desired destination,
there is no force that pre-
scribes such behavior for the
radio wave. The direction of
propagation of the radio wave
is at right angles to the wave
front; hence altered direction Fis. 37.—Bending of radio ray
is inseparably associated with caused by differences in soil con-
ductivity,

a skewed wave front.

For mathematical purposes, this same phenomenon is shown
diagrammatieally in Fig. 37. In this figure a radio beam travel-
ing in direction 4 4 along dry ground reaches a boundary between
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dry ground and an area of rocky ground. The beam makes an
angle 7 with the normal to the boundary and then is bent so
that it travels in the direction AB. The angle between the radio
ray AB and the normal to the boundary is r.
Using optical theory [Snell’s law(2)], the following expression
may be written:
sind _ s (55)
sinr  m
In this expression the angles ¢ and r are the angles of incidence
and refraction as shown in Fig. 37. The n terms are the indexes
of refraction, that is, they represent the ratio between the speed
of electromagnetic waves in a vacuum and in the given medium.
The subscripts 1 and 2 refer to the indexes for the first and second
mediums, respectively. This refractive index can be expressed
by(3)

_ ¢ € 2met\? -
”‘\/é“‘"\/‘ﬁ T) L (68

This expression is based on a wave traveling through a medium
having a dielectric constant ¢ and a conductivity o (expressed
in electromagnetic units). The term ¢ is the velocity of radio
waves in a vacuum (equal to 3 X 10'° em. per second) and
w = 2rf where f is the frequency of the radio wave in eycles per
second. It is apparent that the course error can be expressed by

sin™ ¢ — sin~!r (57)

If a caleulation of course error is made for a frequency of 300 ke.
with the wave passing from dry ground with a dielectrie constant
of 4 and a conduetivity of 1.18 X 1071% to rocky ground with a
dieleetric constant of 4 and a conductivity of 1.18 X 1074, a
value for sin 7/sin r of 3.35 results. If the angle of incidence
was assumed to be 45 deg., then the sine of the angle of refraction
will be 0.212, which corresponds to an angle of 12°15’. The
eourse error is

45° — 12°15" = 32°45’
If the same computation is made and the same value for the

dielectric constant and conduectivity is used, but the frequency is
assumed to be 100 megacycles, sin i/sin r will equal 1.15, or
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r will equal 38 deg. The course error is then
45° — 38° = 7°

The course error has been reduced by nearly one-fifth. Of
course, the preceding caleulation is net rigorous, because the radio
waves travel over the ground rather than through the ground;
however, the implication is clear—the use of the higher frequency
should reduce course bending.

CATION OF VAN NUYS
RANGE COURSES AT
i SANTA ANA, CALIF.

N

JIAN ON H Nn
GUAD. COURSE  QUAD.

gL

Fia. 38.'—Pl’an w:'iew of multiple low-frequency range courses produced by moun-
tainous terrain, (Couriccy of CAA.)

Multiple Courscs.—The aberrations characterizing the trans-
mission from a radio range in mountainous terrain which are
most noted by pilots are the multiple courses. When flying
at right angles to the range course, on-course signals will be heard
in several places, interspersed with A and N zones. This phe-
nomenon is clearly shown on the map of Fig, 38, which is the
result of a study of the Van Nuys range located near Santa Ana,
Calif. Another peculiarity of these multiple courses is that
they do not remain constant for all altitudes. This is pictured
in the elevation drawing of the range shown in Fig. 39. These
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multiples can be attributed to the presence of vertical surfaces
in the viecinity of the radio range.

In Fig. 40 are shown the lobes of a radio range located at
point R. The line A represents the plan view of a vertical
surface (such as a wall). The maximum ray from the A lobe
(marked A) strikes the vertical wall at point P. Although
its energy is diminished by this wall, it is nevertheless reflected
back with considerable strength. This reflected ray is shown
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Fia. 39.—Cross scetion of multiple courses from Van Nuys radio range taken near
Banta Ana, {(Courtesy of CAA.)

as A,. In its travcl away from the vertical wall it meets other
energy propagated directly from the range. It meets, at point
B, a ray consisting of more A than N signal, but the 4 energy
is less than the direct A ray which struck the wall. In the
process of reflection, the phase of the A ray is changed.
It is further changed by the relative distance that it travels
in reaching point B as compared with the shorter distance
traveled by the AN ray. At point B, then, the reflected A
ray may diminish the amount of A energy in such a manner
that it will be equal to the N energy and, hence, produce an
on-course signal at this point. At point C, for a certain phase, it
may cause the signal to be predominantly N rather than equal 4
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and N. The direct ray marked NA is composed of more N than
A energy, but the phase of the reflected A energy at this point
may be such as to add to the direct A ray and cause the amounts
of A and N to be equal and therefore cause an on-course at
point D.

The preceding explanation has been based on the reflection
of a single ray; however, the energy for a few degrees on either
side of the maximum A4 ray will act similarly to the maximum

S .
> d
N
= B ¢ DR

Fia. 40.—FEnergy from a radio range striking a vertieal wall {from whieh it
is reflected. After reflection, it combines with energy coming directly from the
radio range to form mulitiple courses.

ray, and an area, rather than a point, will be present in which the
phenomensa described will occur. The angle at which the 4 ray
strikes the wall was chosen to have a large value; however, this
angle ean have any value, and it can be readily seen that signal
patterns of any desecription ean be produced by the proper choice
of angles and distances to the wall.

If now there is substituted for the vertical wall & mountain
that is not perfectly vertical but has a definite slope, there will
be some elevation where the phase is such as to cause the direct
and reflected rays to add, whereas at other elevations subtraction
will take place, the result being the pattern shown in Fig. 39.

From the foregoing explanation of this phenomenon it would
appear that the only freedom from these multiple courses
would lie either in the impractical conditions of baving no vertical
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reflecting surfaces or in the use of radio waves that are not capable
of being refleeted. 1t will be noticed in the preceding explana-
tion, however, that the phase of the wave determines the nature
of the multiple signal. This phase changes by 180 deg. every
half wave length; hence, a multiple of a given character on the
course of a radio range operating at 200 ke. can hardly exist
over a distance of more than 2,430 ft., or approximately 1 mile,
If, however, the frequency had been 125 megacycles, this same
multiple would extend over a distance of only 3.9 ft. An airplane
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Fra. 41.—Theoretical field strength cf the A and N signals in o section of
terrain 7.4 miles wide across the course of one leg of the Pittsburgh radio range.
(Courtesy of Institute of Radio Enginecrs.)

x

flies over a distance of this extent in such a short time that the
multiples are not readily discernible. These multiples appear
only as modulations of the main signals.

Another characteristic of the ultra-high frequencies which
helps in eliminating multiples is the peculiarity of propagation
(as will be discussed in detail later) which dictates that the
largest portion of the signal comes, not via the ground, but
directly to the airplane. The reflected signal traveling nearer
to the surface of the earth than the airplane will have an ampli-
tude much lower than the signal that travels direetly to the
airplane; hence its addition or subtraction to or from the direct
wave will have but a small effect on the resulting character
of the signals.

Experimental Results.—Some tests of the principles set forth
above have been made(4), and the conclusions to date indieate
that a solution may be at hand. Figure 41 shows the theoretical
value of the A and N signals across a section at right angles to
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an on-course. The section is assumed to have a length of 7.4
miles and be located 52 miles from a radio range. The center
of this section is the location of the true on-course. Measure-
ments of the relative strengths of these A and N signals were
then made in a section corresponding to that previously con-
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Fia. 42,—Actual field strength of the A and N signals measured for the range
course of Fig. 41. The range operates on o frequeney of 254 ke. (Courtesy of
Institute of Radio Engineers.) -
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cycle transmitter. This transmitter was located near the transmitter, the
characteristics of which are shown in Fiz. 42. Measurements were made in the
same area a8 those of Fig. 42, {(Courtesy of Institute of Radio Engineers.)

>

sidered from a theoretical standpoint. The measurements were
for a range operating on 254 ke. and located in the mountainous
terrain near Pittsburgh, Pa. The results are shown in Fig. 42.
This figure shows that the variation of the signal intensity is
quite irregular, and in the area where the strength of the A signal
should be greater than the N, the converse is sometimes true.
In the areas where the N signal should have a strength greater
than the 4, the converse is also true for a certain portion of the
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cross section. An ultra-high-frequency transmitter operating
on a frequency of 63 megacycles was next erected near the low-
frequency range, and measurements of its signal strength were
made in the same area considered previously for the low-fre-
quency range. The results are shown in Fig. 43. It can be
seen that in this figure the relative strengths of the signals
approach the theoretical relation shown in Fig. 41. Of great
significance is the fact that signal-strength relations inverse to
those which should hold for normal courses are not present.
Effects of Wave Polarization.—In using ultra-high frequencies,
antenna systems may be so chosen that the radio wave is polar-
ized predominantly horizontal or vertical. The proper choice

Fra. 44.—Transmission of ultra-high frequencies showing the direct and ground-
reflected rays.

of polarization is important because of its effects on the behavior
of space patterns. Tt is inseparably associated with propagation
characteristies of these waves, so the mechanism of propagation
is illustrated in Fig. 44. In this figure a transmitting antenna
of height H, sends out a signal that is received by a receiving
antenna of height H,. Two rays of energy reach this antenna.
One of these rays travels directly from the transmitter to the
receiver and is called the “direct’ wave”; the other ray reaches
the receiver by reflection from the surface of the earth and is
called the ‘“‘ground-reflected wave.” The total energy at the
receiving antenna will therefore be the vectorial sum for two
reasons. The first of these is that the lengths of the paths
taken by the direct and the ground-reflected rays are not equal.
This means that the energy coming via the two paths will have a
phase difference that is a function of this path difference. The
other is that there is a phase change upon reflection of the ground-
reflected ray. There is also an amplitude change upon reflection.
Under practical conditions, the earth is not a smooth plane
but has many irregularities. This is true for propagation at
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both long and very short waves; however, in order for a rough
surface to act as a regular reflector, the following equation must,
be satisfied:

%’I sin 6 K 1 (58)
In this equation, H is the difference in elevation of the various
points on the surface under discussion, N is the wave length,
and § is the angle of incidence measured between the impinging
ray and the surface. As the wave length becomes smaller, the
term on the left side of the equation becomes larger, and there-
fore Eq. (58) is no longer satisfied. The surface, then, no
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F1e. 45.—Ratio of strength of the incident to the reflected ray for various incident
angles but for soil of a given conductivity and dicleetrie constant,
longer acts as a regular reflector, but many cf the several points
on it become separate reflectors and send back individual rays
distinct from those reflected to the receiving antenna from other
points on the surface. It is reasonable to assume that under
these conditions the energy at the receiver will be composed
of rays from many surfaces. If the rays from all these surfaces
are not reasonably the same in intensity and phase, there will
be considerable variation in the signals as the airplane travels
along and receives energy from continually changing surfaces.
For the case of reception of radio-range signals, the conditions
become more exacting because there are two separate signals
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that must be received, the intensity of which must be compared
in order to determine the true course.

The changes in phase and intensity of the radio signals upon
reflection have been computed(5) for terrain of various con-
ductivity and for various angles of incidence. In order to
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F16. 45.—Change in phase between the incident and reflected ray for various
incident angles but for soil of a given conductivity and dielectric constant.
illustrate the difference between horizontally and vertically
polarized waves, Figs. 45 and 46 have been plotted using data
previously referred to for various angles of incidence but for
soil of a given conductivity. By referring to Fig. 45 it will be
seen that for horizontal polarization the reflection coefficient
of intensity varies from 0.87 to 1 as the angle of incidence varies
from 90 deg. to 35 minutes; however, for angles less than 35
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minutes there is no change in coefiicient. TFor the same soil
conductivity (and dielectric constant), but for vertical polar-
ization, the reflection coeflicient varies from 1 to 0.87 with varia-
tion in incidence angles from 4 minute to 90 deg. The minimum
coefficient, however, occurs with an angle of incidence of 6 deg.;
here the value is 0.4.

By referring to Fig. 46, it can be seen that for horizontal
polarization the change in phase of the energy at reflection varies
from zero to minus 8 deg. as the angle of incidence varies from
3.5 to 50 deg. For vertical polarization, the change in phase is
from approximately zero to nearly 180 deg. as the angle of
incidence varies from zero to 50 deg. These data, it must be
emphasized, do not represent the general case but hold true for
soil of a certain dielectric constant and conductivity and are
used only as a single illustration cf the difference between the
behavior of horizontally and vertically polarized waves.

From these curves it is evident that the variation in received
signal intensity with varying angles of incidence will be greater
with vertically than with horizontally polarized waves. That is,
ag the airplane moves with respect to the transmitter, thereby
receiving encrgy from rays with various incidence angles, the
intensity of the reception will vary more with vertically than
with horizontally polarized waves. For minimum irregular
course phenomena then, the horizontally polarized waves are
to be preferred.

The Simple Ultra-high-frequency Radio Range.—An ultra-
high-frequency radic range can be constructed rather simply,
and a number have been built for experimental use. If a rod
having a length equal to one-half the wave length of the radio
wave that excites it is held horizontally, it will have a field-
strength pattern in the horizontal plane which closely resembles
the pattern obtained with the previously discussed low-frequency
loop antenna. Two of these antennas may be located at right
angles to each other, and if the energy to them is alternately
connected and removed in such a manner as to form the A and
N signals, an ultra-bhigh-frequency radio range similar to the
aural-loop type range will result. The impedance at the center
of these antennas is about 72 ohms, so it can be easily fed with
a low-impedance transmission line. In order to preserve the
uniformity of the figure-8 field-strength pattern, it is necessary
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that the current through both halves of the antennas be equal;
therefore, the transmission line must be bhalanced electrically
with respect to ground. An antenna system of this type emits
horizontally polarized waves.

. . . M
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in Fig. 47. __,?_’-%0.43 App
Following the theory previ- e Y
ously discussed for the TL 1— y
i
g P
& = R
< HHN
4 <l sl
o i
¥ Y
i i
) i)
. 1 i
i ! Hh
t (2}
! 143
J i
i 0
% ¥ O
A b
i
1 ;,-.C’oax{a/ cable
i
Hild
i
i
Eu, t f Link cireuit reay
i
[@:@D ' Coaxial cable fo
e transmitter
Fia. 47.—Anteuna array suit- Fia. 4%.—Antenna array suitable
able for aural ultra-high-fre- for aural ultra-high-frequency range
queney range transmitting hori- trans.nitting vertically polarized
zontally polarizad waves. waves. (Courtesy of CAA.)

range, it ean easily be understood that two half-wave antennas(7)
erected vertically and spaced approximately one-half wave length
apart will produce a figure-R field pattern, but the waves will be
vertically, rather than horizontally, polarized. The use of this
spacing assures the maximum field strength for a given amount of
antenna current. The energy to these pairs of antennas is keyed
at time intervals corresponding to A and N signals as before.
Two of these antenna pairs are used to form the array for the
A and N field pattern.
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The power neccssary to cover a given distance will be discussed
in detail later. However, it has been found that a usable signal
can be received at distances of 50 to 100 miles from the staticn
with a transmitter power of only 100 watts if the altitude is in
excess of 2,000 ft. above the terrain. Considering the results
that are attainable with the simple system deseribed, the economy
of sueh a range over the low-frequency types previously described
is outstanding. The cost ¢f a complete simple ultra-high-fre-
quency range would be less than that cf a single low-frequency

Y — — 4

16, 40.—/Zlord transmitting type ultra-high-{rcquency loop antenna.,

TL tower. A simple vertically polarized ultra-high-frequency
range antenna array is shown in Fig. 48.

The Alford Loop.—As has been previously shown, the use of
horizontally polarized waves is very important. It has further
been stated that a horizontal dipole antenna is a source of horizon-
tally polarized waves. This is true; however, a horizontal dipole
remains somewhat sensitive to vertically polarized waves and,
conversely, transmits waves that have a certain vertical com-
ponent. An antenna free from these defects was invented by
Andrew Alford in 1938. This device seems destined to play an
important role in the applieation of ultra-high frequencies for
aeronautical use(8).

This antenna takes two common forms. These are shown
diagrammatically in Figs. 49 and 50. The antenna of Fig. 49
is commonly used for transmission and that of Fig. 50, because
of its smaller dimensions, is used for reception. In both cases
the length of the sides ! is one-eighth wave length or less. The
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folded ends of the antenna arce co adjusted that the current
maximum occurs in the middle of each side.

The field pattern of either form of antenna is the same in the
horizontal plane and is identical to that of a wvertieal dipole
(except that the loops are sensitive to horizontally rather than
vertically polarized waves). The field pattern in the horizontal
plane is essentially circular, whereas in the vertical plane it is a
figure 8, the longest axis of which is horizontal.

i

P

Fi16. 50.—Alford receiving type ultra-high-frequency loop antenna.

The radiation resistance of these antennas is given by a
quasi-empirical formula

A
R, = 320 (’r x‘é) (69)

[n this expression, A is the area expressed in square units similar
to those used for A, the wave length. This value for the practieal
antenna will vary from a few ohms for that of Fig. 50 to as high
as 45 ohms for that of Fig, 49.

The efficiency of this antenna is, of course, the ratio between
the radiation resistance and the ohmie resistance and has been
found to be as high as 95 per cent for the form depicted on Fig. 49.
The efficiency of this antenna has been measured to be identical
with that of a half-wave dipole.

The input impedance of this antenna is largely reactive, so
it must be fed by a resonant transmission line or a tuned circuit.
The transmission line is preferred because it furnishes the best
ratio of reactance to resistance and because it serves as a connec-
tion from the antenna without the necessity for locating the
resonant cireuit directly at the antenna. A complex arrange-
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ment, of these lines for multifrequency operation will be discussed
later. Simple forms of this resonant line are shown in Figs. 49
and 50. The power lost by this coupling transmission line is
given by

RV?

P= (Zo sin 2ws/\)?

(60)
where B = resistance of the line
V = voltage at its terminals
Zy = characteristic impedance ¢f the linc
s = length in units similar to these used to express the
wave length A.
From this expression it is evident that the power loss can be
kept to a minimum by making R as low as possitle and Z; as high
as possible. This requirement, it can be shown, dictates the use
of a transmission line having a ratio between conductor diameter
and spacing of about 9.0. Another factor affecting line loss is
the magnitude of the voltage on the line. For a given amount of
power, this voltage can be made low by making the characteristic
impedance of the antenna low. This requirement can be met by
making the radiating conductors of wide strips of metal.
Aural Range with Loop Array.—With reference to Fig. 13 in
Chap. II, it can be seen that the field strength on the course
of the aural range is not the maxirmum vcltage but is

E(un course) = Emu Ccos ‘150 = O.TO?EM

I

That is, the on-course signal strength is approximately 2.7 db
less than the maximum. To express this condition from a
different point of view, since doubling the power of a trans-
mitter increases the field strength by only 3 db, the field strength
of the usual aural-range signal on course is but slightly greater
than that produced by a transmitter of only half power at the
maximum field-strength position. Since the on-course position
signal of the radio range is the signal most used on the airway,
it is undesirable to concentrate the maximum power in the posi-
tion that is used the least. This situation has been discussed
on various ocecasions, but the modification of this pattern for
the low-frequency range was not readily feasible. The experi-
mental ultra-high-frequency ranges that were installed between
Chicago and New York in the summer of 1941 use the field-
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strength pattern shown in Fig. 51. This pattern shows that the
maximum energy has been concentrated near the on-course
positions. The voltage 45 deg. from on-course is about 0.72
times that received on-course. The ratio of A to N signals
1.5 deg. off-course is a minimum of 0.34 db.

This very desirable pattern is obtained by using five Alford
toops. All five loops are coplanar and spaced as shown in Fig, 52,

S
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T1a. 51.—Field pattern of aural ultra-high-frequency loop antenna. {(Courtesy
of CAA.)

Two of these loops having o common phase are fed in parallel
from the keying relay and furnish one of the signals. Their
positions are such that 420 electrical degrees of spacing exists
between them. The other signal is furnished from another pair
of loops located so that a line drawn between their centers
intersects a similar line from the first pair at 90 deg. A loop
in the center remains connected to the transmitter at all times
through a phase-shifting network. This network adjusts the
phase of this center loop so that its field is 180 deg. out of phase
with the field produced by the other loops. A further require-
ment is that the current in the center loop be twice that flowing
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in the other loops. The keying is accomplished in the transmis-
sion line, standard equipment being used.

This antenna array is mounted on a steel tower about 30 ft. in
height. At the top of this tower is a circular metal structure
fitted with screen wire and thus forming a counterpoise. The
dismeter of this counterpoise is 35 ft. It is very important
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Fia. §2.~—~Five-loop antenna array used to produce the field pattern shown in
Fig. 51, (Courtesy of CAA.)

that this counterpoise have a diameter at Ioast cqual to or greater.
than the height of the tower, otherwise there will be undesirable
lobes of energy. The antennas are mounted so that they are
% of a wave length above the counterpoise. The entire antenna
array is housed with a wooden structure. Because of its high
dielectric constant, water seriously affects the reactance char-
acteristic of these loops; however, the small air space between
the antenna and the precipitation provided by a dielectric
housing serves to eliminate this effect completely.

This antenna array is fed by copper transmission lines having
two inner conductors separated from each other and frem the
copper pipe with ceramic insulators. The surge impedance of
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the transmission line is 175 ohms. The cntire line is constructed
so that it is gastight, and it is kept filled with nitrogen in order to
keep out moisture. Course rotation with this radio range is
accomplished by simply rotating the entire antenna structure.

The transmitter is designed to give a power output of 300 watts
in the range 123 to 127 megacycles. It is erystal controlled
and uses a total of four stages of amplification and frequency
multiplication. It is modulated 100 per cent by a 1,020-cycle
note.

Visual Two-course Range.—Although a radio range operating
at ultra-high frequencies designed to give aural indications
similar to those received from the older low-frequency ranges is
being tested in order to learn of the characteristics of the ultra-
high-frequency ranges, it is realized that radio-range require-
ments have changed since the first ranges were designed. The
aural range with its single course is hazardous when a large
number of airplanes are simultaneously flying in a small area.
The position of an airplane designated by the “right’ and
“left” side of a course is foo indefinite when certain airways
are being crowded by high-speed airplanes. The neccessity
for the pilots of these airplanes to work a “problem” in order
to determine their positions and come through the overcast
calls for a more direct facility. Commercial aviation is reaching
the stage where every flight is handled in the same precise
manner, and the necessity for extraneous maneuvering is incom-
patible with this type of flying. In the latest deecision by the
various representatives of flight groups a preference has been
expressed for a two-course range with quadrant identification.
Further, the decision has been to make the range indication visual.

Figure 53 shows a field-strength pattern somewhat similar
to the pattern that is to be produced by this new type range.
The area enclosed by the short dashed lines is the field pattern
of a signal modulated by 150 cycles, whereas the solid line
encloses an area in which a signal modulated by 90 cycles is
present. These two signals are received on a radio receiver, the
output of which is connected to two wave filters so designed that
one passes 90 cyeles while the other passes 150 eveles. After
these two components have been separated, they are rectified
and applied to two eoils of a zero-center meter. The meter will
indicate to the right or left, depending on whether the 150- or
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the 90-cycle component is the greater., When the two com-
ponents are equal, the indicating needle on the meter will remain
in the center. The areas enclosed by the long dashed and
dash-dot lines are areas in which a 1,020-cycle tone, keyed in
two different manners, is present. This tone is separated from
the output of the receiver by a third filter and applied to the
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Fra, B3.—~Ticld pattern of visual ultra-high-frequency range. The solid
and dotted lines indicate the field strengths of the 90- and 150-cycle signals
respectively. The pattern shown by the dashed and dot-dashed lines indicates
the field strength of the keyed 1020-cycle signals.
headphones. The identifying signal produced by this tone
indicates whether the airplane is approaching a station or has
passed it. This indication, combined with the wvisual indica-
tion, instantly tells the listener the quadrant of the range in
which he is located. It is intended that eventually two lines
of these ranges will form an airway. One line of ranges will give
the “go-to” guidance, and the other will give the “come-from”’
indication. The indication of this range can easily be converted
to a maeans for actuating an automatic pilot, thereby relieving
the human pilot of the necessity for manually guiding the airplane.

In order to obtain visual indication and not encounter the
objections that were met in using the low-frequency radio range,
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a single transmitter is used to generate all the radio-frequency
power, and the various courses are developed by mechanical
modulators. Unfortunately, technical details of this very
interesting engineering development are not at this time avail-
able for publication.

The Omnidirectional Range.,—Under development is also a
range that gives the opposite performance to that of the two-
course range discussed. Whereas the two-course range is
intended to furnish restricted flying areas with signals that can
be simply converted to automatic guidance, the omnidirectional
range is designed to furnish indications over the entire area of
reception. It has as its basis an old principle used for ship
guidance. An explanation of the long-wave omnidirectional
range will help in understanding the prineiple behind the new
automatic ultra-high-frequency range bearing the same name.

If a loop antenna and a vertical antenna are energized simul-
taneously by radio-frequeney power from the same course, but
the phase of the current in one or the other (either one will serve)
is shifted 90 electrical degrees, the resulting pattern will be a
cardioid, provided that the effcctive heights of both antennas
as well as their currents are equal. This same pattern can also
be obtained by using two loop antennas and a vertical antenna.
If the energy to the loop antennas is fed to them through a
goniometer and its secondary is rotated, the cardioid rotates.
If this goniometer is rotated by a synchronous motor in such a
manner as to rotate the cardioid pattern 360 space degrees in
1 min., then in 1 sec. the pattern would move 6 deg. Besides
rotating the goniometer, a mechanism was used so that every
time the “null” of the cardioid passed through true north,
the transmitter was automatically disconnected from the goni-
ometer and simultaneocusly modulated by a distinetive tone.
If an observer noticed the position of the second hand on his
watch when he heard this distinctive tone and then noticed the
seconds that elapsed from that time to the time the signal dis-
appeared owing to the null passing by, he could multiply this
time in seconds by six and obtain his bearing with respect to the
radio-transmitting station. Watches were available having a
face calibrated in degrees and s means for setting the second
hand to zero when the distinetive tone was heard. This rotating
cardioid pattern is shown in Fig. 54.
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The RCA Omnidirectional Range—Utilizing ultra-high fre-
quencies and modern instrumentation to replace the mechanically
rotated goniometer and stop watch mentioned as associated
with the older art, the Radio Corporation of Ameriea has devel-
oped and demonstrated a new type omnidirectional radio
range(9). It has been shown in the previous chapter that if two

Fra. 54.—Cardioid field pattern from an omnidirectional radio range.

vertical radiators were fed out of phase with the same radio-
frequency power, the field would be given by the equation

Ly=1I,.cos0 (61)

It is possible, however, to connect to thesc antennas only the
side-band energy of a radio transmitter, employing apparatus
known as a balanced modulator. If this is done the radio fre-
quency in each antenna will vary with the audio frequency of the
balanced modulator, or

Loas = Lo cos (2nfad) (62)

Substituting Eq. (62) in LEq. (61), the following expression
results:
E, = E; cos 0 cos (2nf,1)

If a second pair of vértical antennas were erected so that the
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plane containing them was at right angles to the plane containing
the above-mentioned set, then the field strength would be
expressed by a modified form of Eq. (61), or

Ly = F ..8n 0 (63)

This expression was previously discussed fcr the leng-wave
range in Chap. II
If this pair of vertical radiators were connected to a balanced
modulator which is modulated by the same audio frequency
as that used with the modulator connected to the first pair, and
the phase of this audio frequeney were retarded by 90 deg..
the radio frequency in this second pair of antennas would be
given by
Epw = Ep cos (2xfd — 90°%) (64)

or

il

B = — Iy sin (2xf.8) (65)

Substituting Eq. (63) in Eq. (63), the following expression
results:
Ey = —F,..sin 0 sin (2nf,0) (66)

The total field can be obtained by adding E, and E, as follows:
Ep = Ei + E; = E... [cos 8 cos (2nful) — sin 6sin (2nfaf)] (67)

or
Ey = By cos (21fd + 6) (68)

The field produced by a nondirectional antenna is everywhere
(except very close to the antenna) at a 90-deg. phase relation
to the field produced by the previously discussed directional
elements. If this antenna is fed with radio frequency of the
same general character as was used to excite the above-mentioned
modulators, but phased to compensate for the 90-deg. space
phase, the field from this antenna would add directly to that
produced by the directional pairs, and the resulting voltage
would be

Er = Ey + Eo. cos 2nfd + 0) (69)

If Ey equals E,., then Eq. (69) is that of a cardioid. The
audio voltage at a given point in a horizontal plane reaches,
from this equation, a maximum as a funetion of the angle 6.
That is, it reaches a2 maximum as a function of the position
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oscupied by any particular point in space as a function of the
rolation botweon this point and the antenna array. In other
words, there is achieved a eardioid that rotates in space at a speed
equal to the velocity of the modulating frequency. The use of
a relatively high modulating frequency (such as 1,000 cyecles)
produces a rotation of the cardioid pattern at a speed that
could not be praetically achieved with the rotating goniometer
previously described. In this system, in addition to the pro-
visions previously deseribed, a method is included for momen-
tarily stopping all transmission when the maximum of the
cardioid reaches a truc north position. The cardioid pattern is
used in a modified form so that it has a flattened minimum side
rather than a null. This is to permit the reference signal to
affect reception regardless of the location of the receiver.

In the radio receiver, the radio frequency is detected in a
conventional manner. The audio frequency is filtered and
then connected to one set of deflecting plates of a cathode-ray
oscilloscope. This same audio frequeney is also connected to a
phase-shifting network that produces a 90-deg. shift. The
output of this filter is connected to another pair of cathode-ray
cscilloscope  deflecting plates. As is well known(10), this
connection causes the cathode spot at the end of the tube to
rotate in a circle at a speed which is directly a function of the
audio frequency. This spot then occupies a position on the
screen of the tube corresponding to the phase of the modulating
frequency at the transmitter and the position of the receiver
with respect to the transmitting antennas. Whenever the
momentary cessation of transmission occurs, the spot will no
longer be affected by the deflecting plates and it will tend to
travel to the outer edge of the sereen. It returns to its normal
orbit as soon as the radiation again is present. The result is a
circle with a V notch on its periphery. The position of this
notch is the bearing of the receiver with respect to the trans-
mitting station.

