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PREFACE 

Since this book 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 applicable to avigating between these terminals, par¬ 

ticularly as it was desired that the airplane complete 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-engineerinff principles were extended 

to include solutions to the peculiar problems of transportation 

by air, and it is this extension that t have chosen to call the 

Principles 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 

oth(T types of radio engineering. Although attempting to adhere 

strictly to aircraft applications, I have disc'hssed 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 principles of radio engineering, 

much 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 describing 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 I; so if the reader lacks 

this essential knowledge, he should go to them before he attempts 

to read this book. 
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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 completely 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 ceuitered 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 renjuirements 

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 beem work(?d 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 commercial 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 accounts 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 aircraft 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 J^een 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. Descriptions of many of their researches 
have been published in Technical Development Reports which 

the public is 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 I^lectrical Engineers,, the Franklin Institute, the 
Institution of Electrical h^ngineers, 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. II; 
to Andrew Alford of the International Telephone and Radio 
Manufacturing Company for his review of Chap. Ill; to R. R. 
Brunner of the Bendix Radio Corporation for his review of 

Chap. IV; to W. E. Jackson, chief of the Development Section of 
the Civil Aeronautics Administration, for his review of Chap. 

VI; to F. C. McMullen of the Western Electric 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. VIII; 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 IVIaintenance 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 pati(‘nce in correcting the sentence structure 
and assistance in preparing the entire manuscript. 

Chicago, Ill. 

May, 1942 

P. C. Sandretto. 
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PRINCIPLES OF AERONAUTICAL 

RADIO ENGINEERING 

CHAPTER I 

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 ecpiipment 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 hy comparing the flight 
with an automobile trip through a portion of the country ha\dng 
no highways and where no information of tlu' t(U’rain or weather 
ahead is available, for to the airplane the radio system is both 
a highway and a source of information and advice. 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 
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In Fig. 1 is shown an airplane headed due west, leaving 
terminal T for a town C located 500 miles from T, 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 

Fig. 1.—Effect of cross wind on the course flown liy 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 calculation may 
be made: 

tan 6 = ~ 0.22 
0 = 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 = 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 computation 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 radio 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 Communication. 

Radio for Avigation.—The avigation problem simply means 

^^how to get there’'; therefore, radio used for this purpose is the 

most important on the aircraft. 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 trailf^. 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 can 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 airways 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 

additional facilities. If bearings can be taken on familiar 

landmarks, it is ])ossible to determine the progress toward the 

destination. These bearings also make it possible to leave the 

road temporarily and travel across fields. A pilot must time 

his progress accurately and detour storm areas directly in the 

path of his normal airwa.y. 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 

0 

Fio. 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. 



APPLICATION OF RADIO TO AERONAUTICS 5 

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 communica¬ 

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 communication system, then, was installed, not primarily 

to allow the pilot to discuss weather with ground personnel and 

ask for help when making an emergency 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 follow\s: 

1. Ik'tween pilot and dispatcher to learn w’eather 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. Betw^een 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 aircraft operator, as contrasted with the 

ground-station avigation facilities, which are owmed 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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a telegraph key with one hand while flying an airplane in rough 

weather with the other is clearly evident. As the airplanes 

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 tha^ static which occurs 

as bursts having irregular periodicity. Tests have shown that 

between bursts it was possible to understand several words 

with telephony but only a f(‘W characters with telegraphy. Dur¬ 

ing the bursts, mather 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 Tnited States a line of radio ranges 

extending from New Jersey to lowa(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 th(» facilities offered by radio in aircraft: 

There is no (luestion as to the assistance that radio can give to the air 

transport pilot. The prol)lein 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 control 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 chapter. 
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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 advances. 

The difficulty with the earlier ecpupment was that it had been 

designed to perform a tiusk 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 n^ady 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 

can be manufactured. Each unit is designed to perform a new 

function—a function that will remedy a weakness of another unit. 

Aircraft Systems.—This important phase of aircraft-radio 

installation will be discussed in d(‘tail in Chap. XII. It is 

mentioned here, by way of introduction, as an important con¬ 

sideration in aircraft radio installation. 

Radio units can be set up individually in a laboratory and 

it can be shown that they are operating properly; yet they may 

be totally useless in an aiiqdane. The reason for this is that a 

radio system is necessary in an airplane, but radio units as such 

do not have any significanc(‘. This point may ])v hard to under¬ 

stand, and in the past manufacturers have made ecpiipment 

that did not sell because they did not understand th(‘ principle 

just described. The equipment they manufactured work(*d well 

in their laboratories, but it did not fit into th(i pattern of the 

aircraft radio system desired by air-transport operators. 

By an aircraft radio system is meant a coordinated set of 

radio mechanisms terminating in a hnv controls and indicators. 

When a flight officer wants certain information necessary to 

enable him to continue his flight, he manipulates control A 

and the aaswer he desires must instantly appciar on indicator B, 

The fact that a piece of radio (Ujuipment does any of a number of 

other clever things originated by the imagination of some 

ingenious engineer is of no. interest to the flight officer. Addi¬ 

tional oontrols hamper operations and are aggravating, too 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 facilities, 
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 airc^raft 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 uasuccessful. 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 tliat 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 cciuipment be so constructed 
that it will last for an indefinite period. The aeronautical 
field recognizes that technically there will be advances, and 
hence 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 aeronautical industry fail to 
differentiate between equipment the component parts of which 
will not wear out for a long period of time and that wdiich 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 aircraft equip¬ 
ment that its weight shall be held to a minimum. The same 
principles 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. 

Circuits 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 can 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 

conditions listed above, is that effective 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 re(iuirements specified may 

well be followed when designing aircraft radio equipment because 

their formulation was the result of field equipment experience 

rather than a conclusion born of theoretical consideration. 

In the United States, the Civil Aeronautics Administration 

has formulated a series of tests to whi(;h 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 aircraft 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 service. 

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 95% 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 specified 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 j>ercentage of humidity or within a shorter period 

of time. Wherever possible the unit shall be operated at intervals 

specified by the Insi)ector 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 ojxirating positions. Upon comple¬ 
tion of the humidity exposure, the unit shall be tested and such 
pertinent information as required by the Insj>ector 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 i)eriod, 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 for 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 circuits (such as automatic gain- 
control circuits), the lowered insulation resistance serves as a 
partial short circuit 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 is 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 Q (ratio of reactance to resistance) in the 
humidity, thereby reducing the gain of receivers. 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 dicdectrics to reduce' the 
resistance between two conductors mounted on the dielectric. 
If the dielectric is in a transmitter, the current passed betweem 
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 dielectrics arc but slightly affected 
by moisture; certain porcelains, howc'.ver, are not satisfactory 
under moisture conditions, particularly if the voltage applied is 
high. 

Moisture will often reduce the n'sistance 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 oih^d or greased. A curve for 
calculating the humidity from the readings of wet- and dry-bidb 
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 20% above that specified as 
normal in the case of 12 volt or 24 volt D.C. equipment, and 10% 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 10% below 

normal. The unit shall then be placed in an ambient temperature of 

minus 40 degrees centigrade for a period of time sufficient to allow the 
component parts to assume that temperature, after which it shall be 

These readings are the 
difference between wefand 

Fit}. 4.—Por pent relative humidity as a function of dry-bulb-thermomoter 
reading for various temperature differences between dry and wet bulb. 

Operated at supply voltages 10% below and 10% above that specified 

as normal for a series of operations to determine the effects of the tests. 

From an oloctrical 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 erratic at low 

temperatures. Unless the crystals have been cut incorrectly, 

hermetic scaling or heatei*s 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 tising 

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. Forced 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 Jest,—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 10^. During this period of vibration, 
the unit shall be operated under the supervision of the inspector in order 

to detect variation in output, frequency, etc., 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 disclose 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 shalbthen 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 

demonstrate 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¬ 

ticular shock mount which forms an integral part of the equipment. 

A strobotac or stroboscopic device shall be furnished by the applicant 
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 contact arm is a portion 

of a simple toggle mechanism and effectively locks wffien 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 lOg 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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Fig. 6.—Accelerating force in g units as a function of ainijUtudc and frequency. 
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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 

because 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 l)e 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 ac'ronautical 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. Commercial 

sponge rubber of a thickness not to exceed one inch may be interposed 

as a damping medium between the ynit and the substantially solid 

l)latform upon which the equipment will come to rest. During this test 
the Inspector may require that connecting j)lugs 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 tOvSt 

on equipment are similar to those of vibration; consequently, the 

remarks covering ecpiipment 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¬ 
craft radio, few transmitters traveled over the Rocky Mountains 
and reached their destinations in an operating condition. 

Barometric pressure/mches of mercury 

Fio. 6.—Air-gap hroakdown voltage as a function of altitude for direcr- 
current voltage applied between 2-ciii. ball gaps. {Data from Smithsonian 

Physical Tables,) 

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

The unit shall be oi>erated in a pressure chamber under conditions 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 i)erformance 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 arc-overs are its effect. The effects of high altitude 

may be minimized by increasing the 

path between high-voltage points of 

opposite polarity. Where a dielectric 

is involved, this can often be accom¬ 

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 

theix^on applies to air between 2-cm. 

ball gaps using direct current. These 

curves will be greatly modified where 

radio freciuency is used and where a 

dielectric other than air is present. 

Service Procedure for Aircraft Radio. 
The very (issence of satisfactory aircraft 

radio operation is the constant servic¬ 

ing that it recei\'es. In order to per¬ 

form this service, two things are 

essential. One is organization and the 

other is procedure. The organization 

and procedures developed by the air¬ 

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: 

1. Placing equipment in airplane radio racks 

2. Making minor adjustments of tuning controls 

3. Checking operation of all associated switches 

4. Making a test transmission and listening to reception 

Fig. 7.—Barrier used to 
increase breakdown voltage 
across base of transmitting 
tube. 
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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 

Fig. 8.—An airline radio-equipment maintenance shop. {Courtesy of United 
Air 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. The.se 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 
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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 

2. Signal generators 

3. Artificial antennas 

4. Tube testers 

5. Vibrators 

fi. Voltmeter panels 

7. Cathode-ray oscilloscopes 

8. Ohmeters 

9. Capacity indicators 

In short, they contain all modern test equipment. 