Geographical Coverage of Ultra-high-frequency Radio Ranges.
The limited range of ultra-high-frequency transmission along
the surface of the earth, because of the observance of optieal
laws, is well known. On first thought one may be inclined to
question the use of these frequencies for supplying guidance to
long-range craft.
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Factors entering into the propagation of ultra-high frequency
waves have already been discussed under Effects of Wave
Polarization; however, this simplified formula has been found to
give good approximations:

I, = 32 YL hh (70)

X adr

In this expression, L; = field strength, microvolts per meter

P = transmitter power, watts

A = wave length, meters

h, = height of receiving antenna, feet

h; = hcight of transmitting antenna, feet

d = distance between receiver and trans-

mitter, miles

In the preceding equation it is assumed that the transmitting
antenna is a half-wave dipole located an appreciable distance
above the earth and that the value of d is great as compared with
either k. or h,. The limit of the optical path for spherical earth
may be taken as the geometric shadow. This shadow occurs
when

d = 1.222(Vh, + V'h) (71)

That is, Eq. (70) is true only for distanccs not greater than those
given by Eq. (71). Actually, Eq. (71) does not take into aceount
the refraction, so in the limit an appreciable field strength may
be present beyond the distance given by Eq. (71). Compensa-
tion may be made by assuming a radius for earth equal to four-
thirds of the actual radius. When this is done, Eq. (71) becomes

d = 1.4vVR + Vi) (71a)

A curve of field strength versus distance for various altitudes
is shown in Fig. 55. In computing the curves of this figure a
transmitter operating on a frequency of 125 megaeycles with a
power of 300 watts was assumed to be coupled into a 100 per
cent efficient, half~wave antenna located 30 ft. above the ground.
The limits of the optical paths are also marked on the curves
of Fig. 85. 'These data show that, within the optical path, field
strengths of 250 to 350 uv per meter can be expected at altitudes
above 1,000 ft. for minimum distances of 50 miles. The distance
that can be served by one of these ranges is twice the radius
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or at least 100 miles when the altitude is above 1,000 ft. In
mountainous country this distance may be decreased to about
70 miles, but a 300-watt transmitter will deliver a very powerful
signal within this distance.
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Fia. 55.—Field strength from a 300-watt 125-megacycle transmitter. The
transmitting antenna is 30 ft. above the ground and the receiving antennas are
at various heights as indicated by the figures on the curves. The limiting
optical path is also indicated assuming a radius of curvature equal to four-thirds
that of the earth.

Aircraft Ultra-high-frequency Range Receiver.—To date, the
only receivers that have been constructed for use with the ultra-
high-frequency radio ranges are some experimental units. There
is often a vast difference between experimental models and the

units that are found satisfactory for extensive use in transport



98 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING

service. A number of receivers are being manufactured, how-
ever, and the characteristics of these will now be discussed.

It is desirable that such a receiver be useful for more than
one service, because then a single space unit will serve as a
safety factor for a number of receivers. The frequency assign-
ments that have been made for various aviation services range
from 75 to 142 megacycles. Not all the frequencies in this band
are available for aviation use, but nevertheless the number that
is available is large. It is probably impractical to attempt the
design of a single receiver that covers all these frequencies;
however, a number of these frequencies (intended for various
uses) are to be incorporated in two of the receivers that are
under construction. One of these receivers covers the frequency
range from 109 to 110.5 and 119 to 132 megacycles. The
first portion of the band is for landing-system loealizer reception,
and the second portion is for reception of radio-range and traffie-
control signals. In order to facilitate tuning, the receiver is
arranged for fixed-spot tuning on 30 frequencies. It is only
necessary to operate a rotary switch to one of 30 positions in
order to obtain the desired frequency. The mechanism for this
purpose consists of a mechanical arrangement that rotates the
shaft of a tuning condenser. For certain frequencies, a relay
operates simultaneously with the rotation of the condensers
and serves to change certain inductors.

This receiver is not crystal controlled, but the oscillator has
been designed to have the equivalent stability. Naturally this
required careful oscillator design using special inductors, tempera~
ture-compensated condensers, etc. The specification contem-
plates the use of a coaxial two-wire transmission line connecting
to the antenna. In order that the transmission line remain
balanced electrically with respect to ground, an electrostatic
shield is provided between the primary and secondary of the
antenna transformer.

The inductors used are simple solenoids with diameters of
about } in. A better ratio of reaetance to resistance probably
could be obtained by using transmission lines as elements in the
tuned circuits; however, the large space occupied by the fre-
quency-selecting mechanism limits the available space and, hence,
precludes the use of the larger lines. The inductance of the coils
is adjusted by the use of a brass screw for the core.
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The requirement {or the suppression cf the image frequency is
60 db. This requirement is not excessive in view of that usually
specified for low-frequency receivers, but because of the tracking
problem and the difficulty of securing amplification at these
frequencies with the tubes available, the use of a first radio-
frequency stage presents difficulties, and hence the image-
suppression problem becomes more difficult. Suppression of
image-frequency response 1s secured by using a filter consisting
of coupled circuits, This filter is shown in Fig. 56.

The selectivity requirement specifies that the attenuation of a
signal displaced 60 ke. from the frequency of maximum response
shall not be more than 6 db. Turther, it is specified that the

— 2 4
g saden
3

Fra. 56.—Filter circuit used to increase the image frequency rejection in an
ultra-high-frequenecy receiver.
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attenuation of a frequency 200 ke. from the frequency of maxi-
mum response shall not be less than 60 db. This requirement is
met by using three stages of intermediate-frequency amplication.
Only two detectors are used. This procedure simplifies con-
struction, and there is apparently no need for further reducing
the intermediate frequency. An intermediate frequency of
13 megacycles was chosen.

The sensitivity is specified so that a 5-pv signal modulated
30 per cent will produce an output of 30 mw. with a signal-to-
noise ratio of 6 db. Two audio systems are required—one for
aural use and the other for operating a right-left meter. The
audio circuits leading to the meter-rectifier system are required
to transmit 90 and 150 cycles equally within 1 db. The audio
cireuit is required to have substantially linear response from
500 to 2,500 cycles.

Because there is a constant carrier present at all times with
the 90 and 150 cycles transmitted as side bands, it is possible
to use automatic gain eontrol without modifying the width
of the range path. An automatic gain control assuring constant
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output (within 1 db) for input voltages varying between 50 and
100,000 uv is provided.

A single “acorn” type tube is used as a harmonic generator,
but the other tubes are of the standard type. The first detector
position is occupied by a high amplification-constant tube
{type 1852 or 6ACT).

The weight of the receiver, together with its frequency-
changing mechanism, ig 35 1b.

Ultra-high-frequency Range-receiving Antenna.—The fact
that an Alford loop can be used for receiving was previously
mentioned, but there are a number of factors that must be
considered when it is desired to use this antenna on airplanes.
The first of these is the horizontal field pattern of the loop
antenna. This pattern has been previously said to be essentially
circular for a loop used as a transmitting antenna. It would
also be circular when used as a receiving antenna if it were
mounted above a uniform metallic plane of good conducting
material. Unfortunately the structure of an airplane is not
such that it answers this description. For structural reasons,
as well as electrical reasons (short leads), it is necessary to
mount this antenna above or below the fuselage. The contours
of this aerodynamic structure are such that it rapidly falls away
from a center point; hence the reflections from all points beneath
the antenna are not the same and serve to distort the circular
pattern.

The desirability of a circular pattern for instrument landing
will be discussed in greater detail in Chap. VI. For visual-range
reception utilizing automatic gain control, there can be appreci-
able distortion in the antenna pattern without detrimental
effects. Only if separated lobes are present, which by chance
bring areas of null reception to bear on the true signal and areas
of maximum reception to bear on spurious radiation, would
visual range flying be hampered by antenna-pattern irregularities.
For the aural range, where change in signal intensity is important,
severe receiving antenna pattern irregularities would hamper
flying. There is a “shadow” caused by the tail of the airplane;
that is, the tail prevents or decreases reception in a direction
to the rear of the airplane. The closer the antenna is mounted
to the tail, the more pronounced will be the shadow effect.
On the other hand, there is a discontinuity at the windshield
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of the airplane, and the metal forward of this point is much lower
than that to the rear of it. The best antenna location is therefore
determined by the structure of the airplane, and no theoretical
solution of this problem has yet been worked out, although
such a solution could conceivably be developed. Determination
of the optimum location is made by mounting the loop in the
desired position and turning the airplane while it is on the ground.
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Fig. 37.—Field pattern of an Alford receiving loop mounted on a Douglas Model
DC-3 airplane.

A position for the airplane is selected approximately 200 ft.
from a transmitter, and the receiver output is recorded as a
function of the airplane heading as read from the directional gyro.
Figure 57 shows a field pattern obtained in this manner. It is
usually necessary to calibrate the receiver by plotting input
versus output; otherwise, a square-law detector might accentuate
pattern irregularities. In Fig. 57 the effect of the tail can still
be noticed, but it is not pronounced. It is not necessary that
the pattern be absolutely circular although it should be within
plus or minus 2 db.

Some correction for pattern irregularity can be made by
changing the dimensions of the loop and also its current distribu-
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tion. The current distribution, as previously discussed, can
be changed by varying the capacity at that extremity of the
antenna to which the transmission line is not connected. As the
dimensions of the loop are made smaller, its efficiency becomes
lower but the pattern becomes more regular. If a loop is to be
operated on a single frequency, it may have a diameter of not
more than 12 in., but a larger loop is desirable if it is to be used
over a large band of frequencies in order that its eff.ciency will
be equal over the entire band; hence it must have an inherently
larger efficiency in order that the loss at some of the frequencies
can be tolerated. The efficiency is a funetion of the area, so the
loop may be designed to have an aerodynamic contour more
suitable than a circle.

The pattern shown on Fig. 57 is for a loop intended to operate
at 93 and 109 megacycles (two frequencies only). It was
constructed of % in. diameter duralumin tubing and was in the
form of a circle having a 15} in. diameter. It was mounted
on a Douglas DC-3 airplane 18 in. above the fuselage. Because
of the high dielectric constant of water, rain detunes this antenna;
so for practical-flight use it is necessary to encase the antenna
conductors or the entire antenna in a plastic form. This form
should be so constructed that not less than 4-in. air space is
present between the plastic material and the antenna conductor.

Another problem that must be solved in using an Alford loop
as a receiving antenna is its tuning over a range of frequencies.
Means for tuning this antenna for a single frequency have already
been suggested; however, the problem of operating over a band
such as 93 to 132 megacycles requires some special engineering.
Of course it would be possible to locate a tuning unit at the base
of this antenna (or, still better, directly at the antenna) and so
arrange this unit with suitable motor drive, cams, etc., that the
antenna tuning would vary and be correct for any frequency.
This would be difficult to accomplish, however, if there is to be
more than one receiver on the same antenna, each operating on a
different frequency.

The present plans for commerecial airplanes call for the use
of four receivers on a single loop antenna.

It is not possible to use the antenna without tuning it because
its sensitivity would be too low. The transmission line associated
with the antenna would be a suppresser for most of the fre-
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quencies, and insufficient signal would be delivered to the
receiver, '

A solution to this problem consists in using several sections
of line coupled to the main transmission line. Such an arrange-
ment is shown in Fig. 58,

The transmission line conneeted to the loop of Fig. 58 is
adjusted so that it is in tunc for a frequency of 119 megacycles.
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Fr6. 53.—Transmission-line network arrangement used to tune loop antenna at
various frequencies and permit the attachment of more than one receiver.

At the maximum-current point near this short circuit there is
attached the 119- to 132-megacycle receiver. Next, a point is
found, as close to the antenna as possible, where maximum
current exists for a frequency of 93 megaeycles. A half-wave
transmission line is used to connect the 93-megacycle receiver
(or receivers) to this point. The half-wave line is a convenience
that allows a long lead to the receiver. Any integral multiple
of a half-wave line may be used. When the receiver is attached,
it will be found that the pickup on the 119- to 132-megacycle
receiver will be reduced considerably (at 119 megacycles); so
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a 93-megacycle trap(12) is introduced just below the point
where the transmission line for the 93-megacycle receiver is
attached. This trap is a one-fourth wave-length section of line
coupled to the main transmission line and tuned to 93 mega-
eyeles. With the installation of this trap, the signal strength
from the antenna at 119 megacycles will return to nearly its
former value. Further compensation for the frequencies at the
extremities of the band must be made. It is necessary to com-
pensate for the extreme frequency of 132 megacycles by introduc-
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F1e. 59.~—Reception characteristic of a modified form of the Alford loop and
network.

ing an additional scction cf line adjusted for this frequency.
It is also necessary to add an additional section to compensate
for the antenna tuning at 110 megacycles. This is accomplished
by a modified form of the coupled line. In this case the short
section is coupled to the main line with small condensers. This
section of line serves to boost the 110-megacycle signal without
detracting appreeiably from the adjustments made for the other
frequencies.

The antenna network described above was given as an example
of various methods of securing tuning of the loop over a range of
frequencies. It is possible to use additional elements of the
character deseribed in order to accomplish tuning for various
other problems. The theory of all these sections follows from
transmission-line reflection considerations because this line is
one on which standing waves are present.

The satisfactory characteristics of an Alford loop and network
somewhat similar to those discussed are shown in Fig. 59.
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Problems

1. Using the method deseribed in “Graphical Determination of Polar
Pattern of Directional Antenna Systems,” by G. L. Davies and W. H. Orton
in Bureau of Standards Research Paper 435 or Bureau of Standards Journal of
Research, Volume 8, May, 1932, develop the pattern for the antenna system
shown on Fig. 52. Show all construction and ealenlation.

2. What field strength will be produced by s half-wave transmitting
antenna located 35 ft. above the ground and connected to a 5-watt output
transmitter at a point in space 50 miles distant from the transmitter and
at an elevation of 3,000 ft. aboveground? Also solve this problem sub-
stituting a 1-kw. for the 5-watt transmitter. Prepare a discussion of the
transmitter power that you would recommend.

8. What is the difference between the maximum optieal distances when the
diameter of the earth ig taken as actual and as four-thirds actual for antenna
heights of 35 and 1,500 ft.?
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CHAPTER 1V
AIRCRAFT DIRECTION FINDERS

The previous chapter was introduced by the discussion of
an aberration attending low-frequency range operation. The
reason for introducing the chapter in this manner was that the
ultra-high-frequency range was developed chiefly because of
the unsatisfactory properties of the low-frequency range. Al-
though aireraft direction finders brought a facility to avigation that
is now considered indispensable, they too were introduced aboard
trangport aireraft as a ecure for an undesirable phenomenon
associated with low-frequency range operation. It is in order,
then, to introduce this chapter with the discussion of a phenome-
non that, historically at least, is related to aircraft direction
finders.

Precipitation Static.—This phenomenon was not first dis-
covered with aireraft flight but had been experienced at radio
receivers located on the ground(1); however, it never occurs with
such frequency and intensity on the ground as in flight. As an
airplane flies through areas of precipitation consisting of rain,
snow, ice crystals, or dust, a series of *““popping” sounds are
heard in the long-wave radio receivers. As flight continues, the
sound begins to resemble the noise of frying grease. Later this
sound becomes quite musical, then it reaches the proportions of a
roar. At this time, all semblance of reception ceases. Several
factors or conditions were noticed to have a bearing on this
phenomenon. Although experienced with the slower speed
airplanes, this unusual condition did not really become an ever-
present menace to radio-range reception until the higher speed
airplanes were placed in operation by the airlines beginning in
about 1932. It was usually possible to decrease the intensity
of this disturbance by decreasing the speed of the airplane.

Aeronautical radio engineers and physieists developed various
theories regarding the cause of this disturbance to radio reception.
The more popular theory was consistent with the conclusion

106
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drawn by engineers who observed the ground-station static.
This theory held that the noise was caused by charged particles
striking the antenna(2). Accordingly, in 1935 both United
Air Lines and Transcontinental & Western Air constructed
shielded loop antennas for use under conditions of precipitation.
It was found that in moderate conditions of precipitation static,
this loop decreased the noise by as much as 30 db. It was also
found, however, that range courses suffered apparent distortion
with the loop, particularly when the airplane was near the radio
station. This effeet will be discussed in detail later. In order
to compensate for this distortion, it was decided to make the
loop rotatable and use bearings taken with it as a further aid to
avigation. With these bearings taken from two stations suitably
located with respect to the airplane, its position could be deter-
mined. If the airplane was already on a known leg (or course)
of the radio range, a single bearing served to give the pilot a
“fix.””  The Bureau of Air Commerce in 1937 issued an order
making direction finders using shielded loop antennas mandatory.
The subject of direction finders will be discussed further, but
before continuing, the results of further research into precipita-
tion static will be related.

Cause of Precipitation Static.—Several factors noticed during
the time the precipitation static was present did not agree with
the “particles striking the antenna” theory. These factors did
not serve to negate the theory, but they brought about further
research. It was found that St. Elmo’s fire (corona) was often
present on the windshield and propeller tips of the airplane
during these static conditions. If the airplane’s radio trans-
mitter was used, or a stroke of lightning occurred near by, the
static often ceased momentarily. Also, although the static
received on the loop antenna had a ratio of 30 db compared with
that received on a standard antenna for weak precipitation
static, this ratio was often less than 1 db under conditions of
heavy precipitation static. Although a loop antenna was used,
certain static conditions were so severe that a range signal could
not be heard when in the immediate vieinity of the radio station.

In November, 1936, United Air Lines assembled a group of
scientists and equipped an airplane as a flying laboratory in an
attempt to determine the true cause of precipitation static and,
if possible, a means for its further reduction(8). It was found
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that the major cause of this static was not the charged particles
striking the antenna, but the airplane accumulating a charge
which eventually discharged in the form of corona, thereby
creating a disturbing electrical field. Dr. R. H. George, a
member of this expedition, suggested as a means for discharging
in a noise-free manner this accumulated charge a fine wire trail-
ing from the rear of the airplane, The diameter of this wire is
smaller than any other point on the airplane. In series with it
is a high-value resistor. This wire, being finer than any other
point on the airplane, first develops corona, but the resistor
in series with it has a resistance of perhaps 100,000 ohms, and
hence renders the discharge aperiodie, thereby causing the charge
to be lost without a-noise attending its departure. More effi-
clent dischargers can of course be constructed, and some forms
of these will be discussed later. It can be seen that the addition
of voltage on the antenna of the airplane by the transmitter
actually caused this discharge; also, the lightning discharged
the local area and caused the airplane to lose its charge. All
these observations are consistent with the newer theory.

The reason an electrostatically shielded loop antenna served
to reduce the noise is explained by Starr{4). The ecurrents
resulting from this corona discharge are shown to be eomposed
of steady components with superimposed double-exponential
impulses. These currents can be represented by a series of
multiple-frequency waves. These waves will produce true
electromagnetic radiations, but since the value of current in
corona is very small and because the radiation field is a funetion
of the effective height of the radiator and the current flowing in
it, this true radiation will be comparatively weak. The induction
field, however, is very intense because it is largely a function of
voltage. The charge on the airplane during its flight in pre-
cipitation areas reaches several thousand volts. Since the
induction field does not propagate (strictly speaking), its effect
is noticed only in the immediate vieinity of the discharge;
however, the antennas are located near the source of the disturb-
ance, so they are appreciably affected. The shielded loop
covered with a metallic sheath which is connected to ground
prevents the electrie induction interference from reaching the
wires of the loop, and only the magnetic field is accepted. If
the quantity of electric charge on the airplane is small and the



AIRCRAFT DIRECTION FINDERS 109

discharge is also small, the magnetic field will be below the level
of receiver sensitivity, and since the loop will entirely eliminate
the electric field, its use will remove the static disturbance. If
now the charge on the airplane and the rate of discharge are
great, and create a powerful magnetic field, the loop antenna
will not serve to eliminate the interference.

This last effect is also true if the loop is located too close to
the source of the discharge and the magnetic field reaching the

Fic. 60.—Precipitation static discharge cartridges: (4) fully assembled,
(B) loaded but with outer casing removed, and (') disassembled and discharged.
(Courtesy of United Air Lines.)

loop antenna is of an intensity sufficiently high that the antenna
will respond to it. It has been found that in the usual case more
disturbance is caused in the 200- to 400-ke. frequency than in
the 3- to 6-megacycle band. It has also been found that, as the
discharge intensity is decreased by the release of the static
discharge wire and suppressor, reception on the high-frequency
range is often cleared completely; whereas less benefit (apparent
at least) accrues on the low-frequency range. The use of the
shielded loop to eliminate electric induction-field antenna
response, together with the discharger wire to reduce the intensity
of the corona, generally results in readable range signals.
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Although the static discharging wire is often attached to
the rear of the airplane and allowed to trail behind permanently,
one of the forms of this device stores the wire until actually
needed. This form is shown in Fig. 60. The device shown in
this figure consists of a cylindrical housing that plugs into a
socket in the tail of the airplane. In this housing is a spring-
loaded plunger that normally is held compressed by means of an

electrically actuated trigger.

t‘““" d "“"] When the trigger is released by

I applying voltage to the contacts
v at the rear of the housing, the
,;’ plunger breaks a sealing parch-

ment-paper cap and releases a
small wind cone. The wind cone
L_ —}— is caught by the slip stream of the
—4”;,5’;%;&;” airplane and unreels the discharg-
ing wire and suppressor. No at-
tempt is madé to return the wire
to the housing while the airplane
is in flight. Servicemen replace
the discharged units with new units when the airplane lands and
rewind the wire in the service shops.

The Loop Receiving Antenna.—The loop has previously been
discussed as a transmitting antenna, and it will now be discussed
as a receiving antenna. By referring to Fig. 61, it can be seen
that the receiving loop antenna is a winding that can be composed
of any number of turns, N, of wire. The radio wave is composed
of a magnetic and electric field. If the elsctric field is neglected
for the moment, it ean be seen that the loop is no different from
the secondary of a transformer subjected to a magnetic flux of
varying intensity. The instantaneous induced voltage may be
written by Faraday's law as

Fia. 61,—Diagram of a long-wave
loop antenna.

_Nde¢
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(72)

where ¢ = abvolts
N = number of turns
¢ = magnetic flux, maxwells
t = time, seconds
Equation (72) can also be written as

E, = wplQ8 (73)
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where E, = volts

w = 2xf

J = eycles per second
If the flux density is B, then

¢ = B(area of loop) = Bhd (74)

In this expression, h and d arc the dimensions of the loop as
shown in Fig. 61.

If H is the magnetomotive force, B equals H when the perme-
ability of the coupling material is one (as it is for air); therefore

Ey = oNI[A10-5 (75)

In this expression, d and /, the dimensions of the loop, have been
replaced by A, the area (in square centimeters).

The dimensions of the loop must be small in order for the
preceding expression to hold true; otherwise, the flux would not

Direction of
magnetic field
A
n 5
i
] \
L L 0
¢ 227" Direchion of radio

\ propogation
]

: ¥

Fia. 62.—Relation of angle between piane of loop antenna and direction of wave
propagation.

be uniform throughout the area, and standing waves would be
present on the loop winding.

Referring to Fig. 62, the arrow CD represents the direction of
propagation of the radio wave, making an angle 8 with the plane
of the loop antenna. The magnetic field in a normally polarized
wave is at right angles to this direction of propagation.

If the wave is traveling parallel to the plane of the loop, it
will cut first one side, then the other, and produce the greatest
phase difference in the voltages induced. If, however, the plane
of the loop is at right angles to the direction of wave travel, the
magnetic field will cut both sides of the loop simultaneously.
Hence, H, the magnetic field for an angle # between the plane
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of the loop and the direction of propagation of the radio wave,
will be

=M, cos0 (76)

In this expression, H,. does not signify the peak value of H,
but its maximum effective value. Placing Eq. (76} in Eq. (75),
the following equation results:

B, = oH_, NA 1075 cos 6 77)

If BEq. (77) is plotted as a function of the angle 6, the resulting
curve will be the familiar figure-8 pattern of the transmitting
loop. That is, as a loop receiving antenna is rotated about a
vertical axis there will be two positions for which the output
is zero and two for which it is maximum.

Equation (77) was developed by treating the loop as the
secondary of a transformer, and no account was taken of the
presence of an electrie field. The electric field will also induce
voltages in the sides of the loop. Since the sides of the loop
are short compared with a wave length, the voltage induced
per unit of length will be small but, nevertheless, will have an
appreciable value. These induced voltages have values with
respeet to each end of a vertical loop side as well as with respect
to ground. If the vertical sides of the loop are connected at their
tops by means of a horizontal conductor (in which no voltage is
induced), then between the bottoms of the vertical sides there
will be a voltage difference. The mathematical laws governing
the value of this voltage (but not the voltage between the loop
and ground) will now be developed, the assumption being that
only an electric field is present.

If the electric field in volts per unit of length is ¢, the voltage
induced in one vertical wire of the loop of Fig. 61 will be

E =é (78)
For N number of such wire lengths,
E = N (79

but a similar voltage is also indueed in the turns on the opposite
side of the loop, so the potential difference would be zero if
the phase of the voltages were equal. The relative phase of the
induced voltages is a function of the added distance that the
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electrie field must travel in reaching the second side as compared
with the distance that it travels in reaching the first side. This
phenomenon is shown in Fig. 63. The point P is the origin
of the radio wave. The angle between a line drawn from one
side of the loop to the source of the radio wave and the plane
of the loop is 6;, and the angle between the plane of the loop and
the line between the second side and the same source of the radio
wave is 0. If the distance between the loop and the source of

P
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Fi1c. 63.—Energy received from point P induces voltages in the sides of the
foop, but since the distances S, and S: are not equal, the phase of the induced
voltages isa not the same, so a resultant voltage remains.

the radio wave is great compared with the distance between the
sides of the loop, then the difference between the distances
from the source of the radio wave to the sides of the loop will be
(see Fig. 63)

Sl —_— S2 = d cos 01 (80)
Also, 8, will nearly equal 8, so
S, —8S:=dcos b (81)

The phase difference ¢ between the voltages induced in the two
sides is the difference distance expressed as a portion of a wave
length. This wave length may in turn be converted to radians

¥ = 2%d cos 8 (82)
The resulting loop voltage E; will be the vectorial difference
between the voltage in the two sides of the loop, and from

Fig. 64 and trigonometry,
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B, = E sin ¢
L7 sin (90° — ¢/2)
_Esiny
" cos ¥/2
_ 2E(sin y/2 cos ¢/2)
- cos /2

B, = 2 siné (83)

Then substituting Eq. (82) in Eq. (83), the following equation

results:
E, = 2E sin (7%1 cos 6) (84)

In practice, d is usually very small as compared with A. For
airplane installations, d seldom exceeds 1 ft. although X is often

F16. 64.—Voltage resulting from the vectorial addition of the voltages induced
in the sides of the loop.

9,000 ft. or more. This means that the angle T—;i cos # will be

very small. Sinee for small angles the sine is equal to the
angle, Eq. (84) may be written without appreciable error in

this form
_ 2Erd

E, = x cos 8 (85)

Substituting Eq. (79) in Eq. (85),

E, = 2%- dhNe cos 8 (86)
Since dh is the area A of the loop, then

E, = %ANe cos 6 (87)

but
H = (e (88)
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and
¢
5= f (89)

where ¢ is the velocity of propagation of the radio waves.
Further,

@ = 2nf
therefore

Ly = wH NA - 10"%cos 8 @

This is identically the same expression as was previously devel-
oped. In practice, the field strength is usually expressed as
volts. In practical form Eq. (77) becomes

B, = -%31" FENA - 1071 cos (90)

where ¢ is in volts per centimeter, A in square centimeters, f in
eyeles per second, and E, in volts,

It can be seen that whether the induced voltage is considered
a phenomenon caused by the electric or the magnetic field, the
results are the same. Further, as far as the voltage measured
between the bottom ends of the loop’s vertical turns is concerned,
when the top ends are connected, it will have the same value
if only the magnetic or only the electrie field is considered. This
diseussion was directed only to an unshielded loop.

Phase of the Induced Voltage.—There is an important differ-
ence existing between the voltage induced in a loop antenna and
that indueced in an open antenna. The voltage delivered at the
terminals of a loop antenna represents the difference between two
induced voltages, whereas the voltage at the terminals of an
open antenna is merely the induced voltage. The other terminal,
or point of potential of the open antenna, is the ground. It
follows, then, that the maximum instantaneous voltage at the
terminals of a loop occurs when the difference between the
voltages induced in the two sides of the loop is the greatest.
This greatest difference will exist when the inducing wave has
zero potential at the center of the loop. At this time the voltage
induced in one side will be negative and in the other side positive.
The instantaneous voltage in an open antenna will, however, be
maximum whenever the inducing wave is maximum. By
referring to Fig. 65, it can be seen that the voltage induced in a
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loop will be 90 deg. out of phase with the voltage induced in a
near-by open antenna.

Unbalanced Current Effects.—If a loop antenna having one
turn is cut at the center of the turn, and each end of the normal
loop is connected to ground, currents induced in the individual
sides wiil flow to ground, because the electrostatic field induces
in each side a voltage having a given value with respeet to ground.

Nacfhg wave
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F16. 65.—A radio wave induces a maximum voltage difference when it is pass-
ing through zero at the center of the loop, but at this time it induces zero voltage
between a verfical antenna and ground.

The rotation of the loop antenna in this case would have no
bearing on the value of the currents that would flow. This is
shown in Fig. 66. If now the loop turn is again completed and
its free ends are connected, a current will flow in the loop that
will be a function of the differences between the voltages induced
in the loop sides. This is shown in Fig. 67. If now the ends
of the loop are connected to each other and also to ground, two
currents will flow. One of these will have no varying value with
respect to direction, whereas the other will vary with the position
of the plane of the loop. The presence of the current having no
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variation with respect to loop position eliminates the null, and the
pattern may be an ellipse rather than the two tangential circles

Is,

(T
L L N
Fic. 63, Fia. 67.

Fig. 66.—Currents flowing from cach side of o loop to ground because the

loop turn is broken and the sides are grounded.
Fic. 67.—Loop current only flowing bzeause loop turn is complete and does

not connect to ground.

of the*figure 8. In order to maintain the figure-8 pattern, then,
it is necessary that no current flow from the loop antenna to

Is, - s,
L /,

Fie. 63. Fia. 69,

Fra. 68.—Both ground and loop eurrenta flowing beeause loop turn is com-
plete and loop is grounded.

Fra. 69.—Current flowing from ons side of loop to ground develops a voltage
across the input impedance of a receiving davice. This voltage adds to that
developed by the loop current flowing through the input impedance, thereby
causing a distortion of the figure-8 fizld pattern.

ground, or if such current flows it shall not produce a voltage in

the direction-finding receiver.
In Fig. 69 is shown a loop connected to an impedance. Across
this impedance is connected a vacuum tube actuated by a
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voltage which is a function of the current flowing through the
impedance. If I, is the current flowing to ground from one
side of the loop, 1., the current flowing to ground from the other
side of the loop, and I, the loop current, it can be seen that the
voltage impressed at the grid of the tube will be a funetion of
both I., and I; therefore, the field pattern of the loop will not
be a true figure 8. In Fig. 70 is shown
another loop connection. Here two vacu-
um tubes are used. Currents from each
cide of the loop flow to ground via one half
of the coupling impedance. The potential
4 difference between the grids of the two
tubes due to these earth currents is zero

g
/ —y:
S 2/2 ‘,-‘; 2/2 52 X
since each current sets up a voltage across
;”_“‘
Z t

each half of the impedance, which is exactly

N\ equal and opposite to the voltage set up in
- the other half of the coupling impedance
N2 by the earth current from the other side
! of the loop. The only potential difference
between the two grids will be caused by the

Fro. 70— Systom for CUITEALS flowing fI:Om one s}de ?f the 1oop
balancing out the effects  $0 the other. This potential difference is
of currents flowing from 4131y 5 fynction of the position of the
sides of loop to ground
and retaining only the plane of the loop and therefore follows a
:’gf;‘ of the loop cwr-  fgyre 8 with well-defined maximum and

minimum positions,

Shielded-loop Antennas.— There are a number of circuits that
may be employed which make possible the utilization of the loop
voltage without causing the figure-8 field-strength pattern to
distort. Many of these, however, limit the receiver-input circuit
80 that it is not possible to obtain arrangements suitable for radio-
compass work. The simplest solution to this problem consists in
using a shielded loop. In addition to solving the eleetrical
problem, the shielded loop also has an ideal mechanical construc-
tion that is eapable of suceessfully withstanding aircraft service.
The majority of the aireraft loop antennas constructed in the
United States during recent years have used this construction.

A shielded-loop antenns is one that has a metallic cover over
the winding of the loop. This cover has a break at one point
and is connected to ground.

Al
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Figure 71 iz a diagram of a shielded-loop antenna. The
circulating currents indueed in the shield are assumed to be
negligible in this discussion. Since this shield does not con-
stitute a closed turn, the magnetic field will produce a voltage
across its open ends, but no current can flow. The magnetic
field will penetrate the shield; therefore it will act on the con-
ductors within and hence induce a voltage given by Eq. (77).
This voltage will cause the current
I, to flow through impedauce z
of Fig. 71. The electric field will
induce a voltage in the vertical
sides of the shield. This voltage
will have a value with respect to
ground and will cause currents I,,
and I, to flow from each side ¢f
the shield to ground. These cur-
rents in turn will induce voltages
in the winding of the loop, and
currents will flow in a direction
opposite to that of the shield cur-
rents. Currents so induced will )

N Fia. 71.—Shielded loop antenna.
be two in number and nearly ghiold currents fow to ground and
equal but will have opposing the currents which they induce can-
directions of flow. Tor this ﬁaéiiz’ggg the total loop current
reason they will not produce a
voltage across the coupling impedance Z. This coupling
impedance may have one terminal grounded, but the voltage
that produces [’y and [’ is a voltage acting within the
loop winding and not with respect to ground. Grounding one
side of the loop winding, therefore, will not cause earth currents to
flow; hence the figure-8 pattern will continue to prevail.

Voltage Output of Loop Antennas.—The effective height of a
loop antenna as a receiving deviee can be easily caleulated;
hence it is often used as a standard for the measurement of the
field strength of signals. Although the effective height of large
loop antennas has previously been discussed, it has not hereto-
fore been developed for the receiving loop.

Equation (86) gave for the voltage induced in a loop antenna

B, = ?g dhNe cos 0 (86)
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The effective height of any antenna may be defined as a character-
istic peculiar to that structure, which characteristic is acted
upon by the field of the radio waves to induce a voltage in the
structure. Mathematically, then, the effective height of a loop
antenna is expressed by

b= Zx (91)

In this equation, E, is expressed in volts if ¢ is in volts per meter
and k. is in meters.

In Eq. (86) the maximum value of
G the induced voltage oceurs when cos
8 equals one. For this maximum
induced voltage the following formu-

x,_% %
7éXC laresults when Eq. (91) is substi-
tuted in Eq. (86):
R, b = 3;3 AN (92)
In this expression, A is in meters, 4
L

in square centimeters, and k. in
meters.

The voltage obtained by multi-

Fro. 72— Schomatic repre- plying the effective height by the
sentatiion. of equivalent cireuit field strength is assumed to be the
of a high-impedance loop an- voltage delivered by a zero-imped-
tenna delivering voltage to the . . . .
grid of the receiving equipment. 21C€ generator acting in series with

the impedance of the loop winding.

In order that this voltage may be impressed at the grid of the
recelving tube, it is common practice to resonate the loop winding
with a condenser as shown in Fig. 72. That is

~X. =X, (93)

The current that will flow through the condenser in this case is
limited only by the resistance of the loop antenna (the resistance
of the condenser is assumed to be negligible); hence

— EL
Ic—'}'é“ (94)

The figure of merit of a coil is usually designated as @ and defined
as follows: ‘
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_ X
Q=% (95)
Substituting Eq. (95) in Eq. (94),
- EQ
I, = X, (96)

The voltage across the condenser is
Ly = I X, o7

Therefore, substituting Eq. (96) in IEgq. (97) and taking into
account Eq. (93)

Ly =L,Q (98)

This equation indicates that for a loop that is tuned by a
condenser across its terminals the voltage delivered to the
receiver is not alone the voltage induced in the loop but is
actually the induced voltage multiplied by the @ of the loop.

Of course, it is possible to obtain any value of receiver sensi-
tivity desired in these days of highly developed tubes, but the
higher the sensitivity required, the higher is the inherent receiv-
ing-apparatus noise. The atmospheric noise voltage induced
in a loop antenna is not directly a function of its effective height
and @; therefore, the higher the @ of the loop, the greater will
be the signal voltage delivered to the grid of the first receiving
tube, and the greater will be the ratio of signal to noise at the
output of the radio recciver. The width of the loop null (for
a well-constructed loop) iz a function only of the noise present.
This is because as the null of the loop is approached the amount
of signal rapidly decreases. Its absence occurs when it is masked
by noise. If no noise is present, theoretical considerations state
that at only one angle will there be a null. The accuracy of the
bearing, then, is directly a funetion of the ratio of reactance to
resistance of the loop. This statement is true only of the tuned
loop depicted in Fig. 72. This so-called high-impedance loop
has certain disadvantages. One of these is that its performance
is a funetion of the moisture of the winding. A high @ is easily
destroyed by moisture, and hence the output of the loop is
easily deecreased. Another disadvantage occurs in aircraft
installations where it is usually necessary to locate the loop
antenns at some distance from the radio receiver. If a conneet-
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ing cable is used between the loop and its receiver, a capacity
will be introduced across the terminals of the loop. This
necessitates a large tuning condenser at the receiver and the loop
induetance must be decreased, which automatically decreases
the effective height of the loop and hence its induced voltage.
A variation of the system of Fig. 72 has been developed and is in
common use on aireraft. This system bears the name of the
“low-impedance loop.”

Low-impedance Loops.— A loop antenna system similar to that
of Fig. 73 gives very satisfactory service. It consists of a loop
that has only two to eight turns forming a circle with a diameter
of 6to 15in. Sinee the inductive reactance of this loop antenna
is not high, it is commonly known as a low-impedance loop; this

Froe. 73.—Low-impedance loop system.

term also indicates that it is not tuned directly. The low-imped-
ance loop tuning scheme is shown in Fig. 73. As shown in this
figure, the loop connects to the receiver by means of a cakle hav-
ing an inner conductor coneentric with an outer conduetor which
may be termed a ‘‘shield.,” Invariably, the insulation used
in this cable is of the solid type such as rubber, so it can be seen
that no attempt is made to keep the capacity of this cable to a
low figure. At the receiver, the cable connects to the primary
of a special transformer. The secondary of this transformer is
connected to the grid of the first tube and is tuned with a suitable
condenser ganged with the other tuning condensers in the radio
receiver. The transformer uses a powdered iron core and outer
shell in order that the coupling between primary and secondary
will be high. ’

Figure 74 is the electrical equivalent of Fig. 73. In this
figure, X is the reactance of the loop antenna and R. is its
resistance. The reactance of the self-capacity of the loop
antenna and the connecting cable is designated as X.. The
primary of the coupling transformer has a reactance X, and a
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resistance ), whereas the secondary has a reactance X, and a
resistance B2,  The tuning condenser reactance is X, and across
it appears the voltage £, which is that impressed on the grid
of the first tube. The voltage induced in the loop antenns is
E,. The relation of E, to £, does not lend itself to a simple
expression; however, by making certain assumptions, a relation
indicating the relative importance of the factors involved may be

fo

Fra. 74.—Equivalent cireuit of low-impadanee loop systemn of Fig. 73.

secured. The secondary current is related to the primary voltage
by the expression(5)

B, _ 2,4, — 7'

g TeTs T m It
I 7 (99)
where Z, = total primary impedanece
Z, = total impedance in the secondary
Z . = mutual impedance
The voltage impressed on the grid of the tube will be
Eo = "j]gXo (100)
Therefore
EO . "‘]X(}Zm
B, 4,7, - 75, (10D)

In practice the primary is given a value that is approximately
equal to the inductance of the loop antenna. The coupling
between primary and secondary is the highest value that can be
obtained. The secondary inductance is arranged so that the
receiver will “track.”

If Eq. (101) is expanded to include all the constants shown
in the circuit of Fig. 74, a complex expression that is not easily
interpreted results; however, by making the following assump-
tions it is possible to secure a satisfactory expression:
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1. The reactance of the loop is exactly equal to the reactance
of the primary of the coupling transformer

2. The ratio of reactance to resistance (§) of the loop is equal
to that of the transformer primary

3. The self-capacity of the loop and the capacity of the con-
necting cable are negligible

4. The coupling between primary and secondary is 100 per
cent
Then it can be shown that

. 1
B B Y} 00 oy g 099

From this formula it can be seen that the factors influencing the
value of secondary voltage delivered are the ratio of secondary
to primary reactance and the ratio of reactance to resistance of
the primary and secondary elements. If it is assumed that the
value of Q.0: is large compared with 2 or with @, then Eq. (102)
may be simplified to read as follows:

(103)

This equation would indicate that the greatest output from a
low-impedance loop system is secured by the use of a coupling
transformer having the greatest possible ratio of secondary to
primary turns.

Since the inductance of a short winding varies with the square
of the number of turns, and the voltage induced in a given loop
with a given area and at a given frequency is proportional to
the number of turns, it is evident that the best loop would have
only a single turn.  Such a loop would have the greatest effective
height for a given induectance. This loop, however, would have
such a low reactance that the characteristics of the transmission
line could no longer be neglected; therefore, the optimum loop
must have somewhat greater reactance. A commonly used loop
for operation at low frequencies has an inductance of about
20 mierohenrys.

An interesting deduction regarding the @ of a loop can be
made by assuming that the coupling is accomplished by means
of a perfect transformer. The equivalent circuit of a loop



AIRCRAFT DIRECTION FINDERS 125

coupled to such a transformer(G) is shown in Fig. 75. This
figure shows a generator in series with three resistors and three
reactors. Of the three resistors in this eircuit, one is the resist-
ance of the loop, the second the resistance of the primary
winding, and the third the secondary resistance multiplied by
the square of the ratio of primary to secondary turns. The
reactance consists of the loop reactance and a reactance equal
to the load reactance times the square of the ratio of primary to
secondary turns. This load reactance is that of the tuning
condenser. Since the receiver input tube is connected across
this condenser, it is convenient to divide the second reactance
into two units—the load reactance times the square of the ratio
of primary to secondary turns rinus the load reactance, and the

Xy R, Ry Am/m) 2'?2 i?f’r/ﬂz) zXe'Xo]

Fia. 76.~FEquivalent circuit of low-impedance loop system assuming a perfect
transformer,

load reactance across which the tube is connected. The con-
denser is varied until the voltage across it is maximum, at which
time the circuit is in resonance, the series reactance is zero, and
the current through it is equal to the generator voltage divided
by the total resistance. The voltage applied to the grid of the
tube 1s given by

_ E, X,

© Ri+ B+ (m/ne)*Ry

If it is agssumed that (1) the primary reactance is equal to the
square of the primary turns, (2) the secondary reactance is
equal to the square of the secondary turns, and (3) the primary
reactance is equal to the loop reactance, and if X/Q is substi-
tuted for the various resistances in Eq. (104), then the following
expression results:
X, 0:0:0:
Bo= L 0 F @0 ¥ 0 (105)

This equation indicates that the @ of the loop, the @ of the
coupling transformer primary, and the @ of its secondary are all
equally important in determining the voltage that the loop will

o {(104)
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deliver to the grid of the first tube. It is further evident that
the delivered voltage {as contrasted with that delivered by a bigh-
impedance loop) will not vary directly with the @ of any one of
the elements. A moderate improvement in the @ of any one
element will not produce a large change in output. In order to
illustrate this principle, a numerical example may be used. If
it is assumed that the @’s of the primary and secondary of the
transformer are 200 and the @ of the loop is 100, then the value
of the @ expression of Eq. (105) will be 50. If the @ of the
foop is increased to 150, then the @ quotient of Eq. (105) becomes
60. That is, in this particular case a 50 per cent increase in
loop @ brings about an inecrease in voltage of only 20 per cent.

The question of whether the high- or low-impedance loop
has the best performance is often debated. The answer lies
largely in the manner in which the individual loops in question
are designed. If the only limitation was that the loops must be
highly efficient, the same performance from either type could
probably be obtained, For aircraft installations, a high-imped-
ance loop with an amplifier located directly at its base can
probably be designed to have the greatest performance for a
given diameter. For compass work, however, the necessity for
the amplifier and the attendant difficulty of installation and
tracking easily offsets the slightly lower performance of the low-
impedanee loop. If the amplifier is not used directly at the
base of a high-impedance loop, its performance will be less than
that of a low-impedance loop unless the cable connecting the loop
to the receiver can be made short or with very low capacity.

The Cardioid Field Pattern—The figure-8 pattern has two
maximum and two minimum positions. This dual indication
is often undesirable. A field pattern having the form of a cardi-
oid would be more desirable hecause there would then he but
one maximum and one minimum.

Referring to Fig. 76, there is shown the familiar figure-8
pattern for which the equation has previously been written as

E = E_, cos#f {106)

In this expression, E is the voltage output of the loop having a
maximum value of £,,, when the plane of the loop is in line with
the direction from the center of the loop to the source of the
radiant energy. A vertical antenna has egual output in the
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horizontal plane for any angle between a plane containing
the vertical antenna and the direction of the radiant-energy
source. Its field pattern, therefore, is a circle, the equation of
which can be written as

I = E,,. (107)

If both a loop antenna and a vertical antenna are connected to the
receiver and proper phasing and antenna output are present,

2E=Emax. x(1+cos8)

Fre. 76.—Generation of a cardicid field pattern from the combination of a
vertical and a loop antenna pattern.

the field pattern of the resulting voltage must necessarily be
the sum of Eqs. (106) and (107), or

2F = K, [(1 -+ cos 0) (108)

This, from analytical geometry, is the equation of a cardioid.
If this field pattern is examined, it can be seen that there is now
only one angle for which the output is maximum and only one
for which the output is zero.

The Simple Direction Finder.——In its simplest form, the air-
craft direction finder consists of a loop antenna (usually of the
shielded type), a loop azimuth indicator, a radio receiver, a
receiver tuning unit, and a loop rotating gearbox. The loop
antenna is usually mounted to the airplane by means of a gearbox.
This gearbox is of the speed-reduction type, and is actuated
from the cockpit by means of a small, flexible torsion shaft.
This torsion shaft terminates at a crank in the cockpit. To this
crank there is also connected suitable gearing which serves to
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rotate a pointer moving on a secale calibrated in degrees. The
receiver is tuned to any desired station by means of the tuning
control, then the loop is rotated until the signal disappears.
The bearing obtained is compared with the magnetic compass
so that its value as a function of true north may be known.
It is then plotted on a suitable map. Two of these bearings,
obtained from suitably located stations, serve to determine the
location of the airplane. Positional information obtained in
this manner is commonly called a “fix.”

The bearing is obtained from the “null” rather than the
maximum signal. This is done because the signal strength varies

’,‘ /
i
f
)
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Fra. 77.—Indicator for the right-left radio compass. (Courtesy of Bendix Radio.)

only from 100 to 70.7 per cent as the antenna is rotated from the
maximum to a position 45 deg. from the maximum; whereas, the
signal strength varies from zero to a detectable finite value when
the loop rotates only a few degrees from the zero-signal position.
In this manner the bearing may be obtained with greater accuracy
by noting the position of zero signal rather than determining the
position of maximum signal.

Radio Compass.—In November, 1930, G. G. Kruesi applied
for a United States patent on a device that later became known
as a right-left radio compass(7). This patent was granted in
July, 1932. The indicator for this device is shown in Fig. 77.
If the nose (or the tail) of the airplane is pointed to the radio
station, the indicator will point to the center mark. It will
point to the right or the left as the airplane moves its nose or
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tail from a position in line with the direction from the airplane
to the radio station.

The device consists of a loop mounted so that its plane is at
right angles to the major axis of the airplane. This loop is
connected to a special radio receiver to which there is also
connected a vertical antenna. Referring now to Fig. 78, there
is seen a loop antenna connected to a receiver by means of a
reversing switch. As this switch is thrown from side to side,
the field pattern of the antenna system (which is adjusted so that
it is normally a cardioid) reverses. If a meter having two
opposing windings is connected to the rectified output of the
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Fig. 78.—Prineiple of the righi-left radio compass.

radio receiver and the connections to this meter are changed as
the loop reversing switch is changed, the meter will move to the
right, the amount of receiver output being thus indicated for one
connection of the loop antenna. It will move to the left and
thus indicate the amount of receiver output for the other loop-
antenna connection, If the meter is reversed with sufficient
rapidity, it will only defleet an amount proportional to the
difference between the receiver output for the two loop connec-
tions. As shown in Fig. 79, a radio station is located at an angle
¢ from the major axis of the airplane. The amount of output
for one loop antenna connection is ¢ and for the second eonnection
b. The amount b is greater than the amount a; therefore, the
meter will defleet to the right by an amount proportional to the
quauntity b-a¢. The actual amount of deflection will be a function
of several factors. These instruments are generally adjusted so
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that a deviation of only 5 deg. from directly ahead produces
full-scale deflection of the instrument.

Actually, the reversing is done by means of an electronie
circuit. This eircuit consista of an oscillator connected to the
grid of two tubes which are connected one to each side of a loop
antenna having a center tap. When the oscillator voltage is a
fixed negative value, one of these tubes is cut off and does not

Radio station

Fi6, 79.—Use of compared cardioid patterns for indicating the heading of an
airplane with respect to a radio station,

conduct until the osecillator cyele has reversed. Figure 80
shows the partial schematic diagram of a radio compass. The
loop L is center tapped and connects to radio-frequency amplifier
tubes ¥y and V.. To the grids of these same tubes is connected
a push-pull audio oscillator eonsisting of the tubes V3 and V.,
and the coil Ly, This oscillator eoil is also part of the indicating
meter 1.

This coil is tuned by means of a condenser g so that the audio
frequency has some low value. This frequency wvaries from



AIRCRAFT DIRECTION FINDERS 131

40 to 90 cycles for diiferent makes of receivers, The voltage
from the audio oscillators, then, alternately cuts off the grids
of the tubes ¥, and V, forty to ninety times per second. The
energv {rem these radio-frequency amplifiers is alternately fed
to the radio receiver where it is mixed with the energy from the
fixed antenna 4. The output of the receiver is rectified; hence
the resultant is also an audic voltage with a frequency similar
to that of the oscillator. This output voltage is connected to
the other coil of the indicator which actually serves as a phase
meter and moves the pointer in a manner that is a function
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Fro. 80 —8implified s2hamatic of right-l2t radio compass,

of the relative intensity cf the energy picked up by the two
cardioids. Although the sensitivity of these compasses is not
exceptional, the rectifier output is tuned to the audio frequency
at which the receiver is reversed, and in this manner the effect
of static is minimized and the radio compass will indicate with
phenomenally poor ratios of signal to noise.

Automatic Direction Finder.—The right-left radio compass
was never widely adopted by the commereial air-transport
operators. One of the reasons for this can be understood by
referring to Tig. 81. In this figure an airplane using a radio
compass is avigating in an attempt to reach radio station R
and encountering a strong wind blowing directly across its
course. The pilot takes no recognition of the wind but continues
to fiy, keeping his compass indicator on the center of the scale
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and hence the nose of the airplane pointed to the station. As
time passes, the wind blows the airplane from the direct path
between its first position and the radio station, but the airplane
continnes to keep its heading directed toward the station;
however, in so doing it traverses & path much longer than the
shortest path between its starting point and destination. Of
course if the airplane has sufficient fuel and the longer path flown
has no obstructions, it eventually reaches the station. The
transport pilots must fly with much greater precision, and many
of them say that they can fly as well with a magnetic as with a
radic compass. It is not only necessary for the pilot to know

W 7 n d

Fia. 81.-—Flight path resulting by avigation with a right-left radio compass
in the presence of a strong cross-wind. No reference was made to magnetic
compass heading,

where he is going, but also he must know his exact position. Of
course the path shown in Fig. 81 can be minimized by continually
referring to a magnetic compass, but this procedure detracts
from the usefulness of the radio compass. This device has
application for certain private and military uses.

On Oet. 22, 1937, F. L. Moseley applied for a patent(8) on a
device having the radio compass as ifs basis of operation. Sev-
eral devices of this type have been developed and have found
wide acceptance by the airlines. As shown in Fig. 82, electrical
contacts have been added to the compass indicator on either
side of the moving needle. As the ncedle touches one of the
contacts (by virtue of the fact that the radio station is to one
side of the airplane’s heading) a motor is set in motion. This



AIRCRAFT DIRECTION FINDERS 133

motor serves to rotate the loop which, as contrasted with the
radio compass loop, is now rotatable. This motor rotation
continues until the plane of the loop is at right angles to the
direction from the airplane to the radio station actuating the
pointer. At this point, the needle returns to zero and the motor
stops. A flexible shaft connecting between the loop and the
cockpit shows the position of the loop at all times and hence
indicates the bearing between the airplane’s heading and the
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Fia. 82.—Principle of the automatic direction finder based on the right-left
radio compass.

radio station. Bearings of this kind taken on a station off the
radio range’s course when the airplane is flying in the on-course
zone gives the pilot his position. If he is not directly on-course,
bearings from two or more stations give the necessary position.
Regardless of the location of the airplane, positional information
is available without maneuvering. This device, then, enables
the pilot to fly where he wishes without respect to range course.

Of course the cireuit of Fig. 82 merely serves to illustrate the
principle, and, actually, electronic eircuits are substituted for
the contact mechanism described above. A number of problems
must be solved in construeting one of these automatic direction
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finders. The loop must not overshoot its mark, but, if it does,
it must return to the correct position The exact circuits used
are listed in the instruction books of the various manufacturers
of these devices.

The Busignies Automatic Direction Finder.— This device(9),
also bearing type designation RC-5, is the product of Les Labora-
toires le Matériel Téléphonique of France, and, although it

Fic. 83.—Automatiz diraction-finder indicator installod in the cockpit of a
transport airplane. (Courtesy of United Air Lines.)

has not been extensively used in this country, it has been test
flown here, and only the timely development of the automatic
direction finder previously described prevented its adoption.
Nevertheless, it makes use of a very interesting principle which,
if further developed, might result in a product having character-
istics equal to the type previously described.

In this device a loop is continuously rotated about a vertical
axis at a constant speed of 300 r.p.m., and the output of the
receiver is rectified. Whenever the plane of the loop is in line
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with the direction between the airplane and the radio station,
the rectified output will be maximum, and at right angles to this
position it will be minimum. The rectified output, when
impressed on the primary of a transformer, will produce an
alternating voltage wave at the output terminals of the trans-
former. Notice that the maximum of the voltage is a function
of direction of the radio station. This maximum occurs (as
previously stated) whenever the plane of the loop contains the
line between the center of the loop and the radio station.
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Fis. 84.—Principle of the Busignies radio compass.

To the shaft that rotates the loop there is also attached an
alternator. The voltage generated by this alternator will have
maximum and minimum as a function of the position of its
pole pieces. That is, if its pole pieces are in line with the major
axis of the airplane, there will be maximum voltage produced
whenever the plane of the alternator armature eoil is in line
with the major axis of the airplane. These maximums and mini-
mums always oceur at the same point with respeet to the axis of the
airplane because the alternator is attached to the airplane strue-
ture. A meter showing the phase existing between the voltage
at the output of the radio receiver and that at the output of the
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alternator will then read the bearing in degrees existing between
the major axis of the airplane and the radio station. This
scheme is shown in graphie form in Fig. 84. It is not possible
to filter the output of this device as was done with the right-left
compass in order to secure operation under conditions of high
noise. This is because the loop is rotated by means of a direct-
current motor, deriving its power from the battery of the airplane,
and therefore does not operate at constant speed. The voltage
at the receiver terminals, consequently, would not have a
constant frequency, and if a filter were used, a phase shift would

8B A
By Y Xy

Fie. 85.—Loop taking bearings when close to a range station. The individual
towers induce individual voltages in the sides of the loop.

occur, Since the indicator reads bearings in terms of relative
phase, a bearing error would occur whenever the speed of the
motor changed. A beat-frequeney oscillator is used in order to
improve the signal-to-noise ratio under which this device will
give satisfactory operation.

Since there are two positions where the loop output is maxi-
mum, the bearings will be ambiguous by 180 deg. That is,
where the radio compass reads 30 deg., the bearing may be
210 deg. In the actual design a direct-current potentiometer is
used to generate the alternating current. This generator pro-
duces two current waves 90 deg. out of phase. These currents
flow through two windings of the indicator, which are wound in
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space 90 deg. to each other. 'The output of the receiver is then
connected to a third indieator coil mounted on pivots so that
it may assume a position that is a funetion of the relative phase
between the current through it and that through the stationary
coils.

Direction~finder Errors Whea Using Range Stations.—In the
development of the equations for the output of the loop receiving
and transmitting antennas it was assumed that the source of the
received energy, or the sink of the transmitted energy, was at a
great distance from the directive antenna. When this assump-
tion is not valid, certain errors are introduced. As shown in
Fig. 83, a loop antenna is located at a position X, ¥ from a two-
tower antenna system. From tower 7', it has been shown that
the voltage induced in the loop antenna will be

Ly =L, cos 6 (109)
and from tower T,
Ez'g = Emu COs8 ;3 (110)

In this expression it is assumed that the diameter of the loop is
very small compared with the distance from the loop to the trans-
mitting antenna, so that

0, = 0y = 0 (111)
and

Br=B=8 (112>

If the angle between a line drawn from each tower and the center
of the receiving loop is p, then

B—6=p \ (113)
Substituting Eq. (113) in Eq. (110),
E;m == Em COoS (p -} 6) (114)

Considering the energy from a single tower only, the loop will
have zero pickup when & or p + 8 equals 90 or 180 deg., and this
value of angle with respect to a fixed point determines the bearing.

Although the currents flowing in the towers are 180 deg.
out of phase, this phase relationship is altered at the point of
reception, because the energy from one tower travels a greater
distance than the energy from the other tower and in so doing it
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suffers a phase retardation equal to ¢. The resultant voltage
is then the vectorial sum of the voltages induced in the loops
by the energy from the individual towers. Referring to Fig. 86,
the resulting voltage E, will be

EQR = Ezy'x *‘f" E‘“’yg — ZENEM COSs q,‘» (115)
or

E% = E2cos? 8 + L*cos? (B + ) — 2E? cos #cos (8 + 6) cos ¢
(116)

Making @ equal to 90 deg. no longer reduces the output to zero.
It is necessary that

cos? # -+ cos? (B8 + 0) = 2 cos B cos (3 + 6) cos ¢ (117)

At very great distances, p and ¢ will approach zero and 8 will
equal 6; then a value of 90 deg. for 8 will make the output zero.

Fia. 86.—Veetorial summation of voltazes induced by range towers in loop sides.

As the station is approached it ean be seen that there must be
an appreciable variation of 8 from its 90-deg. value in order to
make the output zero. This variation is a bearing error.
Characteristics of Compass Receivers.—-It has been previously
shown that the cardioid field pattern is obtained by adding
directly to the field pattern of a loop antenns the pattern of a
nondirectional antenna, but it has also been shown that the
voltage output of a loop antennsa is 90 deg. out of phase with
the voltage output of a vertical antenna. Therefore, one of the
problems that must be solved in the design of a compass receiver
is the satisfactory construction of a phase-shifting device that
will shift the phase of the voltage of the loop or the antenna by
90 deg. It is readily possible to design such a cireuit for single-
frequency operation; however, the problem becomes difficult
when applied to a receiver that must tune over a wide band such
ag 550 to 1,500 ke.  If a number of tuned circuits follow the loop
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or vertical antenna, but are not common to both antennas, slight
variations in the tuning of these circuits may produce a phase
shift that will distort the field pattern and cause the indicator
needle to reverse its indication. The first rule to be followed in
compass-receiver design, therefore, is to keep to an absolute
minimum the number of tuned circuits not common to both the
nondirectional antenna and the loop. Preferably not more than
one such cireuit should be used. A number of phase-shifting
circuits have been devised. The one most commonly used
eonsists of a coil and condenser in parallel inserted in the plate
circuit of an amplifier tube associated with either the loop or the
vertical antenna. The value of this eoil and condenser is so
chosen that the result is an inductive reactance over the entire
frequency band. If more than one frequency band is incorpo-
rated in the receiver, it is sometimes necessary to have a different
condenser and coil combination for each band. This circuit
is not tuned during the tuning of the receiver. The condenser
and coil constants are established at the time of original design
and are not changed thereafter.

It is very necessary that the amount of regeneration in a
compass receiver be kept to a figure far below that permissible
in the usual receiver. Regeneration in a compass receiver may
have such a low value that it cannot be detected by the usual
methods, and still it will affect the compass operation. This is
because regeneration produces a phase shift which, as has
previously been discussed, causes bearing errors.  Since regenera-
tion usually varies over the tuning range, the phase shift, and
hence the bearings, would vary with frequency. The behavior
of the compass for various values of input signal is the best
criterion of this regeneration condition. Traces of erratic
pointer operation should be investigated to determine if they
are caused by regeneration. Iixtreme care in shielding should
be embodied in the design of this receiver. The practice of
returning all grounds to a common point should be carefully
observed.