Although the servi(‘e 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 n'sistors, 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 ecpiipment or by the airline 

radio engineering department, are made to correct an inherent 

apparatus defect which makes its appearance when the ecpiip- 

m(ait is placed in scuvice or to modernize a unit when it has 

approaclu'd obsolescence. 

Sometimes a second type of radio-repair shop is employed. 

This shop installs and repairs the “permanent” portion of the 

radio ecpiipment. This ecpiipment consists of the radio racks, 

ant(mnas, volume-control })anels, 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 scTvicc'd 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 who 
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have also a good knowledge of airplane mechanical work and 

can bend conduit and construct 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 owmed 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 Europe, even this facility is the 

function 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 characteristics not in common 

with other communication equipment. 

One of these is the nece.ssity for mobility. Route (diange, 

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 ecpiipment 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 

cost 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 broadcast (amusc^ment) 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 aircraft 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 occurs. 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 inspect. 

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. 

Problems 

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

2. Develop the equation that may be used to calculate the curve shown in 
Fig. 5. 
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CHAPTER II 

THE RADIO RANGE 

As mentioned in Chap. I, the primary guidance for aircraft 

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¬ 

many in 1907 to O. Scheller. 

—A similar British patent was 

; granted the Alarconi Company 

' ^ and Henery Round in 1909. 

: In 1912, Marconi and Charles 

/ j Price were granted a patent 

—^ substituting loop antennas for 

the original directional anten- 

loop antenna. ^^^s. In about 1923, the Signal 

(\>rps 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 forms, is still used in this country. 

The first U. S. radio ranges wer(» dfvsignc'd ba.scd on tlu‘ 

peculiar directional characteristics of transmitting loop antennas, 

so loop field patterns will first be discussc^d. 

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 (s(»e Fig. 9) and a suitable voltmeter (onc' 

which tvill read radio-frequency voltage) is used to takci field- 

strength readings around the circular track. It will be found 

that a point exists where the voltage reads some maximum value 

24 

B Loop of wire 
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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 

corresponding to 10 volts) and the 

position of each vector corresponds to 

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 

terminals associated with the particular 

electric field in question. When this is 

done for the field from the rectangular 

wire described, two tangential circles 

result. These are shown in Fig. 10. 

It is clear that the distance from the 

center of this pattern (point of tangency 

of the two circles) to any point on the 

circle peripheries represents the mag¬ 

nitude of the voltage at any arbitrary 

distance from the antenna but for a 

position at some given angle {0 in Fig. 

10) to the antenna array. 

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. 

Ea(ih 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 the value of the vector will be 

E = cos 6 

Fig. 10.—Field pattern 

resulting from plotting vec¬ 

tors corresponding to meas¬ 

ured voltages. 

(1) 
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In this equation 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 

A/i will cause a voltage Ac in space. This may be expressed by 

Ac = A/i/ (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 arc 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 grcat(u- 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 

thLs 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. Since 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 Ea 
is equal to voltage Eb and opposite in phase as originally gen¬ 

erated. As these voltages travel distances di and d2, which 

are assumed to be great compared with the element spacing «, 
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their relative intensities remain the same, but because is 

greater than di (for point P of Fig. 11) the vector Eb be 

Fig. 11.—Currents flowing in loop sides A 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 Eb. This amount is shown as </>. 

^BfPJ 
Fig. 12.—Vectorial addition of the voltages at point P. 

The phase angle <t> is a function of the difference between 

and d\. From trigonometry the resulting voltage will be 

E p 

sin 4> 

Ea 

0 

(3) 

In this expression, the voltage Ea is the voltage induced at the 

point P by the current flowing through element A of the loop. 

Then 

TP jp sin <l> 
£jp — Pja-77rt 

COS <l>/2 

E p = 2E A sin ^ 

(4) 

(5) 
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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 

Si = 02 = 6 (6) 

Then it is evident (see Fig. 11) that the difference between the 

paths traversed by voltages from A and B will be 

d2 — di = s cos 0 (7) 

Assuming that the waves propagate with the velocity of light 

d2 — d\ 
<t> = 

A 

</) = - - cos 0 
A 

27r 

or 

If 

Ep = 2E. sin ( — cos 0 j 

TTS 
cos 0 = d 

the preceding expression reduces to 

Ep = 2Ea sin 8 

(8) 

(9) 

(10) 

(11) 

By examining 5 it can be seen that it will vary from 0 to tts/X 

as 0 varies from 90 deg. to zero. If the spacing .s* between the 

loops is small in compari.son to X, 5 will always be small or 

.sin 5 = 5 (12) 

From which it can be written that 

Ep = 2Ea8 (13) 

Ep = 27r6* ^ cos 6 (14) 
X 

It is apparent that the greatest value of Ep occurs when 0 = 0, 

cos ^ = 1, or 

Ep = E^ = 2ts^ (15) 

or substituting in Eq. (14) 

Ep = COS 6 (1) 
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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 except 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 

i^ioop<2) = sin e (16) 

At an angle to the plane of the first loop equal to 45 deg. and 

only at this angl(‘, the sine and cosine of 0 will be equal (and have 

a value of 0.707). The foregoing discussion refers to the field 

Fio. 13.—“Field pattern produced by two loop antennas placed with their planes 
at right angles to eacl\ other. The antennas are not excited simultaneously. 

strength from the second loop assuming that a transmitter is 

not connt'cted 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 sec., back to the first loop for 

1 sec., and back again to the second loop for 3 sec. 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 1-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 1-sec. tone will be 
heard, followed by a break and a 3-sec. tone. This phenomenon 
is shown graphically in Fig. 14. 

Fig. 14.—Diagrammatical representation of the principles of the aural radio 
range. 

Range Characteristics.—Between the two extreme positions in 
line with th^ 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 he seen that there is one, 
and only one^ angle (for one (juadrant) 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 inaccuracy 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. 
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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 signal. 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 A and N quadrants. 

The United States Range System.—The radio range in the 

United States operates on frequencies in the range from 200 to 

400 kc. These stations 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 kc,, 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 ft. high, 200 ft. across the base, and 30 ft. on the extreme sides. 

Small radio-range systems called localizers,” intended to furnish 

aircraft 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. I. 

Rashenoff and N. A. Mjasoedoff. Their expression follows(l): 

where 

^ Kh 
(17) 
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where K = 

k = 

2tS 

Ph 

X 

P 

he = effective height, meters 

h = maximum dimeasion of loop perpendicular to the 

ground, meters 

P = perimeter of loop, meters 

X = 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 huigth 

of the energy that the loop is transmitting. The better known 

formula follows: 

he — 
27rS 

(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 t/2 for an isosceles triangle, 

circle, and square. In a transmitting loop, however, th(' perim¬ 

eter is often as long as X/4, and for this case BashenolT and 

Mjasoedoff develop the following expression: 

fu. = h[<t>ik) - <t>{k{)] (19) 

In this expre.ssion, applying princi[)ally to an isosceles triangle. 

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) 
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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 5, it is first necessary to calculate x 

from 

and y from 

X = 0.2142r V7 

y 
Fio. 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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Fio. 16.—The value of 5 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: 

Circle. 2.451 

Square.;. 2.853 

Equilateral triangle. 3.197 

Regular hexagon. 2.636 

Regular octagon. 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 

computation. Certain currents in the loop flow to ground before 

traveling the entire perimeter of the loop, so the virtual resistance 

calculation 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 

calculation. Some of the resistan(*es that enteu’ to make up the 

total resistance of a loop are the resistance of the wire, the 

resistance eciuivalent of the dielectric losses, the resistance due to 

eddy-current losses in the ground, and the radiation resistance. 

If the loss(‘s due to eddy currents are neglected, the following 

expression for the 1()0[) resistanc(‘(3) may be written: 

R, = + Rr + Ra (21) 

where / = frequency, cycles per second 

d = wire diameter, centimeders 

p = sp(‘cific resistan<‘e, microhms per cubic centimeter 

k and F have been previously defined 

P is in centimeters 

/?, = 1,600^' 

Ra = 17fc — cos 

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 Po watts, the current 

flowing into the terminals of the loop can be calculated from 

' - x/k-; <“> 
The field strength in millivolts per meter at 1 mile from the loop 

will then be(4) 

Ef = 2347 ^ (23) 

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

Field strength at distances greater than I mile involves con¬ 

sideration of the propagating medium and its attenuation. 

This subject will he discussed later. Hefon^ closing the subject 

of loop characteristics, it is necessary to mention that the loops 

must be balanced (4('ctrically with resi)ect to ground. If this 

is not done, the capacity current flowing betwc'cn each side 

of the loop and ground will not be ecpial, and, henc(% the gn^ater 

current flowing through one sid(» of the loop will produce* greater 

voltage than the other side. This will then (‘ause* an irregular 

pattern in space instead of the regular figure 8 patt(‘rn. 

Course Rotation.—In 1907, E. Bellini and A. Tosi developed a 

system of direction finding that (‘liminated the necessity for 

rotating the direction-finding antenna. 4'his system made use 

of a radio-frequency transformer of uniepK* <lesign known iis a 

goniometer. Tlie men of the Signal (’or[)s and Bureau of 

Standards working on this problem modifi(‘d this goniometer to 

produce a means for rotating the* range* course at will without 

the necessity of moving the* range antennas. 

The goniometer now useel consists of a radio-frequency trans¬ 

former with two primary anel two sece)nelary winelings. The 

secondary windings are mounted on a structure outsiele of the 

primary strue-ture. The inner stnie*ture» is mounte*el e)n a shaft 

so that it may be rotateKl and the coupling between the secondary 

windings and the primary winelings can be* varie*el from a certain 

maximum value to nearly zero. The two primary windings are* 

at right angles to each othe^r., and this also is true for the* two 

secondary windings (see Fig. 17). 1'he* secondary winelings 

are connected one to each of the loop antennas. A mote)r-elriv(*n 

switch alternately connects the transmitte^r first to one* the*n 
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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.NoJ 

¥ig. 17.—The aural-radio-ranpe goniometer. 