The sensitivity of compass receivers varies with different
models. This sensitivity is usually 1 to 5 pv with a signal-to-
noise ratio of 6 db and a standard output of 50 mw. An auto-
matic direction finder using a receiver with this characteristic
will repeat bearings to within {1 deg. with field strengths of
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5 to 20 pv per meter when the pointer is started 180 deg. from
the true bearing.

It is important that the selectivity of these devices be high,
otherwise a signal on an adjacent channel will cause false pointer
deflection or false bearings. The selectivity should be such
that the attenuation shall be at least 60 db when the band width
is not greater than 15 ke. Rejection of the image {requency, as
well as all other spurious responses, should be high. This
rejection should be at least 80 db.

An automatic gain control should be incorporated in the
receiver. As the loop antenna is rotated so that it approaches the
null, the signal is greatly reduced and an increase in gain is
necessary in order that there shall be sufficient receiver output
to actuate the motor controlling mechanism. If the receiver
were allowed to operate continuously at full gain, overloading
would oceur and cause false bearings. An automatic gain control
that will hold the output constant to 5 db for input-signal levels
varying from 10 to 100,000 uv is satisfactory. The weight of a
complete automatic direction finder is about 60 1b.

Testing Radio Compasses and Direction Finders.—The Insti-
tute of Radio Engineers has established as a standard method
for measuring the performance of receivers using loop antennas
the use of a loop placed coaxially with the loop of the receiver
under test and at some distance from i1t. The field strength
is then given by

2
3 18.9§731A 9 118)

where ¢ = equivalent electric field intensity, microvolts per meter
N, = number of turns in the test loop
4 = radius of transmitting loop, centimeters
X = distance in meters between transmitting and receiving
loop. This distance should be small compared with
the distance between the loop and the screen-room
wall
I = current in transmitting loop expressed in milliamperes
A method (10) developed by the United States Army is more
commonly used for laboratory measurements onreceivers. Inthis
system (see Fig. 87), a transmission line consisting of a single wire
is mounted horizontally between two walls of a sereen room. To

!
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one end of the line there is connected a signal generator and
to the other end a resistor with its second terminal connected to
the wall of the screen recom. The loop under test is mounted
beneath this wire in such a position that if its vertical axis were
extended it would intersect the wire at right angles.

If the center of the loop is located d in. from the wire, and the
wire is located d; in. from the floor and d. in. from the ceiling, the

Ld

Fie. 87.—Method of testing loop direction finder in screened room using a
terminated transmission line.

field strength in microvolts per meter at the center of the loop
will be
E.

1 i 1
E= 2’36072<E Tag,—d 2+ d> (119)

In this expression, E is the voltage introduced from the signal
generator and Z; is the impedance of the transmission line.
This transmission-line impedance is determined by connecting
a radio receiver to the line by means of a elip. The terminating
resistor is varied, and the clip is moved along the wire.

That value of resistance for which the voltage has the same
magnitude at any point along the wire is -the characteristic
impedance of the line. If the output impedance of the signal
genarator is appreciable, a correction must be made as follows:

L

— g
E, = Z, + 7, (120)
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In this expression, £, is the voltage read on the scale of the signal
generator and Z, is its output impedance.

The field strength all about the circumference of the loop
antenna will not be the same as the field strength at its center.
For a round loop the following correction applies:

2d(d — \d* — ¥ (121)

r2

Ey=F-:

In this expression, E,, is the average voltage and r the average
loop radius in inches.
For a square loop, the correction is given by

o d. d+L
Eav—-E ﬁlogem (122)

In this expression, the square loop is assumed to have sides with
a dimension in inches equal to 2L.

For a given set of conditions, the preceding formulas can
be used to calculate a constant by which the reading of the signal
generator may be multiplied in order to obtain the field strength
at the loop in microvolts per meter, and further caleulations
are then greatly simplified,

Aircraft Installations and Quadrantal Errors.—Loops on air-
craft are usually mounted either akbove or below the fuselage,
‘although some installations have been made in which the loop
is mounted in the plastic nose of the airplane. FEuropeans have
made installations in which ore half ¢f the lcep was mounted
within the fuselage of the airplane. As will ke discussed later,
the mounting of the loop below the fuselage has an advantage
in the reception of the “null” signal from a rapge station.
Other than this there is small choice Letween mounting positions
with regard to the top and bottom of the fuselage. Poth posi-
tions give about the same amount of quadrantal error. The
position on the nose gives too great an error unless the nose is
large and permits the loop to be mounted far in front, away
from the fuselage. Here the error is still great, but it may be
tolerated. This quadrantal error is an apparent deviation in the
direction of arrival of the radio wave. Since the modern air-
plane is a nonuniform metal structure, it serves to pick up
energy or act as a shield for it; consequently, for certain positions
of the loop, the actual amount of signal will be greater or less



AIRCEAFT DIRECTION FINDERS 143

than that for other positions. All loop installations must be
calibrated for this error.

This correction must be determined with the airplane in
normal flight and at least two wave lengths away from a radio
station. A distance that is large as compared with the radius
of airplane turn is desirable, but this distance must not be so
great that course bending or night effect is present. The air-
plane circles a known point while the radio bearings are taken

Fic, 88, -~Quadrantal error of an airplane direction finder.

and compared with those from a directional gyro. This
determination is comparatively simple for an automatic direction
finder, but many data must be taken with a manual direction
finder in order to obtain one set that can be considered reliable
(see Fig. 88).

After the quadrantal error is known, it can be used in several
ways. The simplest method involves the use of an azimuth
card mounted so that it bears a fixed relation to the airplane’s
structure. In this type of installation, it is necessary only to
“squeeze”’ together and “spread” apart the degree marks on the
scale to conform with the error data previously determined.
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This is not a very satisfactory solution, however, because it is
desirable to be able to rotate the azimuth scale to conform with
the airplane’s magnetic heading and thereby eliminate the neces-
sity for calculations when converting the radio bearings in terms
of the true magnetic bearing.

Another solution consists in plotting the curve on a separate
chart located around the periphery of the azimuth card. This
chart is mounted in a fixed relation to the airplane’s structure,
but the azimuth scale is free to rotate. The error is read from
this chart for any position of the direction-finder pointer. This
solution necessitates addition or subtraction and has little
advantage over the one previously described. The best solution
incorporates a cam arrangement in the loop-rotating mechanism
so that the pointer advances or retards with loop rotation from
the bearing representing the position of the loop. This cam is
cut to fit the particular set of data associated with the airplane
on which the loop is mounted. One manufacturer has a cam
made of a spring adjustable by means of a large number of
screws. This cam is located at the azimuth indicator in the case
of the manual loop, but since some of the automatic loops are
driven by Selsyn motors and therefore have little power, the
cams for the automatic direction finders are located near the
loops so that they can be actuated by the loop-rotating motor.

Problems

1. A receiving-loop antenna has a diameter of 12 in. and is wound with
30 turns. Its inductance is 1,530 microhenrys and it has a @ of 300. It is
tuned with a condenser across the winding, with one end of the winding
connected to ground and the other to the grid of a tube. What voltage will
it deliver to the grid when it is in a field of a 300-ke. transmitter, the field
strength of which is 20 pv per meter?

2. A low-impedance antenna connected as shown on Fig. 74 has the
following constants:

X, = 20 microhenrys, @ = 100

X. =0

X, = 20 microhenrys, @ = 60

Za = 200 microhenrys, resistance zero

X; = 2,500 microhenrys, @ = 250
The loop has a diameter of 10 in. and is wound with six turns. It isin a field
of a 300-ke. transmitter which has a strength of 300 uv per meter. Calculate
the output voltage F,.

3. Refer to Fig. 85. In this figure, X = 2,500 ft., ¥ = 1 mile, and
Q = 500 ft. The tranamitted energy has a frequency of 300 ke. Compute



AIRCRAFT DIRECTION FINDERS 145

the bearing error resulting {rom taking a “null,”” assuming that the bearing
to the center of the antenna array is desired.

4. Refer to Fig. 87, and compute the correction factor by which the dial

reading from the signal generator is to be multiplied in order to obtain aver-
age field strength at the loop if the transmission line has an impedance of
525 ohms, the signal generator has an output impedance of 100 ohms, the
loop under test has its center 3 ft. from a transmission line 1 ft. from the
ceiling, the screen room has a 7-ft. ceiling, and the loop has a 12 in. diameter.

ro

10.
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CHAPTER V
MARKERS

When the radio ranges were f{irst cstablished, they were
intended as a means for guiding aireraft, but not necessarily
under those conditions when normal visual guidance fails, That
is, ranges were not intended to allow the flying of airplanes in
weather that would not permit flying without ranges. It
was intended that after an airplane had used the range to reach
a destination the weather would be favorable at the terminal
and the pilot would readily recognize the landing field and
complete his flight. All this, however, was changed shortly
after the ranges were installed. The pilots found that guidance
was present when flving above an overcast when the ground
could not be seen, but a means for indicating the terminal was
required. No attempt had been made for providing such an
indication when the range was originally developed, but suech an
indication was present in the form of a phenomenon that had not
been anticipated. When the airplane flew directly over the
transmitting array, the coupling between the receiving and the
transmitting antennas momentarily became zero, and this loss of
signal, later named ‘“the cone of silence,” served as a terminal
marker. In order to determine the position along a range where
it was necessary to execute some maneuver, a radio range, the
course of which intersected the range course being flown, was
tuned in (preferably on a second receiver), and when the on-course
signal of the second range was heard the desired mancuver was
executed. Later, course markings to indicate a turning point
were installed in the form of miniature radio ranges and low-
powered stations operating on 278 ke, The problem is similar
to motoring over a fine system of highways that have no sign-
posts. These signposts are necessary to make the highways
useful.

Cone of Silence.—The exact location of the terminal radio
station is of extreme importance because it serves as the reference

146
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point from which a pilot originates a maneuver calculated to
bring him through the overcast and direetly over the airport.
These maneuvers, known as “approach procedures,” are carefully
developed by the chief pilots and prescribed in detail for use by
pilot personnel at each terminal.
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T1c. £9.-—Cone ¢f sllence ¢f a miniature radio range,

As was previously stated, the presencc ¢f this important
marker was due to chance and by virtue of the fact that thereis a
point of zero coupling between the transmitiing and receiving
antennas. This being the case, these and other characteristics
of this marker are a function of both the transmitting- and
receiving-antenna characteristics. Such an area of silence is
shown in Fig. 89. The data for Fig. 89 were obtained from
flights over a miniature range station employing small loop
antennas,
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As an airplane approaches a range station, the signal strength
increases; so the pilot reduces the gain of the receiver in order
to maintain a comfortable audio level in his headphones. Just
as the station is reached, there will be a momentary increase
in signal followed by a cessation of signal and then another
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Fia. 90.~Cone of silence with vertical receiving antenna. (Courtesy of Institute
’ of Radio Engineers.)

signal increase. If the antenna is perfectly nondirectional,
a plot of signal versus distance will be as shown in Fig. 90.
If, however, the antenna has other characteristics, almost
complete obliteration of this indication(l) such as shown in
Figs. 91 and 92, may be obtained.
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Frg. 91.—Cone of silence resulting when receiving antenna was inclined 30 deg.
(Courtesy of Institute of Radie Engineers.)

This pattern also varies with the transmitting array and is
affected by the presence of near-by objects. Thus, Figs. 93
and 94 show the cone(2) for the same range but employing two
different course alignments, In Fig. 93 the presence of some
railroad tracks caused bending of the courses.
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Although the preceding characteristies must be considered
when designing range transmitting and receiving antennas, the
cone of silence has some objections that cannot be corrected by
design. Since it is a “null” type of indication, the momentary
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Fra. 92.—Cone of silence resulting when receiving antenna was inclined 60 deg.
{Courtesy of Institute of Radio Engineers.)
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Fia. 93.—Distortion in the cone of silence caused by an object adjacent to the
radio range. {(Courtesy of CAA.)

disappearance of the signal, owing to a fault in either the trans-
mitter or receiver, will produce essentially the same indication
as the true cone.

Particularly in mountainous country the normal signal varia-
tion caused by the terrain can easily be mistaken for a “cone.”
Although this cone indication is being received where the field
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strength of the transmitter is great, it is, nevertheless, affected
by severe static.

The approach to the cone is generally made at a low altitude.
Figure 89 is the diagram of what is considered a “good” cone.
This diagram shows that the width of the indication is only
about 1,200 ft. at an altitude of 3,000 ft. A pilot attempts
to find the cone by flying at a minimum speed. For a modern
airplane, this speed is about 120 m.p.h. This meang that the
indication is present for only 7 sec. On the simultaneous ranges
the indication attains for a shorter time.

Z Marker.—In order to correct the difficulties attending the
cone indication, there wag installed and commissioned on Jan. 1,
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Fic. 94—~Normal simultaneous radio-range cone of silence resu}ting when
the course alignment of the range (the cone of which is shown in Fig, 93) was
changed. (Courtesy of CAA)

1939, on the airways of the United States a different type of
terminal indication known as the Z marker. This marker
consists of a new type transmitter(3) on the ground actuating a
separate receiver on the airplane. Primarily the indication in
the cockpit consists of a light that illuminates as the airplane
passes over the transmitting array, but an aural indication in
the form of a continuous 3,000-cycle tone is also heard slightly
before and after the light signal is observed. The pattern of this
indieation is a function of the receiver sensitivity. The usual
commercial-transport receiver sensitivity is adjusted in the
service shop to about 2,500 uv with the use of an artificial
antenna. With a receiver so adjusted, the pattern of Fig. 95
results. Referring to this figure it will be seen that the pattern
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width is now about 1.5 miles at an altitude of 3,000 ft., thus the
new indication is much broader than the older type. Figure 95
also shows that there is & “top” at which this new indication is
no longer received. This top can be extended by increasing the
receiver sensitivity; however, such an adjustment also brings
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Fia. 95.—Vertical space pattern of the 75-megacycle Z marker.

about an inerease in width which is undesirable. This is shown
in Fig. 96. This new indication operates on 75 megacycles and
enjoys great freedom from static. There has been no case where
the operation of this indication has been hampered by atmos-
pherics in any form.

The Z Transmitter.—The transmitting equipment employed
for supplying this indication consists of a dual transmitter having
a nominal output of 5 watts. The transmitters are so arranged
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that the antenna array is conneeted from one to the other if a
failure occurs. They are crystal controlled and employ a
6.250-megacycle crystal. Besides the oscillator and the output
stage, two tubes are employed to multiply the crystal frequency
to 75 megacycles. The modulation is accomplished by tube
oscillators and amplifiers,

Z Transmitting Antenna.—In the formation c¢f the space
pattern, the antenna array is all-important. The array devel-

16,000 ; ,
, A-Sersitivity
§ 2miltivolts
14,000 P

/ N
12,000 A \

B-Sensitivty
Smiiivolts

feet

10000

8000 / \
6000 /
N

3 2 ] 0 1 2 3
Miles

Fia. 96.—Variation in Z-marker pattern with change in receiver sensitivity.
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oped consists of four horizontal half-wave elements. These
elements are connected to the transmitter by means of a trans-
mission line. The length of line connecting to one pair is one-
quarter wave length longer than that connected to the other
pair. In this manner essentially circular polarization results.
The plan pattern resulting with this array is shown in Fig. 97.
This array is mounted one-quarter wave length above a wire
screen which serves to projeet the energy upward. This screen
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is mounted one-half wave length above the ground; thus the
growth of vegetation, the accumulation of snow, ete., cecur

N
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S
Fic. 97.—Plan pattern of Z marker.

7o Fransmitter

Fra. 98,~—Antenna used for produecing Z-marker pattern.

below the screen and do not affect the characteristies of the
marker. This antenna is shown in Figs. 98 and 99.

Fan Markers.—Additional markers have been required along
an airway because of the increase in traffic and its method of
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control necessary in order to avoid collision. The airplane now
reports as it reaches definite points along the airway, and each
time that this is done it receives, from a government group
known as Airways Traffic Control, permission to proceed to the
next point on the airway. This procedure minimizes the
possibility of collision.

Although the intersection of two ranges constitutes a fairly
satisfactory marker, the low-frequency nondirectional stations
operating on 278 ke. could not define an accurate area because
of the effect of static. These low-frequenecy facilities have been
replaced by markers operating on 75 megacycles, the same
frequency as used by the Z marker. These are known as fan
markers(4) and have characteristics different in many respects
from the Z markers. The usual airway fan marker is located on
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Fia. 99.—Installation of Z-marker antenna with respect to ground.

each leg of a radio range and usually marks where a new range
station should be tuned in. It also serves as a definite point
over which airplanes may ‘‘hold” while waiting for permission
to make a landing as well as for traffic reporting points along
the airway. These fan-marker signals are in the form of a
3,000-cycle tone and hence actuate the same cockpit light that is
actuated by zone markers; however, they are keyed by dashes.
These dashes are either single or in groups of two, three, or
four. The number of dashes in a group identifies which of the
four legs of a range the particular marker is indicating. Errors
in avigation have occurred when, because of a strong wind, the
pilot intersected one course of a terminal radio range and
believed he was on another leg.

Because an airplane might be to the right or left of the on-course
of a radio range, it is necessary that the marker for these range
legs have a breadth extending at right angles to the major
dimension of the range course. The plan pattern of the fan
is elliptical and is shown on Fig. 100. The pattern on this
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figure is taken with a value of receiver sensitivity approximately
the same as is used for receiving the Z marker and at an altitude
of 3,000 {t. This pattern varies with altitude as shown in
Fig. 101. It can be seen that fan indications for a given receiver
sensitivity extend to much higher altitudes than do Z marker
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Fis, 100.~—Tlan pattern of the fan marker,

indieations. This is because the airplane must receive the fan
indication when it is on the airway and, hence, flying at high
altitudes; whereas, the Z is received when the airplane is making
an approach to the landing field and has already lost altitude.
Fan-marker Transmitter.—In order that the fan indication
might be received over the required area without the necessity
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Fio. 101.—Change in fan-marker-plan pattern with altitude. Only one-quarter
of each total pattern is shown. The elevations in feet to which the patterns
pertain are shown by the numbers on the curves,

for changing the receiver sensitivity, it was essential that the
power of its transmitter be greater than that of the Z. Conse-
quently, the transmitter has a rating of 100 watts. It is crystal
controlled and operates on 75 megaeyeles. The very limited
area that the radio signals cover effectively prevents the possi-
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bility of any interference between either Z and fan markers
or the fan markers on the various range legs. The transmitter
is modulated by a vacuum-tube oscillator and audic amplifiers.
Since the marker receivers are equipped with automatic volume
controls acting as a function of the rectified carrier, detrimental
effects would be produced if the keying removed the carrier
frequency of the markers at keyed intervals. For this reason,
keying is accomplished by removing the modulation. The
transmitter is a dual unit arranged so that the second trans-
mitter is automatically placed in operation when the rectified
output power of the first unit falls to 80 per cent of its normal
value.

Fan-marker Antenna.—The antennsa forming the fan pattern
consists of four half-wave elements, all located ecoplanar and
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Fis. 102.—Fan-marker antenna array.

with their longest dimension in line. Fach element is fed in
phase with the element next to it; therefore, a half-wave folded
section is employed between the sections in order to correct the
phase. An impedance-matching stub is employed at the point
where the transmission line from the transmitter connects to
the array. This stub in effect tunes the array for purposes of
eliminating standing waves on the transmission line. The entire
array is located one-quarter wave length above a coarse, galva-
nized iron sereen. This sereen in turn is located one-half wave
length above the ground. The construction of the array is
shown in Fig. 102

Other Markers.—Besides the two markers already deseribed,
two other markers are operated on 75 megacyeles. These
markers are intended chiefly for use with instrument-landing
gystems and are located on the route between the airway and the
airport. These markers emit 400- and 1,300-cycle notes and
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operate separate lights in the cockpit. That is, there are three
separate lights, each operated from the same receiver tuned to
75 megacyeles. They are distinguished by different colors—
white is used for the airway light (fan and Z), purple for the
so-called outer marker light (400-cycle), and yellow for the inner
light (1,300-cycle). One of these approach markers is located
about 5 miles from the airport and the other just at its edge.
A simple antenna array consisting of a dipole mounted above a
reflecting screen is used with these markers. The power of the
transmitter is less than § watts.
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Fra. 103.—Plan pattern of fan marker obtained by fying paralle! to the trans-
mitting antenna array.

High-frequency Marker Receiving Antenna.—A criticism of
the low-frequency range cone of silence as a marker was the fact
that the characteristics of this marker are a function of the
coupling between the transmitting and receiving antennas; the
same coupling, however, is a factor in the field pattern received
from the 75-megacycle markers, Unlike cone reception, any
antenna will receive the 75-megacycle indications if it has
sufficient effective height and is connected to a receiver with
sufficient sensitivity, but the pattern of the area in which these
indications will be received (particularly those of the fan) may
vary considerably, Figure 103 shows the plan field patterns
of the indications obtained when flying parallel to the major
axis of a fan-marker antenna array. Referring to Fig. 100, it
can be seen that when flying at right angles to the array the
pattern was an ellipse having a minor axis of about 2§ miles
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and a major axis of 10 miles, but Fig. 103 shows that when flying
parallel to the trapsmitting antenna array the pattern was of
the butterfily type with dimensions of approximately 5 by
13 miles.

If the flying mode remains constant but the receiving antennas
are changed, there will be a change in the apparent fan-marker
field pattern. Changes in this pattern are shown in Fig. 104.
This figure shows that the normal elliptical pattern can be
changed from one having a ratio of major to minor axis of 23 to
9 to one having a ratio of 4 to 6.

The pattern of the Z marker is not so seriously affected by
receiving antennas as is the fan marker. Figure 105 shows the
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F16. 104.—Change in fan-marker-plan pattern with various receiving antennas.

change in pattern of the Z marker for three types of antennas.
It will be seen that the received Z-marker pattern with a dipole
is not very different from that with a vertical rod, although the
individual space patterns of these receiving antennas are widely
different.

A dipole receiving antenna has a horizontal field pattern
(in free space) that consists of two circles tangent to the wire
of the dipole. In line with the direction cf the wire the pickup
is zero, and at right angles to this wire it is maximum. Since
the half-wave elements of the fan transmitting antenna are all
in phase, the vectorial sum of the voltages at their ends will be
zero. It follows that if the receiving dipole is in line with the
transmitting dipoles, the pickup should be zero. Due to stray
coupling, this pickup is not actually zero but is small and accounts
for the narrow axis of the ellipse of the fan-marker pattern.
One of the patterns shown in ¥Fig. 104 was obtained with an
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inclined vertical rod antenna. Although the directivity of this
antenna is unknown, it was probably very small; hence the
elliptical pattern having only a small ratio of major to minor
axis is probably the true field pattern from the transmitting
array. The added directivity of the receiving dipole is required
in order to obtain the true fan pattern for which the marker
was designed.
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Fia. 105.—Change in Z-marker-plan pattern with various receiving antennas.

The preferred antenna for the reception of markers is of the
horizontal half-wave type. This antenna is mounted so that
it is under the fuselage, about 5 in. from the surface, and parallel
to the major axis of the airplane. The wire forming this antenna
may be split in the center and connected to the receiver with
either a two-wire or coaxial transmission line. It may be
connected to the receiver by means of a single conductor spaced
off-center as shown in Fig. 106. Any of these dipole antennas
will give approximately the same results.

Because of the construction of the transmitting array, it is
seen that the wave transmitted should be essentially horizontal
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in its polarization. It has been found, however, that signals
emitted from both the Z and the fan arrays can be successfully
received on a vertical antenns protruding below the fuselage
of the airplane.

Marker Receiver.—It has previously been stated that s
receiver sensitivity of about 2,500 pv is all that is used for the
reception of the 75-megacycle markers. Such sensitivity is
easily attained even at 75 megacycles, so if this were the only
requirement, a comparatively simple receiver could be used.
There are other considerations, however, that make a complex
receiver desirable. It is very important that no false indications
be received on the marker reeeiver; that is, under no condition
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Fia. 106.~—~Antenna for receiving 75-megacycle marker beacon signals,

except when passing over a marker transmitter must the light
in the cockpit become illuminated. It is contemplated that
frequency assignments spaced 1 megacyele apart will be made.
Some of these assignments will probably be made to very high-
powered stations; therefore a high value of selectivity is used
in the commercial-transport receivers. With a band width
of 60 ke., the attenuation is not over 6 db, but with a band
width of 300 ke., the attenuation is not less than 60 db. In
order to obtain this selectivity, two stages (three transformers)
of intermediate-frequency amplification are used in a super-
heterodyne receiver. This intermediate frequency is high in
order to simplify the problem of image-frequency selectivity.
A frequency of 6,325 ke. is used by one manufacturer in order
that the image-frequency suppression may be high and the stage
gain reasonable. The first tube connected to the receiver input
is the first detector; that is, a first stage of radio-frequency
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amplification is not employed. In order to obtain the necessary
suppression of signals on 6,325 ke. and other adjacent channels,
a radio-frequency band-pass filter is used to couple the trans-
mission line from the antenna to the grid of the first tube. The
schematic diagram of this filter is shown in Fig. 107. The use
of this filter and the choice of intermediate frequency assure a
suppression of all spurious responses by at least 60 db.

Since the marker receiver needs to operate on a single carrier
frequency only, it is equipped with a crystal-controlled oscillator.
The crystal is ground to 7,630.5 kc., which frequency is multiplied
by nine for use in the mixer (first detector) tube. This multiplica-
tion is accomplished by using one tube as a frequency multiplier in
addition to the oscillator. The third harmonic of the erystal
oscillator is impressed on the grid of the frequency multiplying
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Fia, 107 ~Antenna circuit filter for increasing image frequency rejection in
73-megacycle marker receiver,

tube. The plate circuit is tuned to the third harmonic of the
frequency impressed on the grid and thus gives the necessary
multiplication of nine. The output frequency is impressed on
the cathode of the mixer tube.

In order to prevent overloading, an automatic gain control
is incorporated in the receiver. This control is of the simple
type, but it is sufficient to keep the lamp brilliancy essentially
constant for input radio-frequency voltages that vary from 1.5
to 100 uv.

The audio output from the second detector is amplified and
supplied to terminals leading to external headphones and to
three band-pass audio filters. These filters are designed to pass
frequencies of 3,000, 1,300, and 400 cycles.

Various means have been devised for operating the lights from
the audio output of the filters. One of these systems consisted
merely of rectifying the audio voltage and applying it to a relay.
The contact points of this relay were in series between the signal
lamp and the 12-volt airplane power supply. This system has
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the advantage in that the lamp, if illuminated, will have a con-
stant intensity that has no bearing on signal strength. On the
other hand, if the relay chatters, there will be a false indication.

In order to avoid the use of a relay, one receiver uses alternat-
ing-current voltage from a vibrator to illuminate the lamp. This
voltage is impressed on the lamp, but in series with this lamp is
the secondary of a special transformer. The primary of this
transformer is connected in series with a rectifier that supplies
rectified tone from the above-mentioned filters. Normally, the
secondary of the transformer offers a high impedance to the flow
of current from the vibrator, and therefore the lamp cannot
hecome luminescent. However, when the rectified signal passes
through the primary of the transformer, it saturates the iron
core, and thus the impedance offered by the secondary is greatly
reduced and allows current to flow to the lamp. This system
has a disadvantage in that the lamps retain a small glow, There
is also a half-brilliancy point, so the “on-off” position is not so
clearly defined as when a relay is used. Some of these objeetions
can be overcome by using a special gas-filled lamp. This lamp
has a critical current, below which the lamp will give only a
slight glow. The condition can be further improved by using a
high-frequency alternating-current power,source for the lamps.
The reactance of the secondary of the saturating reactor varies
with frequency when it is not saturated; however, its impedance
when saturated is nearly a constant over a wide frequency range.
Using an 800 cycle per second power supply, the action of this
saturated reactor closely approximates that of the relay cireuit.
When a high-frequency alternating-current source is not avail-
able, it is necessary to obtain alternating current from a mechan-
ieal vibrator. This imposes 90 cycles as the practical upper
limit of frequency that may be secured. In event of partial
vibrator failure, that is, when the vibrator frequency is lowered,
the lamps exhibit an annoying glow, without a 75-megacycle
carrier actuating the receiver. This glow continues until the
vibrator unit is replaced, so it cannot easily be confused with the
indication from a marker carrier; nevertheless this is not a desir-
able characteristie.

In order to test these marker signals, a push button is usually
provided so that the continuity of the lamps may be checked
by impressing the airplane’s power supply across their terminals.
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One of the test methods employed consists of using a cireunit
tuned to 75 megacycles connected to the receiver input and
shock excited with a small door-type buzzer. This system
served to test the over-all operation of the receiver. It was not,
however, a criterion of receiver sensitivity since it did not
operate on a very definite audio frequency. It gave satisfactory
results when the receivers were equipped with a single lamp, but
when three lamps were employed, the indications were too often
false.

The usual receiving-type tubes are used in this equipment.
Better performance can be obtained by the use of high-frequency
tubes (such as the acorn), but since satisfactory performance
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Fia. 108.—Variation in gain of marker receiver with supply voltage: (A4) without
and (B) with neon lamp and thermistor.

can be obtained with the standard tubes, the greater reliability
and lower cost make them more desirable.