Fi«. 18. “Connection of a Roniometer 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 a 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 teen rotated by 90 deg. (in space). 

Suppose now that the se(‘ondaries 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 wilt deliver ecpial energy to both the No. 1 and No. 2 

loops; also the .1 primary will d<*liver ecpial (‘nergies 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 l)ut will !)e in a plane at 15 d(‘g. 

to the plane of the loops. The same ecpiation for field strength 

(E = cos 6) 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 located 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 teen 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 is the maximum 

coupling between primary and secondary, then for one primary 

winding the mutual inductance is (5) 

Mff == M— cos 0 for the No. 1 secondary (24) 

Ma = sin By for the No. 2 secondary (25) 

In these cquatioas, 0 is the angle between the primary under 

consideration and the No. 1 secondary. For the other primary 

winding 
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Af'n = Afnua siii By foF the No. 1 secondary (26) 
M'a = ^ttuut cos for the No. 2 secondary (27) 

The current is a direct function of these mutual inductances when 

the secondaries of the transformers 

are tuned to resonance; therefore, 

if a current of 10 amp. is nduced 

in the secondary when the cou¬ 

pling between primary and second¬ 

ary is maximum (zero-degree 

position) this current will have a 

value of 8.60 amp. if the goniom- 

(‘t(T is rotated to the 30-deg. posi¬ 

tion, 7.07 amp. at the 45-deg. 

position, and 5.00 amp. at the 60- 

(leg. position. The current in the 

other secondaiy will 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 

amp. for the 30-deg. position, 7.07 

amp. for the 45-deg. position, and 

S.66 amp. for the 60-deg. position. 

In spac(‘, the voltages produced by the currents in the two loops 

add vectorially. An example is .shown on Figs. 19, 20, and 21. 

In Fig. 19 the goniometer hits been rotati'd by 20 d(‘g. The cur- 

No.2Loop 
J^^9A 

Posif/br? of A 
phantom hop 

Fia. 20.—Position of tlie A siKiial phantom loop rosulting from currents in both 
sots of l<M>p 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 exactly the same voltage as when the goni¬ 

ometer was in the zero position but has been rotated in a clock- 

Fig. 19.—Position of the N 
signal phantom loop resulting 
from currents in both sets of 
loop antennas. 
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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 dilTertmt polar¬ 

ity, the resulting vector might have rotated in a counterclockwise 

position. In Fig. 20, a calculation similar to that made for the 

N loop is made for the A 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 timing of any portion of thc^ antimna circuits. It is 

also necessary that the variation in mutual indu(‘tanci‘ with 

Original course 
from true loops 

Fig. 21.—Field pattern f)f radio raiiKo generated by the phantc)fn loops of Fi^s. 
19 and 20. 

goniometer rotation does not d(*viat<^ from true sine ancl cosine 

functions. J[n order to meet both of fort'going conditions, 

the coupling between primary and s(‘condaiy must be maintaiiu'd 

at a low value. The usual coeffici<*nt of coupling used in goni¬ 

ometers is not more than 20 ptT cent. The probhun solved 

graphically in Figs. 19, 20, and 21 can, of course, hv solv(‘d just 

as easily by algebraic methods. This method will be dis(*uss(‘d in 

detail later. As far as the problem illustrated in Figs. 19, 20, and 

21 is concerned, it is only necessary to know thc' angle of goni¬ 

ometer rotation, and the cour.se shift will lx* known immediately. 

Course Shifting and Bending.—By ‘‘course shifting^’ is m(*ant 

the moving of the courses of a radio range from theur normal 

90-deg. .displacement to any angle betweim courses of 00 to 120 

deg. The term “course bending” is us(»d 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 Allmny, N.Y., lead to Poughkeepsie, N.Y., on the south; 

Springfield, Mass., on the east; Burlington, Vt., on the north; 

and Utica, X.Y., on tlu* west. Seldom do the important cities 

adjoining a major city lie from it at all the cardinal points of the 

compa.ss. In the ca.se of the Albany station, the angle between 

the west and north leg is 85 deg., betwc'en the north and east 

110 deg., the east and .south 57 deg,, and the .south and west 108 

deg. Niather 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 multiple's of 90 deg., it is necessary to 

bend and shift the k'gs to Ix'ar on the appropriate routes. 

As hiis previously In'i'n explained, range 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 efi‘e(‘tive height, or by introducing resi.stance, the 

course wilt be shifted toward the weaker loop. This is illustrated 

in Fig. 22. In tins figure the angle between the Ci 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 C% 
with an angle between them of only 63 deg. (approximately). 

The angle between the courses can be calculated graphically as 

has been done in Fig. 22, or it can be calculated by simple trig¬ 

onometry from 

6 = 2 arc tan ~ (28) 
Ib 

where 6 = smallest angle 

It = smaller of the currents in the two loops 

h = larger currents in the two loops 

In this expression the two loops are a.ssuined 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 iasertion 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, landing 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 Ni, Ai, A^j, 

and At, The resulting courses occupy positions designated by 

Cl. 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 NAz, Nzy and Ai. The intersection of the resulting 

lobes produces the new courses. It will be seen that Ci is now 

displaced and the angle between opposite courses is no longer 

180 deg. The resulting angle is 203 deg. between the new 

courses C3. The new courses C2, however, although formed by 

the energy from fields of lower value than formerly, retain their 

Fi(i. 23.—Course bending produced by the adtiition 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 

counses can lx* calculated; however, the necessary data are diffi¬ 

cult to obtain, and course bending is usually accomplLshed by 

experimental methods. It can be .seen, however, that b}" using 

l>oth coui*se btmding and shifting each leg of a range can be posi¬ 

tioned so that it Ix^ars on any airway desired. 