Since the gain of this receiver determined the dimensions of
the marker patterns, it must remain constant for variations in
voltage, humidity, etc. The usual commercial marker receiver
does not have peak performance as far as gain constancy is
concerned; however, some attempt has been made to secure
stability. 'The sereen voltage is stabilized by the use of a neon
glow tube. This tube is connected between ground and the
screens of the second intermediate frequency amplifier. The
screen voltage for this amplifier is obtained by a series resistor
from the plate-voltage supply. The use of the neon tube tends
to keep the voltage across it constant. Another device used for
stabilizing the sensitivity of the receiver is a special form of a
resistor known as a ‘“thermistor.”” This device serves as one
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leg of a voltage-controlling audio-circuit potentiometer. This
resistor has a very large negative temperature coefficient and
tends to keep the current through it constant. The combined
offeet of using the neon tube and thermistor is shown in Fig. 108,
It can be seen that as the power supply varies from 10 to 15 volts
the sensitivity varies from 1,450 to 1,350 uv. A stmilar receiver
without stabilization is shown in the same figure to vary from
2,350 to 1,300 uv as the power supply varies from 11 to 15 volts.
The receiver for commercial transport use, complete with
' filters for the three audio frequencies,
5‘251[\"\\ weighs 20 1b.
' Microwave Markers.—Although
the ultra-high-frequency marker sys-
tem described offers many advantages
over previous markers, it is true that
this is & new facility and many
changes may be made in further
perfecting it. Several modifications
are now being considered. One of
these considerations is the use of
microwaves at a frequency of about
600 megacycles. It is intended that
this frequency be applied to electro-
magnetic horn radiators (6). These
horns are capable of producing a very
sharp radio beam. Sharpradiobeams
can also be produced by the use of

Fia. 109,—Electromagnetic
horn similar to that used for directive elements at lower frequen-

microwave marker tests. ‘
cies, so these horns merely replace

the directive array. By using a higher frequency than 75
megacycles, the resulting array for a given directivity of
marker pattern is physically smaller. The horn has an added
advantage over the marker array previously described in that
it has a sinusoidal field distribution that eliminates the presence
of spurious lobes. These lobes are smaller field patterns located
at the base of the main pattern. When these are received on the
airplane’s marker equipment, they tend to produce an apparent
widening of the over-all pattern. These lobes are particularly
noticeable with the fan marker when keying is stopped. At
certain altitudes, the light indication will cease for a period and
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then continue again; this reaction indicates the break in the
over-all pattern caused by the lobes, These lobes are somewhat
hidden by the keying,.

For purposes of clarifieation, the presence of these lobes was
not indicated on the marker patterns of the figures previously
referred to. Other than these advantages, the electromagnetic
horn must be considered only as a special form of a directive
antenna array which has the advantage (particularly at miero-
wave lengths where measuring techrnique has not been fully
developed) of automatically establishing the correct magnitude
and phase of the currents in all the antenna elements.

Tests with sueh a microwave marker were conducted at the
Boston Airport(7), utilizing an electromagnetic horn (which,
however, had not been specifically designed for this purpose).
The horn was made of plywood and lined with thin copper sheet-
ing. It was 26 ft. long, 10 ft. high, and 2.5 ft. wide (at the
mouth). It was excited at a frequency of 710 megacycles by a
simple oscillator having a power output of 2 to 3 watts. The
signals from this horn were received on a superheterodyne
receiver having an intermediate frequency of 10 megacycles.
This receiver was conneeted to a half-wave antenna located below
the fuselage of the airplane and spaced from it by a quarter-wave
length. The resulting pattern is shown in Fig, 110. It can
be seen that this pattern is somewhat better than that of the
75-megacycle marker previously shown.

The tests referred to were not particularly significant as
demonstrations of marker improvements, but were really
intended ‘as indicators of a new type of marker. By using two
of these horns, each modulated by a different audio frequeney, it
may be possible to develop a marker that has a large pattern
allowing it to be easily located and a small centrally located
pattern of high aceuracy that can be used as a basis for future
maneuvers. This ecentral pattern would be obtained by rectify-
ing and comparing the output from the two carriers and, hence,
would be independent of receiver sensitivity. Both horns
should be excited from the same transmitter so that this smaller
pattern would be independent of variations in transmitter output.
The outer pattern, since it would be composed of the pattern
from both horns, would be subject to the same variations attend-
ing the present 75-megacycle markers, but the exact dimensions
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of this larger pattern would be unimportant. At present the
pilot obtains this information by using the 75-megacyecle marker
and the cone of the low-frequency range.

Improved Z Marker.——The radio Development Section of the
CAA has just announced (8) successful tests of an improved
Z marker. This marker, it is understood, utilizes two of the
antenna arrays previously described. The pattern obtained
compared with the older pattern is shown in Fig. 111, It can
he seen that for an indication at a given height the width is
approximately five-eighths of the original width,

Problems

1. Develop the calculations for the field pattern of the Z-marker antenna
array.

2. Repeat Prob. 1 for the fan-marker antenna array.

3. Some aircraft marker-receiver installations used a “high-low” switch.
This was a device whereby two different values of receiver sensitivity could
be selected. One of these sensitivities was used at high altitudes and the
other to produce a narrow indication at low altitudes. Discuss in detail
the pros and cons of incorporating such a switch in an aireraft installation.

Bibliography

1. Diamaxo, H, and G. L. Davrs: Characteristics of Airplane Antennas
for Radic Range Beacon Reception, Proc. I.R.E., February, 1932,
p. 346.

2. Sroart, D. M.: Report on Cone of Silence Tests at Knoxville, Tenn.,
CAA Tech. Development Rept. 8, April, 1938,

3. Jackson, W. E., and H. 1. Merz: The Development, Adjustment, and
Application of the Z Marker, CAA Tech. Development Reptl. 14, July,
1938.

4. McKggr, P. D, J. M. Leg, and H. I. Murz: The Development of an
Improved Ultra-high Frequency Radio Fan Marker, CA4 Tech.
Development Rept. 17, July, 1938,

5. Jacksox, W. E., P. D. McK=zgr, and H. I. Merz: Tests of the First
Manufactured Fan Marker, CAA Tech. Development Rept. 15, July,
1938.

6. Barrows, W. L., and F. D. Lewrs: The Sectorial Horn, Proc. I.R.E.,
January, 1939, p. 41.

7. Mosery, F. L.: Report of the CAA Marker Demonstration, pp.
5-13, Radio Technieal Committee for Aeronauties, Subcommittee 13,
Jan. 13, 1941,

8. Mosery, F. L.: Markers, annex 7, Radio Technical Committee for
Aeronautics, Subcommittee 13, Jan. 13, 1v4l,



CHAPTER VI
INSTRUMENT LANDING

The airplane has a problem that is not encountered by the
usual land vehicle. Although it may have suceessfully avigated
two dimensions, it must still travel a third—downward—in
order to complete its journey. All the devices previously dis-
cussed were for enabling safe travel in two dimensions, but the
problem of traversing the third involves a development differ-
ent from any of these. The farsighted scientists of the Bureau
of Standards foresaw this problem and developed a system for
its alleviation during the years 1928 to 1930. It is true that
the instrumentation employed was rather crude compared with
the radio apparatus of today; nevertheless this development
incorporated all the elements of a true instrumeni-landing
system., Today (some 11 years after the announcement of their
development by the Bureau) there are installed five privately
owned systems used only for training, three Civil Aeronautics
systems, and approximately six experimental systems of various
kinds. In addition to these installations, the government has
ordered 16 sets of equipment for use on the civil airways. Each
system proposed was thoroughly ecriticized ; then steps were taken
to develop improvements. This is not the procedure that was
employed with other radio aids to avigation, which were accepted
after a reasonable amount of development, installed, and then
corrected.

Although many successful demonstrations have been made
with a number of systems, no system has been completely
installed throughout the country. The reason for the delay in
adopting a standard system is not known, but perhaps it was
the fear of accident with an imperfect system; for, without doubt,
landing under conditions of low visibility is the most hazardous
maneuver that an aircraft executes. Whatever system is
adopted, past performance would indicate that it will have fail-
ings, and the system will approach perfection only after thou-

168
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sands of landings have been made by hundreds of pilots and
numerous corrections are incorporated in the equipment.

With such a background it can be seen that a chapter thor-
oughly covering instrument landing can be more a history than
a technical treatise. A book can be written covering the various
systems; however, it is not intended that this be done. The
original system of the Bureau of Standards will be covered, with
an explanation of the underlying principles of any instrument-
landing system, followed by a discussion of those systems which
seem to incorporate some original principle. No attempt will
be made to describe in detail those systems which can more
accurately be termed “low approach” rather than “true land-
ing,” because fundamentally they supply guidance only in the
horizontal plane and designate the point where the engines
should be throttled back for landing.

Principles of All Instrument-landing Systems.—In order to
effect a landing it is necessary for the pilot of an airplane to
know accurately his position in space. Since this involves
familiarity with three dimensions, the necessity for an instrument-
landing system having three elements is evident. The previous
chapters showed that a radio range can be used to determine the
position of an object along a line. The line may be considered
as one axis in the Cartesian coordinates. If markers are added,
the value of the second coordinate is given and the location of a
point on a plane is indicated. A third element, therefore, is
required to determine the location of the airplane. This element
is known as a glide path.

-Bureau of Standards Glide Path.—As the distance between a
transmitting antenna and a receiver is inereased, the field strength
of the station measured at the receiver decreases. If there is no
attenuation caused by ground, this field strength can be written
as

K

E;

In this expression, K is a constant determined by the power of the
transmitter and its antenna system. This fact is well known.

Depending on the antenna used, however, there is also for

any constant horizontal distance from the transmitting antenna

a variation of field strength with vertical distance. The energy
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from the antenna strikes the ground at various points and is
reflected to where it adds to or subtracts from the direct energy
from the antenna. The resulting pattern in the vertical plane
is, then, a function of the antenna strueture, its height above
ground, and the characteristics of the ground. Such a vertical
space pattern is shown in Fig. 112, This figure shows the space
pattern of an antenna in the vertical plane. The phenomena
depicted by this figure are quite similar to those which have
been discussed in this book in connection with many antennas
but apply to the vertieal rather than the horizontal plane. This
pattern is not to be confuscd with those vertical patterns shown

20°
10°
20 40 60 80 100

Fig. 112.—Vertieal field pattern of an antenna.

in the chapter on Markers. The marker vertical patterns
referred to showed the area where a signal was set off in the
receiver; whereas, the distance from the origin to any point
on the pattern of Fig. 112 represents proportional field strength.
This proportion is related to any arbitrary value. Thus,
Fig. 112 is in percentage, and if the value at 10 deg. is 100 per
cent, it is only 80 per cent of the maximum at 3 deg. Again, it
is necessary to warn against confusing this vertical pattern with
the vertical pattern of the landing path that will now be discussed.

Referring to Eq. (123), if at distance d; the field strength
equals 1, then at distance dy = 1.25d, the field strength wiil
equal only 0.8. Suppose, however, that the reading for distance
dy had been taken at a point elevated from the ground by a
height hy such that hi/d, = tan v, = tan 1° = 0.0175, then,
referring to Fig. 112, it can be seen that the loss of field strength
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occasioned by the greater separation from the transmitting source
can be retrieved by climbing to a higher altitude such that
ha/ds = tan v, = tan 5° = 0.0875. To explain further this prin-
ciple (attributed to F. W. Dunmore of the Bureau of Standards),
numerical values can be assigned to di. If d: equals 1,000 ft.,
then the values in Table Il can be caleulated.

Tasre 11
]
d v ‘ h
— 1
1,665 10 | 293.5
1,250 5 1£9.3
1,0C0 1 17.5

The points of Table 1I are plotted in Fig. 113. If a means for
indicating field strength is installed in the airplane and its
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Fre. 113, —Constant-potential glide path derived from the field pattern of Fig.
112,

altitude adjusted as the radio station is approached so that the
same value of field strength is at all times read on the field-
strength meter, the airplane must necessarily follow a path
similar to that obtained by connecting the points of Fig. 113.
That is, as the airplane flies toward the transmitter, altitude
must be lost, and this is of course the landing procedure. Any
value of field strength may be selected, and each value will
deseribe a separate path, all similar in shape, but having different
slopes. Further elaboration of this statement will be made
later.

The Bureau of Standards glide path, therefore, is an isopoten-
tial path. That is, it is the locus in space of an infinite series of
points where the glide-path transmitter produces signals of
equal field strengths. By selecting various numerical values of
field strengths to be indicated on an instrument, an infinite
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number of paths are available with the isopotential glide path.
The general shape of each is the same. This is illustrated in
Fig, 114. In this figure there are plotted data actually secured
from a glide-path transmitter. Four different glide paths are
shown, each for a different field-sirength value. Since these
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Fia. 114.—Four isopotential glide paths obtained by varying the transmitter
power or the receiver sensitivity. Since the paths are represented by parallel
lines on log-log paper, the paths must have similar shapes.
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data appear as straight lines on log-log paper, it is immediately
evident that each path follows the equation

h = KD» (124)

where h = height from the ground to the receiving antenna
D = horizontal distance from the transmitter to a point
on the ground directly below the receiving antenna
K = constant
n = coefficient (function of selected field strength)
It is further evident that since all lines are parallel the slope
is the same; therefore, the coefficient n of Eq. (124) is the same



INSTRUMENT LANDING 173

for all paths. This coefficient is 2 for the curves shown, and if
it is substituted for n in Eq. (124), the following results:

h = KD? (124a)

The variation in the selection of the different paths changes
only the constant K; hence each path has the same general shape.

In a practical landing it is desired that the airplane landing
gear make contact with the ground at a given distance from the
transmitting array in order that sufficient length of runway will
be available for decelerating the airplane without damage.
Further, the height of the receiving antenna above the fuselage
of the airplane (and hence its height at point of contact) is fixed
by aerodynamic considerations. With these two factors estab-
lished, the path to be followed is fixed.

The equation(2) for this isopotential glide path has been
developed for the general case and is given as

14 A% + 24 cos (W)
r _ Ar

<r°> 1+ A2 4+ 24 cos (W’>

(125)
}\To

where r = distance from the transmitting antenna to any point
on the glide path
r¢ = distance from the transmitting antenna to the point
of contact
yo = height of the landing path at the point of contact
h = height aboveground of the transmitting antenna array
y = height of any point on the glide path
A = reflection coeflicient for the ray reaching the point
(r, ¥) by reflection from the ground surface in front
of the antenna ‘
This reflection coefficient is given by

in 0 — /K — cost b
A = sTn 8 \/K cos? 8 (126)
sin 8 + /K’ — cos? 8

_arcsiny

=

K' = effective dielectric constant of the reflecting ground
and is given by

where 0
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' g - e
K =K 7
where K = real dielectric constant

¢ = conductivity of the ground

¢ = velocity of light

f = transmitter frequency

The Bureau of Standards System.——The glide path for this
system has already been described. The transmitter used for
producing it consisted of a single 500-watt oscillator tube operat-
ing on a frequency of 93.7 megacycles.

The energy from it was fed to a directive array that concen-
trated the radiation in a horizontal pattern covering a horizontal
angle of about 40 deg. This antenna array was located at the
end of the runway. On the airplane a3 simple receiver was
connected to a horizontal dipole and its rectified output was
measured on a meter. This meter was mounted so that the
pointer moved vertically, thus the psychological correlation
between the movement of the pointer and the vertical position
of the airplane was improved. .

A small radio range of the visual type was located at the end
of the airport runway in such a manner that its course was
directly down the middle of the runway. This radio range
was, and is still, called a ““localizer” and will be so referred to in
later discussions. The receiver on the aircraft operated a vibrat-
ing-reed indicator. The third element consisted of a low-power
transmitter operating on the same carrier frequency used by the
localizer. This transmitter served as a marker to indicate the
edge of the airport. Indications received from it were aural.
The localizer was operated on a low frequency in the band
employed by the airway radio-range system. It is apparent
that the only radio equipment required in addition to the regular
range receiver in order to make instrument landings with this
svstem was the glide-path receiver.

An important instrument was later designed and has been
used in nearly all instrument-landing systems developed subse-
quent to that by the Bureau of Standards. The localizer trans-
mitter modulation was changed to 60 and 500 cycles. In the
receiver, these frequencies were separated by means of suitable
wave filters, and the output from these channels was rectified
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and applied differently to a zero-center meter, This meter
indicated the relative intensity of the 60- and 500-cycle signals,
or the position of the airplane to the right or left of the middle
of the runway. The next step consisted in mounting this meter
so that it had a scale common to the glide-path meter. If
the needles of the two meters crossed in the center of the scale,
the airplane was on its glide path and in line with the middle
of the runway. This meter is shown in TFFig. 115,  Because it was
necessary for the localizer receiver to operate properly when

Aeropiane or glide path,
i1 line with middle of runway

) Aeroplane on glide path,
§ foright ofm/‘d%’le o:'?gmway

Aeroplane above glide path but
in line with mzb/d?e of rﬁiway

Fia. 115.~~The operation of the Burcau of Standards instrument-landing
indieator.

very close to or very far from the radio station, that is, over a
large range of signal strengths, an automatic gain control was
incorporated in it. A meter reading the amount of this auto-
matic-gain-control current was added and calibrated in approxi-
mate miles. This meter was useful in indicating whether the
airplane was approaching or had already passed the station.
In order that the gain of the glide-path receiver remain constant,
it was made with only a few elements. Only two tubes were
used. The first of these was a radio-frequency detector and the
second an audio-frequency amplifier. The sensitivity of this
receiver was necessarily low, and this was compensated for by
making the field strength high.
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The statement was previously made that the instrumenta-
tion used with this system was comparatively crude; conse-
quently, there was much instability in its operation. However,
the imperfect state of the radio art existing in 1928 should be kept
in mind. It should also be remembered that this system was
designed for use in small, single-engined airplanes where ounces
of weight were important and for an industry that still considered
radio more a plaything than a means for practical day-in and
day-out flight operations. The instrument-landing system of
the Bureau of Standards is to be remembered as the first system
that defined all the essential elements, originated the isopotential
glide path, and incorporated an instrument that coordinated
indications with respect to two dimensions.

United-Bendix System.-—Sometime during 1933 or 1934, work
was stopped on the development of instrument landing by the
Bureau of Standards. The Bureau of Air Commerce was
established and development of airway radio aids was taken
over by the Airways Division of this Bureau. At this time the
Bureau of Standards had installed systems at College Park, Md.;
Newark, N.J.; and Oakland, Calif.

A number of questions remained unanswered with the cessa-
tion of the Bureau of Standards work. All the flights on this
system had been made with small, low-speed, single-motored
airplanes, and their use for commercial service was also termi-
nated in 1933 or 1934, In 1933 there came into use the high-
speed, low-wing, twin-engine airplane used by all commereial
airlines in this country. Statements were made that this
airplane could not be flown to the ground on the rigidly pre-
seribed beam of the radio glide path.

It was recognized that the instrumentation had to be improved
before the system could be considered thoroughly practieal.
The localizer had all the weaknesses that have previously been
discussed for the vibrating-reed visual-range system. In 1934,
United Air Lines entered into an agreement with the Eclipse
Aviation Corporation {a branch of Bendix Aviation Corporation)
for the joint development of an instrument-landing system.
This agreement later was transferred to the Bendix Radio
Corporation when that company was formed. At a still later
date, the agreement was extended to include Transcontinental
and Western Air Express. By agreement with the Port of Oak-
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land, Calif., the instrument-landing system which the Bureau
of Standards had installed there was taken over and became
the basis for further development.

The first steps were taken for the purpose of determining
whether or not the radio glide path could be used by large
airplanes and by those of the modern type. The tests resulted
in an affirmative answer, and a technique employing the auto-
matic pilot to assist in making landings was developed.

The defects of the localizer system were immediately apparent.
The localizer originally installed had operated on a frequency

Frs. 116,—The Bendix-United Air Lines instrument-landing transmitting-
antenna array.

of 278 ke., and when the range course crossed a power line
at the end of the landing field, it bent abruptly toward the
Qakland Hills. In an attempt to solve this problem, ultra-high
frequencies were tried. The frequency used was the same as
had been used for the glide path, that is, 93 megacycles. A
localizer using this frequency was found to be entirely satis-
factory. After leaving the transmitter, the localizer course
continued in a straight line, unaffected in so far as its directional
characteristics are conecerned.

Having seen the weakness of the visual localizer using separate
amplifiers, but desiring to retain visual indications, an ingenious
method was designed utilizing only one radio-frequency channel.
This localizer is shown in Fig. 116.
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United-Bendiz Transmitting Anfenna.—Figure 116 is the plan
view of an antenna system commonly referred to as a “Yagl”
array. Al the elements of this array are excited because they
are in a radio-frequency field. Excitation is by this means
alone as there are no metallic electrical connections to these
elements; hence it is said that they are “parasitically’ excited.
Two antennas T and T, are connected in parallel and to a
transmitter. They are tuned by a single condenser (not shown
in Fig. 116); therefore any change in the output of the transmitter
affects equally the output of both antenna arrays. The trans-
mitter is not modulated. To the rear of the antennas connected
to the transmitter is an antenna that serves as a reflector for
both arrays. It is designated as I in Fig. 116. This antenna
has a length greater than the transmitting antennas. Infront
of the transmitting antennas are the keying directors K; and K.
These are shorter than the transmitting antennas, but at their
centers is connected a length of line making the total length
of the antenna, plus line, greater than the length of the trans-
mitting antenna. Also connected across the centers of the keying
directors are motor-operated switches, When these switches
are closed, the lines across them are shorted out. This makes
the length of the directors shorter than the transmitting antennas,
and the energy in the forward direction is inereased. When
these switches are opened, the length of the directors is greater
than that of the transmitting antennas; hence they act as
reflectors and reflect energy to the rear in the direction of the
reflector . However, R is reflecting the energy forward; there-
fore, when the motor switches are open, there is effectively no
radiation. Motors M, and M, are synchronous and run at the
same speed, but their cams have a different number of lobes.
One cam has seven and the other has nine lobes, The cams have
speeds (by virtue of gearing) of 10 r.p.s.; hence the two arrays
generate field patterns having square-wave keving of 70 and 90
cycles per second. The antennas marked with D's in Fig. 116
are directors that further increase the forward radiation. The
total power gain of these arrays is about 13. The resulting
field pattern is essentially as shown in Fig. 117,

It will be noticed that all antenna elements shown in Fig. 116
are in the same horizontal plane; hence the radiation emitted
by this antenna system is essentially horizontally polarized.
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The most satisfactory type of polarization was the subject of
research during the development of this system. It was found
that the radiation from horizontal antennas was much less
affected by varying ground conditions ecaused by precipitation
than was the radiation from vertical elements. It was {urther
found that for the horizontally polarized waves, snow or rain on
the ground caused the glide path to rise slightly, whereas with
vertically polarized waves, the glide path fell and created a
hazardous condition,

Fig, 117.—Horizontal-plane ficld pattern obtained with the transmitting array
of Fig. 118.

After having decided on the localizer, attention was turned
to the glide path. It was decided that the isopotential glide
path developed by the Bureau of Standards would be satisfactory.
During the course of this work, however, it was realized that the
radiation from either antenna array constituted a glide path in
all respects similar to the Bureau of Standards path. If, how-
ever, the airplane moved to the right or left of the direct line
of the array, there was a change in the signal strength (see
Fig. 117); hence the glide path would undergo an apparent
change. In order to counteract this phenomenon, the signals
from both arrays were added and used. This made necessary
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only a single receiver for receiving both the glide path and
localizer indications. The transmitting array is located directly
in line with the middle of the runway and at some distance
from its end. Extensive work on markers was not done by the
group developing this system, and so the results along this line
of endeavor are not clearly definable. Government agencies
were working on markers, and it was anticipated that these
would be used.

The Bendiz Transmitter.—By the time that this system was
ready for commerecial production, much progress had been made
in ultra-high-frequency instrumentation; therefore the trans-
mitter was erystal eontrolled. A erystal having a fundamental
frequency of 3,912.5 ke. was used. The crystal oscillator was
followed by three stages of frequency multiplication. The first
stage quadrupled, the next doubled, and the last tripled the
frequency, the result making a total multiplication of 24 and
giving a resultant frequency cf 93.9 megacycles. The energy
from the doubler was used to excite a power amplifier, and the
resultant power output was 300 watts. Each stage after the
oscillator used two tubes. The grids of the stages having even-
numbered multiplication were connected in push-pull and the
plates in parallel. The grids and plates of the tripler stage were
connected in push-pull, and this connection was also used in the
power-cutput stage.

Thermostatically econtrolled fans were used to keep the trans-
mitter at a satisfactory temperature level, and voltage regulators
were employed to assure constant output under conditions of
varying line voltage. A monitor located at the transmitter
control point was used. This monitor merely indicated the
relative values of the currents in the two transmitting antennas.

The Bendixz Receiver—The receiver used with this system is
shown in simplified schematic form in Fig. 118. In Fig. 118
two tubes V; and V, connected with their grids in push-pull and
their plates in parallel serve as radio-frequency grid-leak detec-
tors. This detector output follows a square law. The plates
connected in parallel serve to cancel the radie frequency, and
only audio appears at these plates. Following these tubes, all
further amplification is of the audio frequencies. The first
audio-frequency amplifier is the tube V35  From the description
of the modulator it can be seen that the resulting audio wave



INSTRUMENT LANDING 181

forms would be square; hence they would consist of two funda-
mental frequencies with an infinite number of higher order
harmonics. For the purpose of removing these harmonies, a
low-pass filter is used following the first audio amplifier tube.
Following this filter the audio frequencies are applied to two
separate channels. One channel utilizes a single stage of amplifi-
cation (V4), then the resultant energy is rectified by two diode
rectifiers Ve and Vi The rectified energy from tube Vs con-
tains the resultant of the radio-frequency fields from both the

To

anlenna

Fic. 118.—~S8implified schematie of the Bendix-United instrument-landing
receiver.

70- and 90-cycle lobes and is applied to the instrument to furnish
glide-path indication.

The cathode of rectifier Vi is biased with a comparatively
high potential, so it does not rectify unless the voltage applied
to it has reached an excessive value. When it rectifies, its output
voltage is applied to the grid of amplifier V; to furnish automatie
volume control. This automatic volume control, then, acts
only as a means for preventing the overload of the receiver
and becomes effective only after the glide path pointer has
reached full scale. The second of the two parallel channels
employs two stages of audio-frequency amplification with an
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additional low-pass audio filter between them. The output of
this second stage (V) is applied to the localizer-indicating instru-
ment and to another audio amplifier V;. The indicating instru-
ment is an unusual device. It is of the alternating-current
dynamometer type, but further it is a differential instrument
with two coils serving to move the pointer to the right and left,
These coils are so selected that, together with the condensers
connected in series with them, they form selective circuits, One
coil is sensitive only to 70 cyecles per second energy, and the
second is sensitive only to 90. If the amount of the energy at
these two frequencies is equal, the needle will not deflect, but it will
deflect to the right or left if either of the two frequency energies
exceeds the other. The sudio amplifier V; is followed by a full-
wave rectifier V5 The output from this rectifier is applied
hack to control the gain of the tube V5 This amplified auto-
matic control voltage serves to keep the output of the tube Vs,
always constant. The use of automatic gain control maintains
the sensitivity of the right-left indication constant.

In the same instrument used to indicate glide path is a direct-
current microammeter which indicates the amount of energy
from rectifier V' and, hence, furnishes the glide-path indication.
The pointers of the instrument are crossed on a common scale;
that is, the indication follows that developed by the Bureau of
Standards.

The sereen voltages are controlled with a voltage regulator to
ensure stability of sensitivity with change in power-supply
voltage. Since audio-frequency amplifiers can be made so
that their gain is very stable, the resulting receiver possessed
great stability. The total weight of this receiver iz 20 1b.

The Bendiz Antenna for Receiving.—It is important that
the output of the receiver remain constant as the heading of the
airplane is changed, otherwise there will be an error in both the
localizer and glide-path indications. An Aliord loop, previously
described, would be satisfactory for this purpose, but at the time
that this system was developed the loop had not yet been
invented (or if it was in existence it was not generally known),
so an anfenna having an approximate eircular field pattern was
designed. This antenna was also in the form of a loop with a
periphery somewhat less than one-half wave length. One of the
ends of this loop was open, and the other was terminated in a
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short transmission line that fitted with a short-circuiting bar
which was used for tuning. From this transmission line a
coaxial eable connected to the receiver. This antenna is shown
in Fig. 119. It is mounted above the fuselage and spaced from
it by a distance of 18 to 26 in.

Shortcomings of the United-Bendiz System.—~—Up to the present
time there have probably been more landings made in this
country on this system than on any other. At least 3,500 hooded
landings have been successfully executed. Five such systems
are owned by United Air Lines and are used for pilot training.

Other than this, there has been no further adoption of the
system in this country, probably because of the shape of the glide
path. It has been argued that the glide path has a “natural”
shape, that is, as the airplane approaches
the ground, it levels off preparatory to
touching its wheels. This is probably true;
however, it can be seen from Fig, 113 that
the glide path has a long low section near
the terminal. A portion of this section is
necessary for a commercial landing (where
comfort to passengers and minimum risk are
important considerations). Furthermore, it Fie. 119—Bendis.
is important that the portion of the glide United Air Lines -
path beyond the airport boundary be guite zg“‘ﬁzngf;‘;‘;’g e
steep so that near-by objects can be
cleared by a large margin. There is also another school of
thought that argues for a straight-line glide path so that the
speed of descent, and hence the throttle setting, is constant
during the entire landing. The United-Bendix glide path is
rather inflexible. It is not possible to increase the steepness
of the glide path without also bringing the point of contaci
{where the wheels of the airplane first touch the ground) quite
close to the transmitting array and hence too close to the end
of the runway. The only method by which this situation ean be
remedied is to increase the height of the antenna on the airplane.
This principle may be illustrated by referring to Fig. 114. The
field strength of the transmitter may be changed by any desived
amount, but this only adds more lines parallel to those of Fig. 114.
If it is decided that the point of contaet must be 2,100 ft, from
the transmitting array and the maximum receiving antenna
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height that can be tolerated with the airplane on the ground
is 20 ft., the altitude of the glide path at a point 50,000 {t. from
the transmitting array is fixed at 9,000 ft. The CAA believed
that a path with a controllable shape was necessary in order
that it might be installed at all the major airports of the United
States, and a contract was awarded to the International Tele-
phone Development Company for such a system.

Controlling the Shape of the Isopotential Glide Path.—In the
previous discussion of methods for producing a glide path, the
transmitter was always located near the end of the runway. In
Fig. 120 a transmitting antenna is located at A, some distance

Fre. 120.—The glide path transmitting-antenna array located at point 4 is
nondirectional and therefore the glide path will be essentially the same as if the
array were located at the end of the runway.

from the runway on which the airplane is to land. The antenna
is nondirectional, hence the plan field pattern is a circle.  When
the airplane is in position 1, it receives a signal proportional
to the distance AB, modified by the vertical field-strength
characteristics as shown in Fig. 113,

If the receiving antenna on the airplane is nondirectional, and
if the distance from the transmitting antenna to the airplane is
large as compared with that from the runway, the signal received
will be the same as if this transmitting antenna had been located
at the end and in line with the runway. Suppose that a reflect-
ing antenna is placed in front of the transmitting antenna in
such a position that it is in direct line from the transmitting
antenna to position 2 of the airplane. This will cause the weak-
ening of the field-strength pattern in the direction of position 2
as shown in Fig. 121. In order that the field-strength meter in
the airplane may indicate the same value as before the reflector
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was added, it is necessary for the airplane to elimb to a higher
altitude, If the airplane is just approaching position 2, it will

Fre. 121.—If the horizontal plane pattern of the transmitting array is dis.
torted by a reflector so that the field at position 2 is reduced but that at position
1 is unchanged, the glide path at position 2 will be elevated.

10,000

£
5000 4

3000
2000

I

S

S

=1
<

€
j=)
<

g
o3
<

S
S

Height of glide path, feet
Crd
8

(s
o

By
L= B aor
T~

‘%00 10000 100000
Distance from transmitter, feet

Fre. 122.—Glide path that may be produced by the field pattern shown in
Fig. 121.

receive the proper field-strength signal at a higher altitude than
previous to the time that the signal strength was weakened
by the addition of the reflector. When the airplane is at position
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1, it is at an angle with the transmitting antenna such that the
field strength is unaffected by the reflector. That is, the same
field strength as before is received, so the airplane is on the same
glide path that it previously followed. The glide path, then, has
been greatly modified without changing the relative vertical
radiation characteristics of the antenna. This is illustrated in
Fig. 122. This figure contains two of the same curves that were
shown in Fig. 114. The shape of these curves has not been
changed. The airplane merely follows one curve to the transition
point, then flies the second curve. The same effects could be
accomplished by changing the sensitivity control of the glide-
path receiver, and this was actually done on a European system.
Tt can be seen, however, that by using a number of reflectors
having various efficiencies and placing them in line with different
points along the airplane’s gliding path this path can be shaped
to any desired pattern.

The Civil Aeronautics—International Telephone Glide Path.—-
Figure 122 is not to be taken as the glide path of any particular
system, since it is intended merely to illustrate the method
developed for controlling the shape of the glide path. The first
glide path developed by the CAA-I.T.D. system at Indianapolis
was a straight line(3). After flights by various pilots, how-
ever, it was decided that this path was too steep and would
cause alarm and discomfort to passengers. The path finally
decided upon was one that was essentially straight from a point
having an altitude of 1,500 ft. and located 5 miles from the
boundary of the airport. The path became parabolic at the
field boundary and intersected the runway surface at approxi-
mately 1 deg. The path passed over a point 2 miles from the
airport at an elevation between 500 and 700 ft.

The antenna array used for producing this path consisted
of a number of Alford loops located in front of a reflecting screen.
The amount and phase of the current in each element of this
array are individually controlled to produce the path described
above. The details of this array are not available for publication.

Glide-path Transmaiter.—The glide-path transmitter is located
1,350 ft. from the middle of the runway and 1,050 ft. from its
end. It is erystal controlled and has a frequency of 93.9 mega-
eveles., This frequency is generated by a 3,912.5-ke. crystal.
The transmitter has an output of 300 watts and is modulated
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continuously by a frequency of 60 cycles. A regulator is used to
keep the power-supply voltage constant within 1 per cent for
normal fluctuations of the supply mains. A constant field
strength is as important with this glide path as with those
of the systems previously described.

Glide-path Recetver.—A receiver having as its sole purpose the
reeeption of the glide-path signal is used with this system. Itisa
crystal-controlled superheterodyne unit eapable of receiving on
any one of three frequencies. These frequencies are 93.5, 93.9,
and 94.3 megacycles and are sclected by electrical switching.

An intermediate frequency of 10 megacycles is used. The
selectivity is specified such that the gain of the receiver shall be
egual within 8 db (compared with the gain at maximum response)
for a band width of 60 ke., and the attenuation for a band width
of 240 ke. is not less than 60 db. In addition, the selectivity
of the receiver is specified such that the gain will he equal within
4+ db over the band 93.5 to 94.3 megacycles. The over-all
selectivity is further inecreased by the use of a 60-cyele audio
filter. This filter has the following characteristic:

Maximum Output in Decibels

Frequency in Cycles Down from 60-cycle Value
50 6
75 6
35 25
100 25

The sensitivity of the receiver is such that when measured with
an artificial antenna of 175 ohms (resistive) the output 1s 150
microamp. of rectified audio current through 2,000 chms when the
input is a 750-pv carrier modulated 30 per cent with a 60-cyecle-
per-second audio note. Under these conditions the noise output
(measured before the filter with the modulation removed from
the carrier) is 40 db less than the normal audio output.

The outstanding feature of this receiver is its stability. Any
change in gain necessarily changes the apparent location of the
true glide path, so special efforts must be made to keep the gain
of the superheterodyne receiver constant in spite of its several
cascade stages. The stability of this receiver is such that the
gain remains constant within plus or minus 1 db when subjected
to any of the following combinations of conditions: (1) Tempera-
ture —35 to +55°C. with humidity 15 to 60 per cent, or ~35 to
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+40 deg. with humidity 15 to 95 per cent. Battery voltage
10 to 15 volts. Air pressure 8.52 to 31 in. of mercury. (2)
The replacement of tubes, crystals, or power supplies. (3)
Reduction of excitation fo the converter tube to one quarter
of its normal value. Further, the gain does not change more
than 4 db when the modulation frequency varies plus or minus
1 eycle, and the gain remains constant to within $ db when the
supply voltage and temperature are maintained constant to
within 5 per cent,

The receiver input is balanced and has
an electrostatic shield. It is designed to
match a 175-ohm transmission line which
is connected to an Alford receiving loop
deseribed in Chap. IT1.

The reectified output of this receiver is
connected to a cross-pointer instrument
and serves to move the needle in a vertical
direction in 8 manner similar to that for the
glids-path instrument of the systems pre-
viously described.

The weight of this receiver is 16 lb.

The CAA-1.T.D. Localizer —Thelocalizer
usad with this system is bidirectional as
shown in Tig. 123. The two lobes are
modulated with 150 and 90 cycles, respec-

Fie. 123.—Horizon- tively. The method for producing this
falplanc field paitern  ottorn is novel. The antenna array
strument-landing consists of three Alford loops (of the
localizer. transmitting type described under Ultra-
high-frequency Ranges) located in the apex of the roof of
the wooden transmitter house. Complete details of the
method for producing this localizer pattern have not yet been
published, so the following description is given to illustrate the
principles used and must not be assumed as accurate in detail.
Two radio-frequency bridges(4) are used. The schematic dia-
gram for such a bridge is shown in Fig. 124, The bridge shown
in this figure can be made by using two-wire transmission line.
A transposition is made at point €. Points E and F are the same
distance from points A and B as points ¢ and H. If radio-
frequency voltage is introduced at points I and J, and if the
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bridge is balanced, a perfect voltage node will exist at points 4
and B. Current will flow, but the voltage between points 4
and B will be zero. Radio frequency could be introduced at
points F and F by the transformer connected thereto, and an
amplifier could be connecied at points A and B. The output
of this amplifier could be connected to points I and J, and if a
proper terminating impedance were added at G and H, there
would be no feedback in the amplifier.

In the CAA-LT.D. localizer, the output of the transmitter is
connected to such a bridge (Fig. 125). Coupled to two arms
of the bridge are two sections of transmission line. Connected

Fie. 124.—Radio-frequency bridge constructed of two-wire transmission line.

to these lines are condensers consisting of two plates. Between
these plates rotate star-shaped metal disks. One of these plates
has five segments, and the other has three segments. These
segments are driven by a common motor to generate 90 and
150 cycles. Because of the bridge connected to the transmitter,
there is no reaction from this keying at the transmitter, That
i, at the output terminals of the transmitter there appears only
the fundamental frequency without any cross modulation. In
the transmission lines connected to the two arms of the bridge
there will appear, however, the fundamental frequency and the
modulation produets. These transmission lines are connected
to a second bridge. This bridge serves to combine the modula-
tion products without introeducing reaction between the mod-
ulating elements, and it also serves to introduce proper phase
shifting. At one terminal of this bridge there is connected the
central loop. The current in this loop consists of carrier and
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side-band frequencies of equal intensity and in phase with each
other, To the other terminals of the bridge there are connected
two outer loops. These loops are connected in parallel with
each other and are spaced from the central loop by a distance
equal to 165 electrical degrees. The currents in these loops
may be considered to have three components. One of these is
the carrier-frequency component which is equal to four-tenths
that in the central loop and in phase with it; the second com-
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Fia. 125,—8implified schematic of the CAA.LT.D. localizer system.

ponent is the side-band current also having an intensity equal
to four-tenths that in the central loop and in phase with it; and
the third component is a side-band component having a magni-
tude 0.73 times the side-band current in the central loop and
phased 90 deg. from it. The connections to one outer loop are
reversed so that the current in it is 180 deg. out of phase with
that in the other outside loop. All these components add in
space to form an elliptically shaped carrier field pattern and two
cardioid-like side-band field patterns. The comparison of the
intensities of the side bands forms the on-course. The resulting
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course is very sharp. The difference between the field strengths
of the 90- and 150-cycle modulation is approximately 1.5 db at
1.5 deg. off course. ,

CAA Localizer Receiver and Tronsmilter.—The transmitter
used with this system is similar in all respects to the glide-path
transmitter except that there is no modulation. That is, the
carrier comes from the transmitter in an unmodulated form to be
acted upon by the mechanical modulators previously described.
The frequencies of these transmitters lie in a narrow band
gentered about 110 megacycles. More than one frequency is
available in order to avoid interference when installations must
be made at several airports located within a short distance of
each other,

The signals from this transmitter were received on a special
erystal-controllad reeeiver during the original experiments, but
it is intended that the same receiver used to receive radio-range
stations be used under conditions of practical airline operation.
This reesiver is deseribed in Chap. IIL.  Its output is separated
with 90- and 150-cycle filters and applied to the vertical needle
of a cross-pointer instrument. This same instrument also gives
radio-range indication when the receiver is used for flying the
two-course radio range.

CAA-I.T.D. Marker System.—Two markers are used—one
located at the boundary of the airport and the other 2 miles
from the boundary. These markers operate on 75 megacycles
and are received by the marker receiver described in Chap. V.
These markers have a fan-shaped pattern and are modulated
with 400 and 1,300 cyeles. The transmitters used for these
markers have a power output of 5 watts, although only 2 watts
are required. They are crystal controlled. The entire trans-
raitter is housed in a small box 18 in. high, 27 in. wide, and 15 in.
deep. This box is waterproof and is not housed, but is located
near the marker antenna array.

Monator System.— All the equipment used with the CAA-I.T.D.
system is controlled from the airport tower. A desk is fitted
with eontrols, enabling an operator to turn on any piece of equip-
ment. On this same desk are a series of calibrated instruments
indicating the quantity and quality of the signals being radiated
from each of the system’s facilities. In addition to this indieator
there is a set of visual and aural alarms which indicates if
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the localizer course and glide path shift to such an extent as
to cause the airplane following thess signals to land off the
runway.

Six additional systems of this type have been manufactured,
and ten more have been purchased.

The CAA-I.T.D. system should be remembered as introducing
the controllable isopotential glide path, its elaborate monitor
system, and the unusual principles employed in the localizer.

The CAA-M.LT. Instrument-landing Development.—In about
1938, the CAA arranged with the Massachusetts Institute of
Technology for the development of an instrument-landing
system(5) based on principles different from those previously
described. Sinee M.L.T. is not a manufacturing establishment,
it set out to develop certain prineiples that might be applied
commercially to a practical system. This project was completed
in 1941, and a deseription of some of the work has been pub-
lished. Some of the developments will now be deseribed, but
these should be considered as principles to be incorporated in a
commercial instrument-landing system rather than integral
components of an established system.

The CAA-M.I.T. Qlide Path—Regardless of the excellence of
the transmitting and receiving components of an isopotential
glide-path system, the fact that the shape of this glide path is a
function of the gain of a receiver and the power output of a
transmitter will always remain. The ideal system is one in
which there can be no change in path regardless of these field-
strength and gain factors. When the Bureau of Standards
began their work, they set out to produce a visual system of
glide-path indication that would operate on the relative strength
of two lobes of signals. This is the same principle that is used
for localizers, As deseribed in Chap. II, their means for produc-
ing such a system were poor, so they discontinued work along
this line of development and transferred their efforts to the
isopotential path because it offered more promise. With the
later developments that have been described, the equisignal
path appeared practical to the M.I'T. men. They had spent
considerable effort in the development of electromagnetic
horns(6) (previously deseribed under Markers, Chap. V) and
so used two of these to produce two lobes of energy at about
700 megacycles.



INSTRUMENT LANDING 193

Figure 126 shows two lobes of energy. Although these can
best be produced by electromagnetic horns using microwaves, it
can be seen that they are similar to the field-strength patterns
produced by previously deseribed antenna arrays of the isopoten-
tial glide path. The glide path is the locus of a series of con-
nected points where the field strengths from both energy lobes
are equal. By using this method it can be seen that the resulting
path is a straight line, because there is only one angle where the
field strength from both radiators is equal. The two horns
were mounted so that the lower edge of the mouth of each touched
the ground, but one was tilted at 5 and the other at 10 deg. By
changing the relative sensitivities of the 90- and 150-cycle
channels in the receiver, the glide path could be changed hetween
the angles of 6 and 11 deg. Horizontally polarized waves were

Lobe No.2,

Fig. 128.—Vertical-field pattern from two electromagnetic horns.

used. If the two lobes of energy are produced by the same
transmitter, reduction in the transmitter power would bring
about equal reduction in the dimensions of the lobes of Fig. 126;
hence the path would not change. Actually, M.ILT. made
use of two transmitters operating on different carrier frequencies.
The frequency separation of these two carriers was sufficient
to prevent cross modulation and yet close enough so that both
could be received on the same receiver. The transmitters were
modulated by mechanical *“ choppers’ inserted in series with the
center conductors of the transmission lines connecting the trans-
mitter to the horns. Frequencies of 90 and 150 cycles were
used, and these were separated in the receiver by the use of
filters. Tt can be seen that such a system would have as many
or more variables as the isopotential glide-path system, but there
is no reason why a system similar to that used in the 1.T.D.
localizer could not be used successfully to produce this glide
path.

CAA-M.I.T. Localizer—The localizer that was used with this
system was quite similar to the glide path previously described,
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except that two horns were used to produce overlapping hori-
zontal field patterns rather than vertical patterns.

Transmatter.— Although some work was done using a Klystror
(velocity-modulated tube) oscillator, most of the work utilized a
triode oscillator in a more or less conventional circuit. The
power output was between 1 and 5 watts; however, the tre-
mendous power gain of 50 secured by using the electromagnetic
horn produced a field strength of about 1 mv. per meter at a
distance of 10 miles.

Signal

Drode

»

Zmec. oscillator

1 Local oscillator
Fie. 127.—Receiver for 700 megacycles developed for the CAA-M.I.T. instru-
ment-landing system.

The Markers.—No marker system specifically intended for use
with this system was developed; however, the results of tests
with markers associated with this system were described in
Chap. V.

The Receiver—A superheterodyne receiver was used with the
carrier frequency fed directly into the converter. Here it mixed
with the third harmonic of the oscillator to produce a 10-mega-
cycle intermediate signal. A special diode is used as the mixer
tube. A schematic cireuit of this receiver is shown in Fig. 127.
A so-called ““acorn” tube is used as the local oscillator. Two
stages of intermediate-frequency amplification are used followed
by a detector from which the audio frequency appears. The
gain of the intermediate-frequency amplifier is approximately
74 db with a 300-ke. band width. A small amount of automatic
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gain control is employed, The second detector is followed by
four stages of resistance-coupled audio amplification which is
equipped with automatic volume control. This control is such
that the output of the receiver remains substantially constant
for input signals varying from 3 mv. to 3 volts. Following this
audio amplifier the 90 and 150 cycles are separated by the use

Green light

Red light

Fia. 128.—When an airplane is at the correct glide angle and in the middle of
the runway, the pilot sees the three lights on the ground in the configuration
shoawn.

of filters, and each output frequency passes through individual
amplifiers. By changing the gain of these amplifiers, the glide-
path angle may be changed. This feature is, of course, purely
for experimental use.

The Indicator.—A novel feature of this system is the indicator.
Based on the geometric theorem which states that three points

Green light

Red light

Fra. 129.—The center light appears to coincide with the light on the left
when the airplane is at the correct descent angle but to the left of the glide
path.

determine a plane, an airplane can make a landing by observing
the apparent position of three spots of light as the descent is
made. This principle is illustrated by Figs. 128, 129, and 130.
If a pilot is directly on the path in line with the middle of the
runway, he will see the three lights appear in line, and with the
center light exactly between the two outer lights. This is
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illustrated by Fig. 128. If, however, the airplane is approaching
at the correct angle but is to one side, two of the lights will
coineide and the third will appear to one side as shown by Fig.
129. If the airplane is in line with the middle of the runway
but is above the glide path, the center light will appear in the
center and above the two outer lights, as shown in Fig. 130. In
this development it was intended that spots on a cathode-ray
tube be used to simulate the lights. By successively commutat-
ing from one element of the instrument-landing system to the
other, each facility actuated one spot of the cathode-ray tube.
In the actual instrument the localizer receiver served to move
the white spot to the right or left and the glide path receiver

Green light

White Jight recfﬂidqﬁ_ﬂ%_’_/
- .‘ oo z
’ v
Red light

Fia. 130.—If the airplane is in line with the runway but above the correct line of
descent, the center light appears as shown.

served to move the white spot up and down. The red and green
spots were actuated by the artificial horizon gyro which gave roll
and pitch orientation, while a directional gyro indicated heading.

Other Systems.—In order to complete the chapter, other
instrument-landing systems(7) that have been developed should
be mentioned.

The Lorenz System.—This system was developed in Germany
in about 1933 and made use of vertical polarization at ultra-high
frequencies for the glide path and used both visual and aural
localizer indications,

The Washington Institute of Technology System.—This system
was developed in about 1933 by a group of engineers who had
been associated with the Bureau of Standards development. It
had many forms as its development progressed. Both low-
frequency and ultra-high-frequency localizers have been devel-
oped. The glide path used is the conventional curved glide
path using ultra-high frequencies. This system advocated the
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location of all equipment on a trailer which could be moved about
10 serve several runways.

The Dingley System.—This system made use of audio fre-
quencies from two buried eables. It is the only radieal departure
from the systems described in the earlier part of the chapter.

Low-approach Systems.—These systems constitute means for
beginning a landing under conditions of low ceiling(7), but since
they do not have a path leading to the ground, they are not true
landing systems. In the main they consist of a localizer and
markers. A sensitive barometric altimeter provides the only
height indication. In this group must be mentioned the develop-
ments of the Airways Division of the Department of Commerce
in 1933 and those of the United States Army in about the same
period.

In addition to the systems mentioned, a large number of
developments were begun but never fully eompleted.

Problems

1. Use the data of Fig. 112, and plot the isopotential glide path, assuming
that when the distance is 1,500 ft. the field strength is unity and
hi/d; = tan 2°,

2. Plot a glide path similar to that of Fig. 113 using curve B of Fig. 114.

3. Determine the constants for Eq. (124) when applied to curve C of
Fig. 114

4. Discuss in detail the relative advantages of low-approaeh versus
instrument-landing systems.
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CHAPTER VII
ABSOLUTE ALTIMETERS

Since the advent of aircraft, the method used for determining
altitude has been the aneroid altimeter. This device consists
merely of an expansible chamber geared to a pointer. This
pointer deflects proportionally to the pressure exerted on the
chamber by the surrounding air. Of course the deflection of this
meter bears no direet relation to the distance between it and the
terrain below. The meter is calibrated to read in feet, “stand-
ard” air conditions being assumed. An adjustment for the
known conditions of the air is provided. At terminals the
ground-station personnel advise the pilot by radio of the baro-
metric pressure existing on the ground, and the pilot makes this
adjustment on his altimeter. The altimeter then reads the
approximate elevation of the airplane above sea level, and if the
elevation above sea level of the ground directly below is known,
it iz possible by subtraction to determine the height of the air-
plane above the ground. In order to know accurately the
distance between the airplane and the ground below, it is neces-
sary to know, in addition to the reading of the meter, the air
pressure and temperature. Consequently, it can be seen that the
aneroid altimeter cannot be trusted as an indicator of the proxim-
ity of the adjacent terrain,

A reasonable question conecerns the necessity for knowing
this height with such great accuracy. Some of the first references
to altimeters that would read the distance to the terrain below
(known as absolute sltimeters) mentioned their use as landing
aids. When instruments were first used to make flights above
and through overcasts, many accidents occurred because the
airplane deviated from true course and collided with high-
altitude terrain. Flying at that time was permitted at altitudes
lower than the adjacent terrain, and often the course was through
canyons where small deviations caused collision. Flying at
altitudes sufficient to clear all adjacent terrain was not commonly

198
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practiced because of the characteristics of the older airplanes
and their lack of oxygen equipment. Later, high-altitude flying
became a rule, but the absolute altimeter was again considered
as an independent means for cheeking instrument-landing
systems.

The necessity for an instrument of this character was recog-
nized by inventors and many patents have been granted covering
these devices. Currently, however, only one such apparatus
uhit is available commercially. Mueh of the work done on these
devices followed three prineciples. These are the speed of sound
and its reflection from a hard surface; the change in the specific
capacity of a condenser with the variation of the proximity of a
conductor (the earth); and the speed of radio waves, together
with their reflection by the earth. Commercial models that
utilized two of these three principles were produced.

Principle of the Sonic Altimeters.—The use of sound as a
means for measuring distance followed from the successful use
of this principle as a sounding device on bhoats (see Fig. 131).
Briefly, it consists of a powerful sound generator from which
sound is transmitted down from the airplane to the ground.
This sound is reflected by the ground, and the returning echo
acts upon a sensitive detector. The sound emitted from the
generator is (with one exception) in the form of a short pulse
so that it has ceased before the reflected sound reaches the
detector. The third item in this instrument is a device that
measures the interval between the time that the sound leaves
the generator and reaches tha dotector. This indieator is eali-
brated to read directly in feet.

Sound Generators.—Because of the high level of the noise
from the aireraft motors and propellers and the loss in intensity
of the generated sound as it travels to the ground and returns, it
is necessary that the initial sound intensity emitted by the
generator be high. In order that the sound generator may be
light and vet very powerful, special designs are required, and
these designs have been the subject of much attention by the
various inventors. Chemical, electrical, mechanical, and com-
pressed gas supplies have been used for generating the sound(1).
In all but one design it was possible for the generator to store
energy between pulses and release this energy in a single powerful
burst.
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In the “Behmlot” apparatus the transmitter consisted of
a pistol that was fired at intervals. This system produced a
very intense sound, yet the sound-generator weight was low,
provided that only a small number of soundings were taken.
This device was developed as early as 1924. Of course, the
sound from this equipment had a random frequency range.
The duration of this sound is not known, but it was emitted at
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F1a, 131,—Prineipal elements used in sonic altimeters,

3-sec. intervals, In 1928, Nandillon worked on a sonic-altimeter
development utilizing an armature-excited directive diaphragm
without a horn. A constant frequency of 3,500 cycles was
emitted at intervals of about 0.005 sec. These intervals were
manually variable with the altitude. Rice of the General
Electric Compaty produced the only near-commercial device
in the United States. This unit was flight-tested by United
Air Lines in 1933 and 1934, although work was done on it as
early as 1929. Literature available states that eompressed gas
was bled from the engine eylinders and stored under pressure
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to be later used in actuating a whistle. However, the General
Electric unit tested by United Air Lines used an electrically
actuated hammer and anvil. The frequency of the whistle is
reported as 3,000 cycles per second for a duration of 0.01 see.
repeated at intervals of 2 sec. This same characteristic applied
approximately to the anvil generator. Work was also done
in 1931 by Florisson of the Société de Condensation et d’Applica-
tions Méchaniques of Paris. His generator also consisted of a
whistle and a conical horn. A small air compressor was carried
for the purpose of supplying air for the whistle. The frequency
of the whistle is not known, but it bad a duration of about
0.03 sec. and was repeated at intervals of 1.1 sec.

Dubois-Laboureur in 1932 developed a device for the Construe-
tions Electro-méchaniques d’Asniéres using a siren with a
constant frequency of about 1,500 eyeles per second.  This sound
had a duration of 0.013 sec. and was repeated at 0.7 see. at
low altitudes and 2 sec. at high altitudes. Also in 1932 Jacques-
Badin worked with an electromagnetically excited diaphragm
attached to an exponential horn, This system differed from the
others in that the 200-cycle note was emitted continuously. In
1934, Delsasso used a mechanically excited diaphragm with a
2,000-cycle note and a duration of 0.02 sec. The “Echoscope”
developed sometime prior to 1936 used a compressed-air-driven
siren and parabolic horn epitting a 200-cycle note for a period
of 0.02 sec. and repeated at an unknown interval,

Sound Detector.—The devieces that have been used for sound
detectors on the various sonic altimeters are as many and as
varied as the devices that have been used for sound generators.
The Behmlot made use of a carbon microphone at the end of a
horn, whereas Nandillon used an eleetromagnetic microphone.
Literature reports Rice using a stethoscope, earpieces, acoustical
filter, and horn, but the device tested by United Air Lines used
an electromagnetic receiver, horn, wave filter, and amplifier.
Essentially the same equipment was also used by Dubois-
Laboureur and Jacques-Badin. The latter group secured further
filtering by the use of an acoustical filter in addition to the
electric filter, whereas the former used a tuned diaphragm on the
microphone for the same purpose. Florisson used the system
reported for Rice but added an additional acoustical filter.
Delsasso used an electrical contact on a resonant diaphragm,
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whereas the Echoscope, like the Dubois-Laboureur device, used a
tuned electromagnetic microphone. It can be seen that the
means employed for detecting the reflected sound in the presence
of the noise from the motor and propellers was the use of an
audio frequency appreciably different from the major sound
components of the airplane noise and filters for separating the
. generated frequency from the noise components. Because of
the random frequency spectrum of the sound generated by the
gun, a filter could not be applied to the Behmlot system. The
fact that the Nandillon system is not described as using a filter
is not significant because of the limited information on this
secret, development. All the other systems used filters. Three
different types of filters—tuned diaphragm, electrie, and acoustic
—were employed by the Jacques-Badin device.

Distance Indicators.—The distance indicators for the sonic
altimeters are, of course, time-interval indicators calibrated in
feet. Some of the devices used automatic indieators, and others
required manipulation or continuous observation by the operator.
In the early Behmlot system a dial rotating continuously at a
constant speed was employed. The operator noted the time
when he discharged the cartridge and again when he heard the
reflected signal. Later this system was improved by connecting
an optieal attachment to the indicator. This optical system was
quite ingenious. As the gun was fired, an electromagnet released
a spring-actuated pointer which traveled across the secale 4t a
constant speed. To this pointer there was attached a mirror
which reflected light from a small lamp to a translucent scale.
When the reflected signal was received, it was amplified and
applied to an electromagnet which in turn actuated a mechanieal
reed. At the end of this reed was a lens positioned in front of
the small lamp. The motion of the lens caused a deflection of
the light beam and produced a positive indication on the
translucent secale. Florisson used an indicator similar to that
employed in the early Behmlot system, except that an auxiliary
pointer was added to indicate the position of the timing hand
when the sound was generated. This was later replaced with a
light traveling across a scale, which was extinguished when sound
was heard.

In the Nandillon system an indicator similar in principle to
those described was used. The timing motor drove a lamp,
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located at the end of an arm, at a constant speed. For one
position of the lamp a contact was made which energized the
sound generator. When the sound reached the detector, it was
amplified and used to energize a magnet located below the famp
and actuating a shutter on it. The resulting spot of light was
visible on a translucent scale in front of the lamp assembly.
Indicators of this type are known as chronoscopes and were
used in modified forms by Delsasso and in the Echoscope as
well as by the investigators previously mentioned. In each
case there is a constant-speed motor driving an indicator, When
the returning sound wave reaches the detector, its presence is
announced by a visual or aural sensation. The position of the
indicator is noted, and its deflection from the starting point is
proportional to time elapsed or distance to the ground. The
indicator for the early Bohmlot system was merely an aural
indicator combined with a pointer, the Florisson used a light
that was carried by the constant-speed motor and was extin-
guished, the Nandillon a light controlled by a shutter, the
Delsasso a neon lamp illuminated by the signal, and the Echo-
scope a mechaniecal pointer actuated by an electromagnet which
is de-energized by the returning sound.

The General Electric system tested by United Air Lines was
intended primarily for use with instrument landing and did not
have a direct indicator. The pilot noted the time that elapsed
between the time when he heard the direct sound and the time
when he heard the reflected sound, and it was intended that he
learn to associate acoustically this time with altitude. The
theory behind this procedure was that the pilot cannot know
directly his altitude as he looks out but is, nevertheless, able to
make a landing; hence he should be able to learn to associate his
distance with an aural impression. By using a long tube between
the receiving horn and the microphone of the detector, the aceu-
racy of the instrument at low altitudes was inereased, so when
the pilot heard the direct and reflected signals coincide, he knew
he had reached some predetermined ferrain clearance.

The Dubois-Laboureur systemm made use of an electronie
indicator. The ecircuit for this device is shown in Fig. 132
In this circuit, @ is the air-driven generator, which is a governor-
controlled motor-driven siren. The motor that drives the siren
also serves to operate the air valve V. The end of the valve
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shaft also serves as a commutator. Normally a battery B
is connected through the contacts K, of the valve shaft to the
relay K,. This causes K; to hold its contacts open, but when the
valve shaft moves and furnishes air to the siren, the contacts at
K, open and allow the relay contacts to close. These contacts
short-circuit condenser C and microphone M. The momentary
break in the current through the relay induces a voltage in the
secondary of transformer T 'This surge in the secondary is
sufficient to cause the neon tube N, to conduct, allowing current
to flow through R, from B;. The second neon tube N merely
serves as a voltage regulator. The potential developed across
R. causes the condenser ( to be charged (after K, has again

\_)
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Fi6. 132.—Electronic indicator used with the Dubois-Laboureur sonic altimeter.

closed), and as the charge on this condenser grows, the plate
current of the vacuum tube increases. When the sound is
received by the microphone, it is rectified by the copper oxide
rectifier, and this voltage applied to N, causes the potential
across it to be reduced, and N stops conducting. This process
is continuous, so the reading of the meter M is a function of the
average charge on the condenser €, which in turn is a function
of the length of time between the period when € was discharged
and when N, stopped conducting, that is, the period of time
between the generation of the sound pulse and its detection.