Night Effect.—The first United States ranges to go into the 

making of the pre.sent airway system were installed between 

llellefonte. 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 receiv'er. This signal will continue to change, 

and soon a predominant N signal will be lu^ard. All this occurn 

without changing the position of the n'ceiv er. 

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 

FlO. 24.—F^loctrin fieUl comjHmfiU.s l)y loop iintooiui. 

were slowly mov'ing the rotating coils of the gonioin(‘t(*r to and 

fro. * 

This anonialous transmission is caus<*d by the ndiection of sig¬ 

nals by the ionizjed gas layer located above the surface of tlu' 

earth, often r(»ferred to as the Kenn(*lly-H(‘avisid(* layer but more 

properly known as the ionosphere. The mechanism of trans¬ 

mission from this layer will l)e dcscrilMsI lat(jr, but for the tinu^ 

l>eing certain statements regarding the characteristics of this 

layer will be made, which the reader is askcjd to accept. Refer¬ 

ring to Fig. 24, a loop antenna(7) will b(» 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 th(^ 

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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Ev will be given by 

Ev = E cos a (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 a serves to give Ev some constant value 

for the zenithal angle a. The vector E will be without value since 

it acts in a direction that does not affect the receiver, but the 

vector Eh will he propagated by the higher reflecting layers when 

the lower absorbing layers disappear at sunset. Normally this 

voltage is \v(‘ak(‘r than but when propagated under suitable 

ionosphere conditions it may have a field strength ecpial to the 

ground propagat(‘d wave E^,. This vector has for its value 

Eh = E sin « .sin d (30) 

Notice that t h(‘ angle 6 in Fig. 2t is the .same as angle 6 in Fig. 10, 

and r(‘memb(‘r that the normal loop patt(‘rn was described as a 

function of tin* cosiiu' of 6. For a given zcmithal angle a, then, 

th(* voltag(‘ Eh acts as if it w(*re radiated from a loop at right 

angles to tlu* loop that is actually emitting this signal. For the 

position wher(‘ the N signal should be zero, it will actually be some 

finit(* value, which valiu' may be equal to the normal N value 

90 deg. displac(*d from the point of reception of the false signal. 

By taking into consid(*ration the fact that the amplitude of the 

sjmrious, as w(‘ll as the true, signals may be changing as the 

propagating layer changes, it is evident that peculiar effects of 

any character may b(' oixserved. 

The XL Range.—Since* the Eh 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 a merely 

because there w('re currents flowing through horizontal elements 

as well as through vertical elements. The elimination of all 

horizontal components sliould give a a permanent zero value. In 

the di.scussion 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 

calculation of the electrical characteristics of the loop antennas 

used with radio ranges were given, and it is desirable to discus f’ 

the electrical characteristics of the towei*s used with the TL 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. 

Fig. 25.—The TL radio-range antenna system. 

This height is great, but it is smaller than that of many com¬ 

mercial broadcasting stations, the antennas of which often have a 

height of 50Q ft. If the electrical height of these towers is com¬ 

puted for the frequencies between 2(X) and 400 kc., 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 u.sed 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. Thei^e 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. 
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The methods for calculating electrical characteristics of vertical 
antennas have been derived by several authors and would be 
given here except for the fact that these calculatioas were found 
to be inaccurate 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 MMf- At 300 kc. the impedance of the antenna is 1.5 — jG29 
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 l>e le.ss than calculated above. 
This effective height has been measured as 16.1 meters. This 
calculation, 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 tower. 

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 it 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 the loop 
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 r(»turn 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 Ea and En is no longer 180 deg., 
the resulting sum of these voltages will have some othcT value 
than that giv'en by Eq. (1). Actually, the resulting field pattern 
can have any form. It may be a cardloid or a figure 8 displaced 
90 deg. to the normal pattern. Under Uoursc' 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 curre'nts in e‘ach lobe ejf the 
loop pattern. It is evident, then, that in order to maintain 
course stability the phase relatiem as we*ll as the ratio e)f the 
currents in the individual leflw's must always remain constant, 
that is, if the courses are to remain in the^ position to whie*h the'y 
are originally set. 

As has previously l)een discussed, the Q (ratio of reactance 
to resistance) of the United States TL tower antenna is very 
high, and therefore slight changes in capacity of tlu' antc'iina 
cause sericius detuning and tin* current change through the 
antenna will be great. Since such changes in electrical charac¬ 
teristics 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. 20 is 
shown the schematic circuit of the output system actually used. 
The transmitter is connected to the link circuit relay. This relay 
is motor operated and keys the A and N signals previously 
described. Next to this relay is the course shifting jmd which 
reduces the current in one pair of towers. From the pad the 
energy flows through the cohdensers Cia and C\n which s(‘i ve to 
resonate the primaries of the goniometers (7u and f7i„. To tluvse 
primaries are coupled the goniomet<^r secondaries G^a and G^r., 
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resonated by the condensers Cm and C2n. From these second¬ 
aries the current flows to two sections of artificial line in the form 
of two TT sections. From here the energy travels through under- 

Fi(i. 20. SchcMuatic diajjrarn of nuiio-rjingo coupling system. {Courtesy of 
CAA.) 

ground t ransmi.ssion lines to the secondary resonating condensers 
CAa and C'Aa of antt'iina transformers. The secondaries of these 
transformers are re.sonated by varying the inductance. In Fig. 

Fio. 27.—Schematic diagram of coupling system used to excite one pair of 
diagonally opposite radio-range antennas. {Courtesy of CAA.) 

27 is shown the electrical equivalent of one of the tower circuits 
(6). If the voltage at the terminals of one antenna transformer is 
Ei/it will cause a current I\ to flow in the primary and a current 
/2 in the secondary of that transformer. If the primary imped- 
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ance of the transformer is Zi, the secondary is Z2, and the total 
secondary is Z12, the primary and secondary circuit equations 
can be written as follows: 

El = /iZi + /2Z12 (31) 
0 = hZn + hZi (32) 

Before proceeding, it may be well to explain the terms Z12, Zi, 
and Z2. The term Z12 is a mutual term and describes the 
values of impedance reflected from primary to secondary, or 
\dce versa; the terms Zi and Z2 represent the characteristics 
of primary and secondary (respectively) alone, without consider¬ 
ing the values reflected by the cou[)ling. The term Z2 covers all 
secondary values including the characteristics of the secondary 
tuning units and antenna. 

Equations (31) and (32) can be simplified to 

T _____ _ 

~ Z1Z2 - Z\2 

7 __ /2Z2 
ii =- 

ij\2 

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

E. = E, cos e + jhZo sin 0 (35) 

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

6 = in radians (36) 
A 

or 
« 3605 . . 
6 = - - in degrees (37) 

A 

The antenna current I2 is a function of the sending-end volt¬ 
age and the impedance interposed between this sending-end 
voltage and the antenna. This impedance is commonly called 
the transfer*' impedance. This transfer impedance can be 
expressed by dividing Eq. (35) by Eq. (33) and sul:)stituting for 

11 its value given in Eq. (34) 

JB,2 = ^ = Z12 cos $ — (Zi cos d + jZo sin 6) (38) 
12 ^12 

(33) 

(34) 
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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 

^ Zi2COS^ 
(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 6 “i” jZo sin 6 — 0 (40) 

Z, = jZo *"-4 = 3Z0 tan d cos 0 
(41) 

If primary resistance is neglected. 

Xi = —Zq tan d (41o) 

and 

Z»2 = jx 12 cos 0 (416) 

It is possible to make a circuit that will satisfy Eq. (41) except 
when 0 = 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 Es to 12 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,/l2 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 satisfy 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 

n 7j\ — 

==- 

which is the same as 

7i\\ Xh2R2 ~ 

K^2 d" X^2 R“2 "I" X^2, 

(42) 

(43) 

If the characteristic impedance of tlie transmission line is a 
pure resistance, which is true for the ceramic-air liiu's, tlie real 
part of the foregoing expression slumld he ecpial to tlu' cluiractei 
istic impedance of the line, and the reactive comimnent should 

be zero. 

^0 RS + XS ' 

0 = A', 
Ah.A, 

A-., 

(44) 

(45) 

If the pha.se angle of the antenna circuit is defint'd hy 

if, = arc tan 
A.. 

R2 
(46) 

then Elqs. (44) and (45) may he written as follows: 

A 12 
VXoRi 

COS d 
tan ^ — tan 0 

(47) 

(48) 

Equations ^47) and (48), tiuai, must be true if tlu^ liru* impedance 
is matched. 

If Eq. (41) is satisfied, (416) will be a pun' imaginary and will 
denote a OO-deg. phase difTeronce betwec'n 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 Ls 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 circuit 
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 arc 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 A 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 A 
tower currents will be unaffected. As has previously been shown, 
if the N energy lob(\s 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 acrcjss the transmission lines; hence the sending-end 
voltage will always be equal for any transmission-line impedance. 
If one of the antennas becomes detuntnl, the current will drop 
equally in all four towers, and although the received signal 
strength will be decreas(‘d, the course alignment will not change. 
In order to maintain the goniometm* setting at 45 deg., it is 
necessary that the (h'sired 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.—W hen 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 A and N 
signals were interrupted so that the weather in the area in which 
the range was located could be broadcast. 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 consecpience. However, as the range began to be used 
as a means for allowing the jnlot to come down through a solid 
overcast to a low cculing, the loss of these guiding signals during 
the crucial descent period was a serious matter. Such an inter¬ 
ruption meant that the pilot luul to begin working out his 
instrument problem all over again. Not only was time lost, 
but invaluable (piantities 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-broadcasting schedule and was 
unsatisfactory in other ways. A solution to this problem would 
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hav© 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 tran.sniitting the weather and 
range signals simultaneously with a means for selecting either 
type of signal at will. This .solution consisted in adding to the 