A number of these indicators give only an intermittent indica-
tion. That is, the indicator gives a true reading only when the
sound returns, after which the pointer, lamp, ete., are no longer
energized. In the methods using light, an impression of con-
tinuous indication can be obtained if the pulses are sent out at a
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speed greater than the persistency of vision. Jaeques-Badin
used a system in which a single pulse is sent out, but the generator
is not further energized until the signal returns, Upon return-
ing, the received pulse automatically operates the switch con-
trolling the energy to the sound generator, thereby sending out
a second pulse. The rate at which these pulses are sent out is a
function of the distance to the ground; that is, if the time between
the sound transmission and reception is zero, the signal would
be sent out continuously. The frequeney at which these pulses

Fia. 133.—Because there is a change in the position of the aireraft between
the time that a gignal is tranamitted and an echo is received, an error is introduced
in the reading of a sonic altimeter.
are sent out is measured with a direct-reading frequency meter
which is calibrated in feet.

Errors in Sonic Altimeters.—There are a number of factors
that enter to cause error in sonic altimeters used for aircraft.
Some of these are due to change in the sound velocity with varia-
tion in temperature and pressure of the air, separation between
sending and receiving units, inelination of the flight path, the
velocity of the aircraft, and instrumentation errors. With
aceurate time-measuring devices to minimize instrumentation
errors, it can be shown that all the errors are negligible for
altitudes in excess of 30 ft. The speed of the aircraft, however,
is continnally inereasing, and speeds in excess of 500 m.p.h. are
now mentioned; so their effect on the performance of the sonic
altimeter will be discussed at this time. In Fig. 133 is shown an
airplane sending out a sound pulse when in position 4, but it has
reached position B before the sound is detected.
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If the speed of sound is C, in time T it will have traveled a
distance

D=CT (127)

In this same time, the airplane has traveled a distance 4 B, and
if the altitude is H, this expression follows from geometry:

cr \/ ABY | ..
5 = (~§~) + H (128)
If the airplane had been traveling at a speed S, then
C2T? = ST + 4H2 (129)
or
4H?

The altimeter, however, is calibrated for a distance of 2H. That
is, the chronometer reads

Tc == ? (131)

The ratio of the actual time to the calibrated time is then

T I Ccr
From this expression it can be seen that the error would be
infinite when the speed of the airplane reaches the speed of
sound. That is, at this speed the sound would, of course, never
reach the airplane. With an airplane speed of 500 m.p.h., or
730 f.p.s., the error is approximately 33 per cent. This ealcula-
tion assumes that the distance between the transmitter and the
receiver is negligible and that the speed of sound is 1,100 f.p.s.
Limitations of Sonic Altimeters.—One of the limitations of the
sonic altimeter has already been discussed in the previous section.
As the speed of the airplane increases, the use of sound as a
distance-measuring device becomes less practical and cannot be
used when the airplane has reached the speed of sound. The
comparativelv slow speed of sound also limits the maximum
useful altitude. On the assumption that there are no other
problems, the length of time required to secure an indication
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is excessive at high altitudes. A modern transport airplane
traveling at a speed that will be regarded as slow in the future
covers a mile in about 20 sec., yet this same amount of time is
required for the sound to reach the ground and indicate in the
cockpit of an airplane flying at the common altitude of 11,000 ft.
This factor alone would render the sonic altimeter ineffective
as an en route flying device. Another factor limiting the useful-
ness of the sonie altimeter is the amount of power required in
order to overcome the noise of the aireraft motors. If the sound
transmitter is considered to be feeding its energy to a cone, the
apex of which is the sound source, then the following equation
may be written:
cosé [ W

p =134 H 1 — eos ¢

(133)

where H = height, feet

p = sound pressure, bars

W = sound power, watts

¢ = half the angle of the cone of sound

§ = angle between cone axis and the vertical
From this expression it can be seen that the angle of the cone of
sound should be kept small; that is, the energy should be con-
centrated in as small an area as possible. For constant values of
p, ¢, and §, the following equation may be written:

W o« II? (134)

That is, the amount of power varies as the square of the height.
Aside from these factors, sound is absorbed (for 300-cycle tones)
at a rate of about § db per hundred feet, and about 7 db are lost
during the reflection at the ground. It ean be seen that for high
altitudes the sound power required alone renders the deviee
impractical.

Performance of Sonic Altimeters.—Sound powers of the order
of 100 watts were used in some of the altimeters constructed.
With this power, performance is reported for altitudes as high
as 1,400 ft. Without exception, readings at this elevation were
made in airplanes with engines idling or in lighter-than-air craft
with the motors shut off. The usual practical altitude with air-
planes flying at high speed was more nearly 150 ft. The weight of
these devices varied with the source of power employed. Weights
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reported varied from 20 to 61 Ib. The maximum altitude (for
any condition) to gross-weight ratio varied from 8 to 48 ft. of
elevation per pound of weight.

Commercial Availability.—The only unit advertised as com-
mereially available in this country was the Rice-General Electric

device. It is believed that this item was discontinued in about
Alrplane 1934. The Beh;:nlot ar?d the Fcho-
scope were available in Germany
A in 1935, and the Florisson-SCAM
and the Dubois-Laboureur-CEMA

A i B were available in France in 1933.

Fig. 134.—Capacities which
cxist between the electrodes
of a capacity-type altimeter
when the airplane is in free
space.

The Capacity Altimeter.—During
the period when extensive develop-
ment of the sonic altimeter was
undertaken, work was also done on
altimeters utilizing the capacity principle. It appears, however,
that most of this work was done by or associated with branches
of the United States Services, and no extensive literature cover-
ing this subject has been published. It is not known whether
Europeans worked along this line of endeavor.

Airplane '
Airplane
A i 1B y | 5
|
==i== E=F 23 I
T 3 CABP
7 77, s
Ground ABG
Fre. 135.—Capacities which cxist Fra, 136.—Equivalent capacities

between the electrodes cf a capacity-
type altimeter when the airplans
approaches the earth.

existing between the electrodes of a
capacity altimeter for the condition
shown on Iig. 135.

The capacity altimeter makes use of two conductors or plates
mounted on a supporting structure outside the airplane. Elee-
trically, then, these conductors will have capacity to the structure
of the airplane and to each other. 'This is shown in Fig. 134.
The conductors are A and B, and there exists a capacity 4
to the airplane, B to the airplane, and between A and B. As



ABSOLUTE ALTIMETERS 209

the airplane arrives from free space to proximity with the
ground, two other eapacities appear—one from each conductor
to ground as shown in Fig. 135. The three capacities of Fig. 134
are equivalent to a single capacity between the eonductors,
which equivalent capacity is shown in Fig. 136 as Cupr. The
capacities between individual conductors and ground can be
grouped as Capze. The latter capacity varies with the distance
of the airplane from ground, and the development of the capacity
altimeter consists in devising an accurate means for measuring
the change to this capacity with change in altitude.

Magnitude of Capacity.—If the diameter of the conductors
forming the condenser plates in a capacity altimeter is small
compared with the length, the following formula(2) expresses
the capacity of these wires to ground:

0.2416L

C = g CL/D) —

(135)

where C = capacity, micromicrofarads
L = length of eonductor, centimeters
d = diameter of wire, centimeters
h = height above ground, centimeters

ks = logio [f—k + \/1 + (ﬁ)]

Assuming that a wire having a diameter of 0.2 em. and a length
of 250 em. is used for a conductor, the capacity of this wire
when 10 and 100 ft. aboveground will be 20.7 and 20.2 uuf,
respeetively. Tt ean be seen that the capacity change will be
extremely small, and special means must be emploved in order
to detect these changes.

The Gunn Altimeter.—An altimeter of this period was devel-
oped by Dr. Ross Gunn of the Navy and is briefly deseribed
in the literature(3). This device gave successful readings to
altitudes of 100 ft., and with additional development it was
thought possible to increase this altitude to 200 ft. A circuit(4)
of the Gunn device is shown in Fig. 137.

Referring to this figure, a radio-frequency oscillator composed
of coils L, L,, tuning condenser €y, and vacuum tube V, feeds
power to an external eircuit via ecoupling eoil L;. This energy
i3 connected to two differentially wound coils L, and L
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These coils are tuned by condensers C; and C; and couple energy
to coil L. Since the voltage induced in coil Lg is a function
of the eurrent in coils L4 and Ly and since these coils are identical
and differentially wound, no voltage will be induced in Lg if
the currents in these coils are equal. The magnitude of this
induced voltage is indicated by meter M of the vacuum-tube
voltmeter composed of V,, Ry, M, and the necessary batteries.
Across coil Ls there are attached two wires forming the external
condensers. The condensers €y and Cj are adjusted when the

[([IF—

F1a. 137.—The Gunn capacity-altimeter circuit.

airplane is on the ground so that the voltage induced in Ls is
minimum. The effect of voltage remaining is cancelled by an
adjustment of the vacuum-tube voltmeter bias, which is con-
trolled by potentiometer R; After the airplane leaves the
ground, the capacity across C, and €5 decreases, thereby causing
an unbalance in the currents because the current in L; decreases.
A voltage is developed therefore across Ly which causes a deflec-
tion in meter M proportional to the unbalance and, hence,
proportional to the height. In order to accentuate this unbalance
an additional tuned circuit consisting of coil L7 and condenser Cs
is added in series with coupling coil Ly, This circuit is parallel
resonant and, henee, keeps the current through L, and L; to a
low value. Beeause of the high @ of coil Ly, changes in C; and
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(3 produce detuning of this circuit and increase the current
through L, and L;, and, hence, the current unbalance.

Results of Capacity Altimeter Development.—There secems
to be no record of commercial-capacity altimeter installations.
Publications give the weight of one of these devices as 20 lb.
Obviously this weight is very low, so it could not have been the
limitation of the device. Consideration of the problem involved
indicates, however, that extreme stability, both electrically and
mechanically, is necessary for proper operation of the device.
Literature mentions the effect of wing flexure as a source of
instability; hence, all components must be very small in order
that capacity values remain fixed. It is doubted that these
values could be maintained sufficlently stable for practical air-
line use where equipment must function day-in and day-out
without attention by the designing engineers. Essentially, the
device was satisfactory only as a landing aid, and was not
suitable for en route flying. A device satisfdctory for this
purpose alone, but capable of withstanding service, would
probably be somewhat heavier. Whether these considerations
were the factors that prevented the ecapacity altimeter from
becoming a sucecessful commercial product is not known, but
apparently no commereial production was attempted.

Radio Altimeters.—There are probably more patents covering
various forms of radio altimeters than of any other absoclute
type. From all these patents, there is only one unit available
on the market at this time, although the recent developments in
microwave apparatus may introduce more, The unit now avail-
able or a modified form using microwaves may be adopted for
commercial use in the future.

Early Radio Altimeters.—Ilarly radio altimeters attempted to
measure altitude by sending out a radio signal which was reflected
from the earth and by reading the intensity of the reflected wave.
This system met with little success for two reasons. One was
that the intensity was as much a function of the terrain over
which the airplane was flying as it was of the height above the
terrain. The second was that there were standing waves pro-
duced in space, so the signal sometimes decreased as the altitude
decreased. The latter difficulty could have been corrected by
using a very low frequency, but the effectiveness of the radiation
on the airplane (for a maximum allowable size) decreases as the
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wave length increases, and the first difficulty discussed would not
have been corrected by this means. The solution worked out
consisted in using still shorter wave lengths and counting the
number of nodes and antinodes in the standing wave through
which the airplane passed as it ascended or descended. To
illustrate, if a wave length of 100 ft. were employed at the trans-
mitter and the airplane began its ascent and passed through two
nodes (regions of minimum signal), the distance traversed would
have been equivalent to three quarters of a wave length, or 75 ft.

The circuit(s) of Fig. 138 shows the apparatus used with one
form of this device. This apparatus consists largely of a regener-
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F1s. 138.—Circuit of the early radio altimeter.

ative receiver which serves as a transmitter as well as a receiver.
The phase of the energy received serves to change (in a sinusoidal
manner with altitude) the frequency of the device. This change
is heard in the headphones. Increase and decrease of frequency
as a function of altitude are shown in Fig. 139. Notice that
the amount of deviation of the frequency from the mean also
varies with altitude. This is because the amount of energy
that returns decreases with alt'tude and, hence, affects the
amount, of deviation. The transmitted and received energies
are separated by using a loop antenna that may be oriented for
minimum direct pickup. The disadvantage of this system is
immediately apparent because it is necessary for the pilot to
remember the number of nodes through which the airplane
has passed in the process of ascending and descending.

The Alexanderson Altimeter.—A device using a modified form
of the principle described above was developed by Dr. E. F. W.
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Alexanderson of the General Electric Company and was widely
reported in many periodicals in 1928 and 1929. In this device(6),
Dr. Alexanderson attempted to develop a mechanieal “memory.”’
Like many other altimeters of this period, its use as a means
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Fi1G. 138.—Change of frequency with altitude which oceurs for the radio altimeter
of Fig, 138.

Altitude

for landing under low-ceiling conditions was the major purpose
of the development.

Two oseillators were used in this device, their output fre-
quencies beating together in a detector. These oscillators are

V’“‘L_./‘J

Y

—

Fie. 140.—The Alexanderson radio altimeter.

shown as O, and O, in Fig. 140. Osecillator 0, is connected to an
antenna A. As the reflected wave reaches this antenna the
frequency of O, varies, as has previously been deseribed. This
frequency beats with a fixed frequency from oscillator O, in
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detector D. Actually O; has three frequencies that may be
selected at will by manipulating control K. As K is moved,
three windows of different colors are placed over light L. Trans-
former T is tuned to some frequency higher than the normal
beat frequencies. This transformer is, in fact, a frequency
discriminator and passes current proportional to frequency.
This current is used to charge condenser € via rectifier E.
This reetifier is ingerted so that the charging mechanism will not
discharge C even though, for the moment, there is no voltage
ifrom 7. Thus, each time that a high-frequency peak (Fig. 139)
is present, C charges and retains the charge. Each succeeding
peak adds charge to €. As the charge on C increases, the plate
current of the vacuum-tube voltmeter V increases and is recorded
on the meter M. This plate ecurrent is normally zero because
the grid of the tube is normally biased to the cutoff point by a
bias battery (not shown). Thus, in a step-by-step process,
meter M reads altitude. When the current flowing through
reaches a given value, the relay 8, operates, thereby causing
light L to be illuminated. This occurs at the point where M
is reading full scale. At this time the pilot changes the frequency
of 0, thereby increasing the range of the instrument. He
must also press switeh S; to discharge condenser C.

Apparently no commercial exploitation of this device was
attempted; at least its sales were not publicized. The reason
it was not installed extensively on aircraft was not discussed in
contemporary literature. The maximum altitude of the device
was hetween 3,000 and 4,000 ft., and this would appear to have
been sufficient to make the device worth while. The weight
involved is not known, but it probably was not excessive. A
study of the instrumentation involved leads to the conclusion
that excessive attention was necessary on the part of the pilot.
Whether or not this conclusion is correct is not known.

History of the Western Electric Radio Altimeter.—This
device, sometimes called the “terrain clearance indicator,” is
herein designated by the term “ Western Eleetric’ because it is
being currently manufactured and sold by this concern. The
responsibility for its development rests on a large group of
individuals and several organizations, Aectually, all these should
be eredited for its ultimate production. The fact that a unit
accomplishing the feat attempted by so many previous experi-



ABSOLUTE ALTIMETERS 215

menters was finally produced certainly is attended with honor
sufficient for all involved. No doubt other deviees (possibly
more successful) will soon reach the market, but there is no
denying that this unit was the first to be successfully demon-
strated and sold on a commercial scale.

The commercial development of this device can be traced
back to work done by Prof. W. L. Everitt of Ohio State University
in 1928-1929 under a grant from the Daniel Guggenheim Fund
for the promotion of Aeronauties(7). In this work the principles
later utilized in the Western Electric device were fully developed.
No successful commercial model resulted from this work, how-
ever, largely because of the radio frequency used and because
the grant obtained from the fund was exhausted. Professor
Everitt reahzed at that time the limitation of the frequeney he
employed, but current vacuum-tube technique did not permit the
generation of appreciable power at very high frequencies. In
1930, Lloyd Espencheid of the American Telephone and Tele-
graph Company applied for a patent(8) on a deviece somewhat
similar to that used by Dr. Everitt. The original application
was divided in 1936, and a patent covering this device was issued
in the same year. The extent of the development work done
under this patent prior to 1937 is believed to be only a mathe-
matical analysis by the Bell Telephone Laboratories (associated
with the American Telephone and Telegraph Company). In
the meantime, R. C. Newhouse, one of the students who had
worked on the altimeter under Dr. Everitt, was emploved by
the Bell Telephone Laboratories. The communications Labora-
tories of United Air Lines were familiar with Newhouse’s work
and in 19371938 negotiated with the Western Electric Company
for the development of such a device. Development work
for the Western Electric Company is done by the Bell Telephone
Laboratories, which organization had by this time developed
tubes capable of producing appreciable power at frequencies in
excess of 900 megacycles. Experienced personnel, equipment,
and a patent were all available, so a successful model was devel-
oped and demonstrated to the public in the United Air Lines
Laboratory airplane in the Fall(9) of 1938.

Principle of Weco Altimeter.—The principle of this altimeter
can best be deseribed by considering the space between the
airplane and the ground as a two-wire transmission line with its



216 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING

end open. If a voltage is connected across one end of the line,
an electric wave will travel down it, reach the open point, and
be reflected back to the source of the voltage. An appreciable
length of time is required for this wave to travel from the voliage
souree to the open end of the line and back again, so when it
reaches the source its phase will not be the same as the phase
of the source voltage. This voltage will then add vectorially
to the source voltage, making the terminal voltage either greater
or less than the voltage of the generator when it is not connected
to the line. This voltage, for a given length of line and for
generators of the same characteristic impedance and open-
cireuit voltage, will vary as a funetion of the frequenecy employed.
This fact follows because (although the time required for the
electric wave to travel to the open terminal and return is the
same for two different frequencies) if one of these is half the fre-
quency of the other, the voltage at the lower frequency will rise
from zero to some finite maximum peak value in the same time
that the higher frequency voltage rises to a maximum and again
decreases to zero. If the generator is made with a variable-
frequency control and adjusted first to a frequency that gives
maximum voltage then to the next successive frequency again
produecing maximum voltage, it will be found that the difference
between the two frequencies corresponds to an electrical length
of one-half wave length(10). If the distance to the point of

reflection is D, then
aV1
D = aNy == o (136)
J1
where ¢ = a constant
A1 = wave length corresponding to f,
f1 = first frequency
V, = velocity of propagation along the transmission line

If the seeond frequency at which maximum voltage was observed

i8 fa, then
B 1\, 1N Vs

In this equation a second velocity of propagation for the second
frequency is written as V. Substituting Eq. (136) in Eq. (137),

D= (Df1 + ;) Vs (138)

Vi f%
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Solving for D in terms of both frequencies

V.V,
2(Vifs — Vafy)

For air, V, and V, will be equal to each other and equal to ¢,
the velocity of radio waves in space; therefore

D= (139)

¢

2(f: — fv)

This equation means, then, that if two arithmetically successive
frequencies are known for which the voltages present at the
terminals are the same, the length of the transmission line (or
the space from airplane to ground) may be ealculated.

Suppose that the difference between these ‘“measuring”
frequencies is allowed to remain the same for any value of line
distance equal to nD, then,

D= (140)

_os
" Jao/n

where f, is the difference frequency equal to f, — fu.

This expression means that only one nth of the previous
frequency difference is required to measure a distance n times
the length of that previously measured. Or, in other words, for
the same frequency difference, there will be n times more voltage
peaks at the generator terminals.

For a known frequency difference, then, it is possible to know
the distance merely by sweeping the voltage generator between
two known frequencies and counting the number of times that a
terminal voltmeter is observed to rise to a maximum. Another
method for making this determination is to sweep between the
two frequencies in a given time interval and measure the fre-
queney of the energy pulses occasioned by the voltage rise. This
latter principle is the method actually employed.

The Weco Altimeter.—This device(11) consists of six major
units, A transmitter delivers about 10 watts to a dipole antenna
located below one wing of the airplane and is frequency modu-
lated- between 410 and 445 megaeyeles. This modulation is
accomplished at a rate of 60 cycles per second. The energy
from the transmitting antenna strikes the ground and is reflected

nD (141)
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back to the airplane where it is received by an antenna connected
to a receiver. The receiver and transmitter are shielded from
each other, and the antennas are arranged for minimum coupling;
however, a certain amount of energy from the transmitting
antenna reaches the receiving antenna and, hence, adds and
subtracts to the reflected energy in the manner discussed for the
transmission line. The rectified output of the receiver increases
and decreases at a frequency which is a function of the distance
from the airplane to the ground. Incorporated in the receiver
is an electronic frequency meter. This is really a rate-of-
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Fig. 141.—8chematic of transmitter used with the Western Electric radic
altimeter. (Courtesy of Western Electric Company.)

energy pulse counter with an indicating milliameter whieh is
calibrated to read zero to 5,000 ft. In order to increase the
accuracy of the readings, the scale of the meter extends over a
range of 270 deg. 'The first 1,000 ft. are on an expanded portion
of the scale, and the smallest division represents 10 ft.

It is necessary to provide certain apparatus for supplying
proper voltage and current to the plate and filament of the trans-
mitter tube and to the plates of the receiving tubes, so all equip-
ment of this type is assembled on a single chassis and constitutes
the sixth unit of this altimeter.

Weco Transmitter—The transmitter(12) consists of a special
oscillator in which are incorporated a set of Lecher wires and a
special triode tube. This tube has interelectrode capacities not
exceeding 1.5 puf. This oscillator has only a single tube, and
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its frequency stability is said to be plus or minus 1 per cent.
Tt is capable of being tuned to any carrier frequency between
410 and 445 megacycles. This tube requires 450 volts at about
90 to 110 milliamp. In the same chassis with the oscillator
just described is located a second oscillator operating at a fre-
quency of 60 cycles per second. This oscillator is connected to
a synchronous motor driving the rotor of a small variable con-
denser which is located at the center of one pair of Lecher wires.
The resulting wave emitted from the transmitter is saw-tcothed
in nature and varies at a rate of 60 cycles per second between 410
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F1c. 142.—Block diagram of receiver used with the Western Electric altimeter.
(Courtesy of Western Electric Company.)

to 445 megacycles. A requirement of this transmitter is that it
always emit the same field strength regardless of frequency. At
a frequency of 432 megacycles the frequency modulation repre-
sents a deviation of plus or minus 2% per cent. From the
theoretical considerations previously discussed, it can be seen
that in order to read the same minimum altitude the same devia-
tion of 12.5 megacycles would be necessary at any carrier fre-
queney. It is evident that such a frequency variation at a rapid
cyelic rate and with uniform power output would be impossible
at frequencies less than 100 megacyeles. As a practical problem,
the carrier frequency used is none too high to allow uniform
output over the frequency range swept by the condenser.

A diagram of the transmitter is shown in Fig. 141.

Recetver—The radio-frequency portion of the receiver is simple,
consisting only of a diode detector. From this point on, the
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circuits handling the resulting audio frequencies are rather
unusual. With the system used, the resulting audio frequency
varies at a rate of about 6 cycles per foot. This means that
at an elevation of 5,000 ft. aboveground the audio system must
aceept 30,000 cycles. At higher altitudes the meter need not
indicate accurately, but it must remain at an indication of
5,000 ft. in order not to confuse the observer. A block diagram
of the receiver is shown in Fig. 142, By referring to this diagram,
it can be seen that the diode detector is followed by three high-
gain stages of audio-frequency amplification and two frequency-
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Fi1c. 143.—Variation in audio frequency response with altitude of the Western
Electrie altimeter. (Courtesy of VWestern Electric Company.)

counter circuits. One of these circuits indicates on the altitude
meter while the second is used to control feedback to the audio
amplifier in such a manner as to alter the frequency and gain
characteristics of the audio stage.

Extremely effective gain control is necessary because the
signal strength varies widely with the distance of the airplane
above the terrain. The characteristics of the receiver are
shown in Fig. 143. It can be seen that the gain of the audio
amplifier is made to vary from 38 to 85 db. At low eleva-
tions the gain is reduced at high frequencies in order to avoid
the amplification of the higher order harmonies. At high eleva-
tions the resultant frequency is high and the signal strength is
low, so the gain of the receiver for the higher frequencies is
increased. By employing these characteristics the signal-to-
noise ratio is improved at high elevations because unnecessary
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frequencies are not amplified. Since this feedback is a function
of frequency, a momentary loss of signal at high elevations would
cause the feedback to cease, thus returning the receiver to the
characteristics marked “below 50 ft.”” on Lig. 143, causing the
elevation meter to read zero. In order to prevent this possi-
bility, an additional circuit is added in parallel with the fre-
queney counters. This circuit disables the ‘feedback in the
event that the signal is lost momentarily. Nine tubes and four
voltage regulators are used in the receiver.

Power Unit.—The peculiar characteristics of the tube used in
the transmitter make necessary a constant filament current of
9 amp. at only 1.5 volts. This filament power is supplied via
six ballast lamps connected in series parallel and located in the
power unit.

When primary voltage is supplied to the power unit, the
receiver and the 60-cycle oscillator in the transmitter receive
power but the microwave oscillator and the dynamotor do not.
This characteristic is attained by using a relay connected so
that it short-circuits the filaments and opens the dynamotor
primary cirecuit. After the ballast lamps have reached their
normal temperatures (in about 30 sec.), the missing voltages
are supplied by pressing a button. All the plate voltages
required for the receiver are supplied from the 450-volt dyna-
motor located in the power unit. The proper voltage dividers
are, however, located in the receiver.

Aniennas—Antennas are, generally speaking, single-frequency
devices; however, the antennas used with this instrument must
operate over a range of frequencies. The efficiency of an antenna
is not necessarily impaired by changing the frequency if the
impedance of the generator connected to it is also changed. The
antenna developed is a form of dipole; however, one half of it
has a transmission-line transformer arrangement over one of the
conductors. This arrangement serves to hold the impedance of
the antennas reasonably constant. The antennas are in the form
of a T structure. The vertieal portion of the T is about 7 in. and
the “cross’ is 14in. The antennas were intended to be mounted
about one-quarter wave length from the skin of the airplane, and
thus allow it to act as a reflector and produce gain.

The leg of the T forms a concentric transmission line with
the inner conductor, as shown in Fig. 144. A plastic cover
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is placed over the cross on the T in order to prevent precipi-
tation from affecting the antenna performance. A later develop-
ment consisted in constructing parabolic reflectors in the wing
of the airplane, and antennas of the type described above were
mounted within thesc reflectors. The faces of the reflectors
were covered with a plastic sheet, and in this manner the aero-
dynamic drag was reduced to zero.

Testing the Altimeter—A special unit was designed to provide
a means for testing the altimeter without the necessity of a flight.
In this unit are mounted two meters for reading currents, a fre-
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Fi1e. 144.—Antenna used with Western Electric altimeter. {Courtesy of Western
Eleetric Company.)

quency meter for measuring the frequency of the radio amplifier,
a cathode-ray oscilloscope, and a 24,000-cycle audio oscillator.
Adjustment of the transmitter consists in checking the radio
frequency and adjusting the transmitter so that uniform power is
delivered as the frequency is changed. The adjustment for the
receiver consists in aligning it for maximum response and calibrat-
ing the frequency counter.

Performance.—The Western Eleetric Absolute Radio Altimeter
is capable of reading distances from 20 to 5,000 ft. From 5,000 to
15,000 ft. the noadle rests against the 5,000-ft. mark. Above
15,000 ft. the readings are somaswhat less than 5,000 ft. The
claimed aeccuracy within the 5,00)-ft. limit is about 10 per cent.
Deviation from absolute aceuracy is caused by variations in the
amount of frequency changs, errors in the audio-frequency
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counter cireuit, and errors in the instrument used to read eleva-
tion. Since this accuracy is on a percentage basis, its actual
value inereases for low altitudes and makes the device useful
ag an instrument landing check.

The weights of the major apparatus units are as follows:

Pounds
Transmitter... ..., ... .. .. .. ... 13.9
Receiver. . ... . . . . . e 9.56
Powerunit...... ... .. ... .. . ... 15
Meter.... ... o e 1.25
Twoantennas........... ... ... . ... ... ... i, 3.4
Total. .o s 43.11

The weight performance is about 1106 {t. per pound. To this
weight must be added that of the transmission lines, mounting
rack, and other incidentals common to all aireraft installations
of radio apparatus. The total weight installed is about 60 1b.

One of the biggest objections to this device is the peculiar
characteristics of the microwave oscillator tube filament. The
low-voltage filament makes necessary a large power loss. This
apparatus takes a total drain of 25.2 amp. from an airplane’s
12-volt supply. The usual generator on the airplane has a
capacity of 30 amp.; thus, if installed, the altimeter would use
one half the power available from one generator. If the tube
could be changed to one with a more conventional oscillator
filament, this drain would be reduced by ahout 8 amp.

Aside from the characteristic listed above, one of the objections
to the device lies in its lack of a minimum altitude indicator. A
pilot can hardly be expected to eye the meter continually as
he flies along the airways, but would do this only for eertain
maneuvers. If he felt he knew his position accurately, the
meter probably would not be consulted. This device, to be
useful as an airways warning instrument, should be equipped
with a light, buzzer, or other indieator that would warn when
elevations of 1,000 ft. or less have been passed; also, another
device to indicate elevations of less than 500 ft. might be desir-
able. This altimeter unfortunately does not include these
features. In the experimental models, sensitive current relays
were used to provide this warning, but they did not operate
successfully because of their susceptibility to vibration.
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Problems

1. A sonie altimeter calibrated to read for vertical distance is installed on
an airplane that is traveling at a speed of 120 m.p.h., 500 ft. above the earth.
The sound generator and deteetor are spaced 50 ft. from each other. What
is the resulting altitude error?

2. What will be the sound pressure received by a sound detector installed
in an airplane flying at an altitude of 250 {t., if the sound generator produces
25 watts of sound power into a cone having an angle of 20 deg. and a vertical
axis?

3. A capacity altimeter hag two electrodes consisting of No. 14 A W.G.
wire mounted 10 in. from the surface of an all-metal airplane. When the
airplane is resting on the ground, the wires are inclined at an angle of 20 deg.
(from the horizontal) and with their centers 3 ft. from the ground. Calcu-~
late the eapacity of the wires to each other, to the skin of the airplane, and to
ground when the airplane is on the ground and when it is at an elevation of
50 ft. above ground.

4. A radio altimeter is intended to measure accurately an elevation of
30,000 ft. aboveground, but the frequency counter will not accept more than
50,000 cycles or less than 100 cycles. What is the minimum altitude that
can be indicated on this device? What is the required frequency variation?
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CHAPTER. VIII
DIRECTION FINDING FROM GROUND STATIONS

When the problem of radio avigation was first considered
by Europeans, the airplanes in common use were of the cabin
type controlled by more than a single pilot, so the method evolved
closely followed the system that had been previously used
for boats. A radio operator, or another operator similarly quali-
fied, was carried on the airplane. The pilot wrote out a message
asking for a bearing and gave it to this operator. The radio
operator, using a hand reel, released a long trailing wire antenna
and using telegraphy on long waves asked for bearings from
stations on the ground. These bearings were in turn transmitted
to the airplane by telegraphy, copied by the radio operator, and
handed to the pilot. Such a system was, however, untenable for
the United States. The airplanes in service were chiefly used
for carrying mail and were manned by a single pilot. The pro-
vision for carrying even a single passenger was a later innova-
tion. It seemed, then, that a radio system must be automatic so
that the pilot could use it without reference to calculation.
The radio-range system was evolved, and this facility made use
of the long waves because these had the propagation characteris-
tics best suited to directional guidance. Telephony was used for
communication, and this was accomplished at the medium-high
frequencies, or ionosphere-propagated wave lengths. The use of
these frequencies was logical because they permit signals from
low-power transmitters to be heard at great distances. Further,
s practical aireraft antenna for these frequencies, having reason-
able efficiency, could be constructed. It was not intended that
this communication system be used for directional control, so
no further thought was given to the frequencies employed. They
seemed admirably suited to the problem at hand. Later, how-
ever, the ability of ground personnel to learn the position of the
airplane independently was considered important. This came
about both from certain experiences and from changes in air
transport operating. One of these experiences concerns a pilot
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in an airplane not oxygen equipped who flew higher and higher to
climb above an overcast. The storm area, however, extended
to such a high altitude that the oxygen supply in the air above it
was insufficient, and the pilot suffering from oxygen starvation
could no longer think clearly. Only by instructions from the
ground was he able to make a safe landing. Other occurrences
leading to the desire for bearings from the ground were cases
where the pilots became lost owing to various circumstances
and narrowly escaped accident. The other factor came about
in the departure from the practice of having pilots assume full
responsibility for the trip and sharing this responsibility with a
dispatcher on the ground. If the ground dispatcher himself
could determine the position of the airplane this responsibility
could be better shared.

It is true that numerous other devices are placed on the air-
plane to enable safe avigation by the pilot, but because of the
factor last discussed, the demand for ground equipment has never
been greater.

With the foregoing uses in mind it is possible to determine
the requirements for a ground-station direction finder. First,
since this deviee is not intended as a primary source of aviga-
tional information, its accuracy need not be extremely high.
However, it will be called upon to furnish bearings in an emer-
gency when the results obtained with the other aids are under
suspicion, so it must at no time give as true, highly inaccurate
bearings. If such bearings are occasionally produced, they must
have attendant charaecteristics that will allow the operators
of the device to recognize them instantly as fallacious.

The ionosphere-propagated waves behave erratically during
their period of propagation, and direction finding with them
involves many considerations not eommon with the devices
previously discussed. It is to be understood, then, that this
chapter deals with direction finding from the ground, only on
those waves lying in the frequency range from 2,000 to 30,000 ke.;
that is, those waves which make use of the ionosphere (Kennelly-
Heaviside and Appleton layers) as a means for their propagation
from transmitier to receiver.

The propagation of these waves will be discussed in greater
detail and from the engineering approach later in this chapter,
‘but for the present a crude analogy to illustrate the problem
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faced will be pictured. Light waves, like radio waves, are electro-
magnetic waves, so light phenomena may be used to illus-
trate the principles involved. If one glances at a light coming
from a lamp across the room, he will have no difficulty in point-
ing to the source of this light because, like long radio waves,
this light comes directly to the observer. Medium-short waves,
however, are absorbed by the ground after they have traveled the
somparatively short distance of about 30 miles. This can be rep-
resented in the analogy by placing an opaque screen between the
observer and the lamp, a short distance from the lamp. Medium-
high-frequency radio waves travel phenomenally long distances
by use of ionized layers located from 110 to 300 km. above
the surface of the earth. The radio waves strike these layers
and are reflected to the ground at the receiving terminal with
but slight attenuation (under suitable conditions). In the
analogy this may be represented by placing a mirror on the ceil-
ing above the lamp. It is now more difficult for the observer
to determine the loeation of the source of the light. This
problem could still be easily solved if the reflecting layers were
as fixed as a hard-surfaced mirror; however, this is not the
case. The layers are composed of ionized gas, the ionization
of which varies with the many cosmic forces acting on it. These
layers are more like the surface of the oeean, which tosses and
pitches with the wind and the tide. This ean be simulated by
having the mirror suspended by elastic and then attaching to it
a cord that is pulled at irregular intervals by a suitable mecha-
nism. It is now virtually impossible for the observer to deter-
mine aceurately the source of the light.

Characteristics of Waves Received from the Ionosphere.—In
the foregoing paragraphs ionosphere-propagated waves were dis-
cussed in terms of analogies used to present the problem of ground
direction finding for seronautics, but more acceurate consideration
of the eharacteristics of these waves is necessary in order to
understand the requirement of apparatus to be used for perform-
ing this direction-finding function. As the radio wave leaves the
transmitting antenna to travel outward through space but along
the surface of the earth, it is composed of an electric and a
magnetic field. These fields are in space gquadrature but in
time phase with each other. Not only is this true, but there is a
fixed relation that applies between the strength of the electric
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and magnetic field at any time. This normal wave is said to be
vertically polarized; that is, the electric field is vertical and the
magnetic field is horizontal. This must be the case; otherwise
the conducting earth would short-circuit and hence wipe out the
clectrostatic flux of a horizontally polarized wave, It is this
wave that has been considered in the previous diseussion of long-
wave radio ranges and aireraft direction finders. For medium-
high frequencies, however, the absorption of even this normally
polarized wave is very severe, and at distances of 15 to 100 miles
(depending on frequency) their signal strengths have weakened
beyond the usable point. As the wave leaves the antenna,
however, it not only radiates outward along the surface of the
earth but it also radiates upwsard (unless special suppressing
antennas are used), and in ifs travels it strikes ionized gas layers.
The characteristics of these layers will be discussed later. It is
sufficient to know for this discussion that the wave is refracted,
reflected, or both, and returns to earth at distances from 30 miles
to thousands of miles with astonishingly great signal strengths.
During this process, however, the wave undergoes alterations
that greatly increase the difficulty of locating the direction of its
origin as compared with the same process for the ground wave.
Polorization.—One of the most important changes in so far as
direction finding is concerned is the change in polarization. Ttis
theorized that the electrostatic field of the waves(1) exerts forees
on the ions and electrons of the gas layers and causes them to
vibrate. Since a moving charge is an electric current, the
effect is similar to that of reradiation from a parasitically excited
antenna. Because of the inertia of the eleetrons and ions, the
velocity and displacement lag 90 deg. behind the intensity of
the exciting field. Further, the electrons are acted upon by the
earth’s magnetic field; hence, the movement follows an elliptical
path. It is this motion along the minor axis that is said to
cause a component polarized at 90 deg. with respeet to the
polarization of the exciting wave. Namba(2), Iso and Ueno
studying the polarization of these waves found them to be ellip-
tically polarized; however, for short distances the major com-
ponent was horizontal, whereas at longer distances the major
component was vertical. The ratic of the major to minor
component was from 10 to 30. Since the waves traveling the
greater distances strike the earth at low-incidence angles, it may



DIRECTION FINDING FROM GROUND STATIONS 229

be that their polarization is rotated back to normal by the effeets
of the earth’s conduetivity.

It was previously stated that fcr waves that travel along
the surface of the earth, the relation between the electrostatic
and electromagnetic field was fixed because of the electromagnetic
energy per unit of space, but this no longer is true for elliptically
polarized waves. The electric and magnetic components
continue to be contained in the same plane perpendicular to
the direction of propagation of the wave. Further, the time
~ phase remains the same and the space phase remains in quadra-
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F1g. 145.—Positions of the electric and magnetic vectors in a normally polarized
wave. The direction of propagation is indicated by P.
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ture for the two components, but the two fields have rotated so
that they are at some angle to the plane of polarization. A
pictorial representation of this change is shown in Figs. 145 and
146. In Fig. 145 is shown the direction of propagation P con-
tained in the vertical plane of propagation. In this same plane,
but at right angles to the direction of propagation, is the electric
field e. At right angles to both the plane and the direction
of propagation is the magnetic field H. Figure 145, then, repre-
sents the conditions existing with a normally polarized wave.
In Fig. 146 the polarization is no longer normal. The electric
field has rotated clockwise about the direction of propagation.
The magnetic field has also rotated so that it continues to bear
its 90-deg. relation with the electric field. It is possible, of
course, to resolve the electric field into a component occupying
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the position held by the electric field prior to the medification
of the polarization and a component that cccupies the position
held by the magnetic field during normal polarization.
Fading.—With the normal transmitting equipment, the wave
leaves the transmitting antenna with a given intensity, and when
only the ground wave is received, it has a constant value of
intensity with time except for small variations and those pur-
posely imposed on the wave in the form of modulation. This is
not true for the wave received from the ionosphere. On the
contrary, the intensity of these signals continually changes.

Fra. 146.—Rotation of the electric and magnetic vectors in an abnormally
polarized wave.

Observers(3, 5) who have made a study o1 this phenomenon
report fading rates from zero to 100 per second. There seem to
be various types of fading. One type has been found to remain
at about one fade every 5 sec. When this phenomenon was first
encountered, it was new to radio engineers, and so it was the
subject of much econjecture. One of the first theories evolved
gave as the cause interference between the sky and ground
wave. This theory did not hold for long because it was soon
learned that no ground wave was present during much of the
reception from the ionosphere. One author(4) gives as a
reason interference between two rays. The presence of these
rays is attributed to the earth’s magnetic field which causes
the upper atmosphere to show double refraction. The change
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in the phase of these two rays is large for only small changes
in the strength of the earth’s field. Caleulation shows a 30-deg.
change for a variation in magnetic field intensity of only 0.00015
gauss, and this change in phase would be sufficient to cause
the signal strength to vary from maximum to zero intensity.
There seems to be no doubt but that there are two or more
rays present and that slight changes in path, caused perhaps by
the variation in ionizing force from the sun, may readily cause
the various rays to add together or subtract. Another factor
stuggested as contributing to the fading condition is the varia-
tion in absorption of the refracting layers. This absorption is
again caused by variation in the number of eleetrons and ions
present as a function of the variation in the ionizing forces.
Path Deniation.—Waves propagated directly from the trans-
mitting antenna to the receiver travel a great circle path. It
was the early discovery of this principle that led to the develop-
ment of radio direction finders. Early in the development of the
art, however, there was some suspicion that this was not always
the case. The subsequent investigations proved that these
supposed deviations were caused by failure of the equipment
when used with abnormally polarized waves, With improve-
ment in apparatus, these investigations continued, and the best
measurements of these deviations have taken place within the
last two or three years. Barfield(6), using a spaced loop direc-
tion finder, together with a photographed cathode-ray tube, on
stations located at distances up to 5,000 km. found deviations of
“10 or 20 deg.,” although his tests showed that there were no
oceasions when steady deviations of more than 1 or 2 deg.
persisted throughout the entire group of observations. Feld-
man(7), making observations with a multiple-unit steerable
directive-antenna array, found two rays, one of which deviated
from the great circle path by as much as 35 deg. Deviations
of 10 to 20 deg. were common, although it is possible that the
larger deviations observed may have been due to the phenomenon
of “secattering’ to be discussed later. These deviations were
also noticed by Smith-Rose at Slough using a special Adcock
direction finder and by the measurements made by the Mackay
Radio Company. The causes of these deviations have not been
definitely established but they are, no doubt, linked with the
changing structure of the ionized layer as well as by auroral
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activity. From all the data obtained it seems evident that
deviations in direct transmission from the great circle path are,
in general, less than 20 deg. and are probably of short duration.

Seattering.—In many deviation studies there are reports of
abnormally large bearing errors. Barfield(6) reports diserepan-
cies of as much as 50 deg. on near-by stations. These large
deviations are all observed within the skip zone and are to be
differentiated from those found beyond this zone. Since the skip
zone is generally regarded as that area where the signals from the
ionized layers do not reach the earth, the statement that signals
received within this area have errors seems incompatible with
the previous concept. Actually, however, there is a signal
heard within this area caused by reflection from the higher
layers, although it is often too weak to be suitable for consistent
communication.

Signals so received are designated as having been the result
of “scattering.” These types of signals were studied in 1928
and reported by Taylor(8) and Young and are often designated
as “echoes’” because they make their appearance 1 to 50 millisee.
after the time that the direct wave should be received. These
early observers were puzzled to note that much greater periods
of time were required for the reception of near-by stations
(probably within the skip zone) than by stations thousands
of miles away. Fckersley(9), studying this phenomenon from
the standpoint of direction finding, evolved the theory that these
signals result from the direct ray striking areas that reflect
back the energy. Since these areas, or (o use Eckersley’s desig-
nation) ‘“points,” are located all around the receiver, the radia-
tion can come from any of them and, hence, exhibits no directional
characteristic whatsoever. He also noted that unless a powerful
transmitted signal was used the presence of these scattered
signals could not be detected. Further, it was noticed that
definite directional characteristics were present, if the trans-
mission was accomplished with a beam (directive) antenna,
although the direction was often extremely erroneous. This i
explained by points of reflection located along the path of the
beam.

A recent study by Edwards(10) and Jansky was made in con-
nection with reception of directive transmission. This study
covered both the vertical and horizontal directivity as well as
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Fig. 147 ~—Abnormally polarized wave arriving at a direction finder from the
ionosphere. The electric field, EB, is resolved into two components, ExgB and
E'vB, in the plane of the wave front. The component E'yvB is further resolved
into two components, Er and Ey. The component, Ep, is horizontal and in the
direction of propagation. The component, Evy, is vertical.
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the time factor. Since large directive arrays with high gain
values were involved, the presence of these “echo” signals was
very predominant. In these studies three types of echoes were
noticed and classified as “multiple,” “‘random,” and “sharp.”
Echoes of the multiple type are those in which suceeeding echoes
have delays that are approximate multiples of the first. With
the random echoes the direction of arrival is not closely associ-
ated with that of the transmitted beam. Sharp echoes have
low amplitudes and short time delays.

Edwards and Jansky conclude that *“‘random” echoes are
caused by scattering from sporadic ionosphere regions, or
“clouds.” Their findings further indicate that multiple echoes
are produced by reflections from roughness in the earth’s surface,
and the presence of the sharp echoes was not explained. Bearing
deviations in execess of 20 deg. were found to characterize the
random echo,

In order that rough surfaces can act as regular reflectors, the
following equation must be satisfied:

% sin 5 < 1 (142)

where H = difference in elevation

X = wave length

§ = angle of incidence measured from the surface to the

impinging ray

It can thus be seen that as the incident angle becomes small,
conditions favoring regular reflection improve and those for
scattering become less. That is to say, scattering is more likely
to be present at a distance close to the transmitting station.

The characteristics of radio transmission received from the
ionosphere having been deseribed, the effects of these upon
direetion-finding equipment will now be discussed.

Effect of Horizontal Polarization on Loop Direction Finders.—
In Fig. 147 is shown a line OD which represents the direction
of propagation of an abnormally polarized wave. The electric
field of this wave is in the direction EB. This field ean be
resolved into one vertical and two horizontal components. These
are

Ex = E sin ¢ (143)
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Ey = Ecos ¢ cosy (144)
Er = E cos ¢ sin vy {145)

where ¢ is the angle of polarization and v the incident angle.
With time, the vertical component propagates toward the reader
while the horizontal components move downward. Coinciding
with the vertical projection of the direction of propagation is the
vertical axis of a square loop antenna. The angle between the
plane of the loop and the horizontal projection of the direction
of propagation is 6. The loop is rotated for direction finding
until a minimum signal is heard, and the value of 4 required to
produce this minimum signal is then observed. If the horizontal
component of the wave is neglected, it can be seen that the con-
ditions exactly follow those discussed in Chap. IV, and the
resulting equation for the received voltage will be

E, = EvyK cos 8 (148)

where E. is the resulting loop voltage and K is a constant
dependent on the structure of the loop, the wave length of the
received signals, ete. Under the foregoing eonditions it can be
seen that the voltage output of the loop is a minimum when the
angle 8 equals 90 deg., that is, when the plane of the loop antenna
is at right angles to the direction of the oncoming wave.

If now the vertical component is neglected and the reaction
of the loop to the horizontal components is studied with the loop
in a position for minimum reception of the vertical component,
it will be seen that the conditions are exactly as they were except
that the horizontal angle 6 has been replaced by the vertieal
angle v. The pickup of the loop, however, is maximum when
its plane is parallel to any field component and minimum when
at right angles to this component; hence the following equation
may be written:

B, = KFEysinysin é (147)

For a given vertical angle, the value of sin v is constant. Tt
can be seen that minimum reception from the horizontal com-
ponent at right angles to the horizontal projection of the direction
of propagation occurs when 81is zero. Reception of the horizontal
component in line with the horizontal projection of the direc-
tion of propagation is exactly the same as for the previous
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horizontal component except that the latter, being at right angles
to the former, will necessarily change sin 6 to cos 6 or

E", = KEp sin ¥ cos 0 (148)

It follows, therefore, that a null taken on this component of the
radio field will coincide with that taken on the vertical field.
The complete voltage induced at any one time from all compo-
nents is

E”’L == EL + E’L + E”L (149)
B, = EvK’' cos 8 + ExK' sin v sin 0 + EzK'" sin v cos §
(149a)

E", = EK""(cos ¢ cos ¥ cos 0 -+ sin ¢ sin vy sin 0
-+ cos ¢ sin? y cos 8)  {150)

From this expression it ean be seen that unless the angle of
polarization is zero (normal) it will never be possible to obtain
a true null signal, but the minimum signal will occur for some
angle of the loop that will be a function of the angle of polariza-
tion. The loop antenna is, then, clearly useless as a direction
finder to be used with ionosphere-propagated waves in that it no
longer produces a null in the presence of one of the peculiarities
of this type of reception. It is possible also from the foregoing
discussion to draw a second conclusion, namely, that in order for
a direction finder to give true bearings in the presence of abnor-
mally polarized waves it must be unaffected by the horizontal
component of the wave.

The Adcock Direction Finder.—In 1919, an English patent{15)
was granted to Adecock for a direction-finder antenna system
having for its purpose the elimination of polarization error.
Fundamentally, the principle behind the system was the use
of elements sensitive only to the vertically polarized component
of the radio wave and completely insensitive to the horizontal
component. Various forms(12) of this antenna system are
shown in Fig. 148. TIn this figure the antenna shown under (4)
is the original or U-type form. The other forms shown are
modifieations added by later inventors for the purpose of reduc-
ing the system’s sensitivity to the horizontally polarized com-
ponent of the radio wave.

The theory of the space pattern of a loop antenna has pre-
viously been discussed assuming vertically polarized waves,
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and this same theory applies to the Adcock antenna. If the
space between elements is small compared with the wave length
of the received signal, the following equation will hold:

E. = EyK' cos 0 (151)

In this equation, E, is the resulting voltage induced in the
Adcock system, Ev the vertical component of the radio field, K’
a constant dependent on the effective height of the antenna,
and 0 the angle between the vertical plane containing the two

8 c
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U (unshieloled) Etevarted H Balanced #
t { ;Z 4 !%
7 7z
2 E
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¥F1G. 148.—Various forms of Adeock antenna systems.

elements of the Adeock and the plane of polarization of the radio
wave. If the spacing between elements is great compared with
the wave length, the deviation of the actual field pattern from
that given by Eq. (151) may be as great as 6 per cent, provided
that this spacing does not exceed one-half wave length(11). If
the spacing is greater than one-half wave length, the field pattern
may greatly violate this equation and even produce a four-lobed
pattern rather than the eclover leaf. Tn all the discussion on
Adcock antennas it will be assumed that the field pattern (as far
as vertically polarized waves are concerned) follows Eq. (151),
thereby producing the familiar figure-8 pattern consisting of
two tangential circles.
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For an abnormally polarized wave, assuming that the system
not sensitive to the horizontal component, Eq. (144) may be
substituted in (151):

Ey = EK’ cos 8 cos ¢ cos v (152)

Another factor must be considered in writing the complete
equation for the Adeock system. It was seen in the discussion
for the loop that the voltage output was proportional (within
the limits previously discussed) to the spacing between the sides
of the loop, or in this case between the two vertical antennas.
! Referring to Fig. 149 it can be seen

/ that for waves arriving at an angle
¥ to the ground the effective distance
/ between the elements is reduced and

/ is now S’ rather than S. This spac-
/ ing entered into the factor K’ of
9 /" Eq. (151); hence,
£ /;, " - 8§ = 8§ cos vy (153)
S or

Fire. 149.—When the radio — 2
wave arrives at an angle greater Ea EKS cos 8 cos ¢ cos®y (154>

?&i?ﬁvirﬁiﬁfing’ni‘f&f:;, ﬁf From this equation it can be seen
cock elements is reduced from that it is possible to obtain a null
Sto . {by wvarying 6) regardless of the
incident and polarization angles. It must be pointed out, how-
ever, that for certain values of these angles the induced voltage
may be very small, and hence it may not be possible to secure a
satisfactory null.

In Fig. 148 the antennas are shown connecfed to coils which
are presumably connected to receivers. In a common form
of direction finder using the Adcock antennas these coils are
a portion of a goniometer. The goniometer was adopted from
the Bellini-Tosi loop system and has previously been mentioned
in connection with the radio range. When the goniometer is
used, two pairs of Adcock antennas are emploved. They are so
located that the vertical planes confaining them are at right
angles to each other, KEach antenna pair connects to one coil
of the goniometer field as shown in Fig. 150. From Figs. 151 and
152, and from previous discussions, the currents in antennas A4’
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Recelver

Fra. 150.—Mechanical structure of a goniometer used for direction finding
and its method of connection. The coils connecting to the antennas are fixed
and bear a 90-deg. relation to each other, The inner ccil rotates.
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Fie. 151.—Addition of vectors representing the currents and hence the fields
of the fixed goniometer coils, The resulting current (and hence field) makes an
angle & with respect to one current.

Fic. 152.—Position of the field resulting from vectorial addition. The angle
@ corresponds to & of Fig. 151.

and BB’ and hence in the respective goniometer field coils can be
written as

Ii=1I,.cos9 - (155a)
Ip = I, cos (90° — 8) :
= J, .. 8n@ (155b)

8 i3 the angle between the plane containing one pair of antennas
and the plane of propagation of the radic wave. The resultant
flux in the goniometer will be the vector sum of the flux pro-
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duced by each field coil. Since this flux is proportional to the
current in the coils, the flux resultant will occupy the same
position as the resultant eurrent vector, that is

Luwesin 0 _ 4o g (156)

tan § = L oax CO8 8

The angle & is then equal to the angle #; that is, if a search

coil is rotated until the voltage induced in it is maximum, it
will be in a position with respect to the plane of the goniometer
coils corresponding to that of the plane of propagation of the
radio waves with respect to the plane of the Adcock antennas.
Of course, zero voltage is induced with the plane of the search
coil at right. angles to this maximum position; hence, the bearing
ean be located by rotating the search coil until a null is received
and noting the position of the coil at this time.
- Polarization Errors in Adcock Direction Finders.—In spite
of the fact that the Adcock elements are supposedly insensitive
to horizontal polarization, reception of this undesirable compo-
nent of the radio wave cannot be completely eliminated for several
reasons. In attempting to develop a figure of merit for direction
finders (with respect to their action under conditions of abnor-
mally polarized waves), Barfield(12) developed a “standard
wave’ having angles of polarization and incidence of 45 deg.
each. The antenna response under the influence of this wave
was then caleulated. This caleulation yielded the tangent of an
angle which is the ratio between the magnitude of the wanted
and unwanted response. The angle corresponding to this
tangent is the figure of merit. For the loop antenna (single loop)
this angle is 35 deg.

If the error produced by a wave is an angle ¢, and if W is the
wanted and U the unwanted response, then

tan e = % ‘ (187)

The unwanted response is given for only those cases where the
spacing between Adcock clements is small compared with the
wave length as

U= E48 (158)

In this expression, Ey has previously been defined and 8§ is the
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spacing between the elements of the Adecock. The wanted
response is

W = & sin W By (159)

In this equation, % is the height of cach Adeock element, y
is the incident angle, and X\ is the wave length. If the spacing
is small eompared with the wave length and Eqs. (158) and (159)
are substituted in Eq. (157), the following results:

. E;{?\
tan e = SHoh cos vy (160)

For the standard wave previously described Eq. (160) reduces to

E H)'-

tan ¢ = (0.225 Bk (161)
The value of Ex/E, in this expression can be derived from
electromagnetic theory, but it is a function of the reflection
coefficient of the ground and, hence, a function of the dielectric
coustant and conductivity of the ground. Barfield ecalculated
this standard wave error and found it to vary from 1 to 12 deg.,

depending on the particular forms of the Adeock involved.
Watson Watt(13) made some checks of Barfield’s calcula-
tions and arrived at some interesting results. In Watt’s experi-
ments a large number of bearings (more than 2,000) were taken
with Adecock and loop direction finders on stations of known
locations. Since the loop standard wave error was accurately
known, the results obtained with the loop and Adcock systems
were compared and the standard wave errors of the Adcocks

caleulated. The results are shown in the following table:

Adcock system Caleulated error, \ Measured error,
degrees | degrees
Balanced-coupled. ... .. 1 4
Unbalanced-coupled. . .. 3 4
Screened U............ 6 7

From this table it can be seen that the “residual” error due
to misadjustment was larger than had been predicted bv theory.
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If the theoretical caleulation showed a large error, the actual
measurement was in good agreement, but when the caleulation
showed a small error, the measurement showed larger figures.

1t must not be inferred that the standard wave error is the
actual error that would be encountered
when using Adeock antennas, The
standard error is merely the figure of
merit of the system, and the actual
error can be greater or smaller, depend-
ing on the exact characteristics of the
radio wave that is being received. It
can be concluded, however, both from
the theoretical discussions and the
Watt measurements, that the Adcock
systems do not completely eliminate
horizontal component bearing errors.

The Spaced-loop Direction Finder.
- ] A means for eliminating the effects of
mf;tfuctllii;yﬁggizt;’f; the abnormally polarized waves on the
of the spaced loop antenna agcuracy of direction finding, which
e ’f;?fhlo‘;ps may %2 differs both in principle and construc-
shield if this shield is not tion from the Adcock system previously
continuous. described, is the spaced-loop system
devised independently by R. A. Weagant in America and
C. 8. Franklin in England, and later investigated and
developed for direction finding by T. L. Eckersley(9). In this
system two loop antennas are so connected that the output
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Fia. 1564.—A radio wave arriving from the ionosphere and impinging on a spaced-
loop system. It makes an incident angle v with the ground.

voltages cancel; then this combined output is connected to a
radio receiver. This system 1s illustrated in Fig. 153. In
Figs. 154 and 155 the theory of the system is illustrated. In
Fig. 154 is shown a radio wave with its plane of propagation
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making an angle v to the ground. This wave induces voltage
in the two loop antennas. It is assumed that the distance to
the transmitter is great as compared with the spacing between
the antennas, so that the angles between each antenna and the
direction of propagation are equal. Because of the spacing
between the two antennas, a phase difference will exist which
will be

Phase difference = gi—r Scosy (162)

In Fig. 155 the spaced-antenna system is shown subjected to
radio waves arriving at an angle to the plane at right angles to

Fia. 155.-—A radio wave impinging on a spaced-loop system at an angle 8
with respect to the vertical plane perpendicular to the pianes containing the
loops. The angle 8 is an azimuth angle and is contained in the horizontal plane.

the plane of the loops. The phase difference between the volt-
ages induced in the two loops will be

Phase difference = 2%- Scos @ (163)
For a wave arriving at an angle to the ground and simultaneously
at an angle to the plane at right angles to the plane of the loop
antennas, the total phase difference between the voltages
induced in the two antennas will be

Phase difference = 2—; S cos vy cos 8 (164)

For a constant known value of v, a measurement of the angle §
indicates the direction of the transmitting station.

Effect of Abnormal Polarization on the Spaced Loop.—The
resultant voltage measured ‘at the terminals of the antenna
svstem shown in Fig. 153 is the vector difference of the two
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voltages induced. The voltage induced in each loop is expressed
by Eq. (150) beecause each individual loop of this spaced-loop
system is of the conventional type. If now the loops are rotated
so that § equals 90 deg., then the cosine is zero and the voltages
induced will be in phase regardless of the characteristics of the
inducing source; however, the connections were made in opposi-
tion so that these voltages cancel and a null is obtained. With
a normally polarized wave, four nulls result—two from the
positions of § that make the loop pickup zero, and two from the
positions where § makes the phase difference between the loops
zero. For the abnormally polarized wave, only two well-defined
nulls result because, as has previously been explained, the
presence of a horizontally polarized wave eliminates the loop
nulls, and the only nulls remaining are those eaused by the phase
difference between the induced voltages being made zero. This,
then, is an important difference between the spaced-loop and
the Adeock system. The Adecock attempts to render a null by
being insensitive to horizontally polarized components, whereas
the spaced loops do not differentiate between the vertically
and horizontally polarized components, but produce a null by
making zero the phase difference between whatever voltages are
induced in the two loops.

As in the Adcock, voltages induced in the horizontal com-
ponents associated with the loops are sources of bearing errors,
even though these components are enclosed in a grounded shield.
In an attempt to eliminate this error, Eckersley arranged his
loops so that they are coaxial, and hence the coupling between
them and the voltage induced in the horizontal components is
zero, This arrangement has the further advantage of simul-
taneously subjecting both loops to the same wave front.

Corrections for Other Ionosphere-propagated Wave Character-
istics.—The Adeock and spaced-loop systems have as their
primary purpose the elimination of the effects of the abnormally
polarized components of the radio wave in direction finding,
but eorrections for other ionosphere-propagated wave character-
isties must also be made. One of these undesirable character-
isties is path deviation. Naturally, it is not possible to change
this path, but it has been found that this deviation varies with
time, centering about the great circle path as a norm. This
statement may be subject to question, but the correction methods
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are based on the theory given by it. With a direction finder
employing an aural detector and manual operation, the radio
operator takes as many bearings as possible in a given time.
He does not attempt to defermine the bearing of the null but
locates bearings on either side of it. After having obtained a
number of bearings in this manner, the results are averaged to
obtain the actual bearing. When 3 cathode-ray indicator is
used, the operator notices the movement of the spot and attempts
to determine its center of movement.

Fading causes errors when b