Fio. 28. Principles of the simultaneous rurlio 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 frequency so that it now had a v^alue that was 
1,020 cycles higher than previously. To the ct^ntral tower there 
was connected a new transmitter operating on the carrier 
frequency previously used hy the range transmitter. The tone 
with which the range transmitters were modulated w'as removed 
so 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 virtue 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 60 cycles, and consequently the com¬ 

mercial power source supplies a frequency standard 
The transmitter connected to the corner towers of the range 

station is keyed 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¬ 
mitter connected to the center tower must transmit continuously 
or else the tone in the receiver will disappear. When necessary, 
this center tower transmits weather broadcasts in the form of 
voice. A wave filter is, however, connected in series with the 
microphone circuit 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 broadcast 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 cycles, 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 secui'ed were it 
desired to pass only 1,020 cycles 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 a 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 A from the N signal has been observed with a 

filter having characteristics 
that were too ^^good.'^ The 
combined weight of the two 
filters is usually less than 3 lb. 

The Simultaneous-range 
Tramsmitter.—Since this is the 
most common transmitter used 
in this country and is somewhat 
unusual in design, a description 
will b(‘ given here. It actually 
consists of two transmittei’s in 

a singl(‘ frame. Both transmit¬ 
ters are crystal controlled by a 
matched set of zero-tempera- 
ture-C()(‘ffi(‘ient crystals that 

a,ssure a frequency separation of 1,020 cycles betwecm the two 
carriers at all times. The weather transmitter has a power out¬ 
put of 400 watts and is capable' of being modulated 70 per cent 
with voice. This transmitter is connected to the center tower. 

The transmitter that furnish(*s (in effect) the single side band 
is unmodulated and has a power output of 275 watts. Two 
transmitters, as describe'd, are usc'd in each station and are so 
arranged that either can he conn(*ct(‘d to the antc'nna .^ystc^m in 
the event of failure of one unit. A goniomet(‘r unit common to 
both transmitters is u.sed, but it is eciuipped 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 purcha.sed and installed but 
was later removed from service. Although none of the.se device's 
are in use today, the engineering a.ssociated with this development 
had many unusual features which are inte'H'sting. The trans¬ 
mitter consisted of two radio-frequency amplifiers each connecte'd 

Fio. 29. —Characteristics of the 
filters used for simultaneous radio- 

range reception. 
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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 frcciuencios 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 (iombine to form a space pattern; hence, if the 
methods discussed in that chapter arc applied to the energy 
from the two loops, it will be seen that the resulting space 
pattern is again a figui’c 8, but located with its maximum vector 
45 d('g. to the plane of the loops. As the two amplifiers were 
modulated, however, side-band frequencies were present. These 
wer('. 

Fc + 65 
Fc - 65 
Fc + 86.7 
Fc - 86.7 

In those expressions Fr is the carrier frequency. Two of the 
t('rms repr(\s(‘nt the upper whereas the other two are the lower 
side bands. Since these four freciuencies are not identical, they 
will not combine in spa(‘e but will form a normal twin figure 8 
pattern in space. The carrier wave, however, is necessary 
regardless of tlu* i)ositi()n of the rec(‘iver from the antenna in 
order to i)roi)('rly (hdect (demodulate) the wave. A circular 
field-strength j)attern for the carrier wave is desired, while the 
side-band patt(M*ns should be two figure 8^s at right angles to 
each other. In ord(‘r to accomplish this, a common oscillator 
was used for both amplifier channels; however, a network shifting 
th(^ phase' of th(^ exciting voltage to one amplifier w^is used. The 
rc'sults were two wave's of e'epial magnitude and frequency but 
with a 90-deg. phase difference between them. When energy 
from the two loops is adeleel ve'ctorially for every position about 
them but with 90-de'g. displace'd ve'e*tors, the resulting pattern 
will be a cire*le; 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 })lanes of the loops, the received side bands will 
be equal for 65 and 86.7 cycles, 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 output 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 attach('d 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 cycl(‘s per se(*ond. As the various 
side bands were receiv'ed, the corresponding reed (uid vibrated 
to form a ‘‘blur.” The amplitude of this l)lnr was proportional 
to the received signal strength. When both sets of side brands 
were received with equal intensit3% the blurs had ecpial ampli¬ 
tude. The fact that the airplane was flying in the din‘cfion 
of the plane of one loop more than tln^ oth(‘r was indicat(*d by 
the relative amplitudes. The maximum amplitude was also an 
indication of the proximity of the airplanes to the radio station. 
Because the reeds were very sharply tuned, they w(‘re unappre- 
ciably affected by static. The accuracy of the applied fn'quency 
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 consist(‘d of adding a thiid 
amplifier to the system described above. 44i(* common oscillator 
was connected to the amplifiers by means of thr('(‘ phas('-shifting 
networks (one per amplifier) so that the carrier fnujuencies at 
the output of each amplifier had a 120-deg. phase displacement. 
This third amplifier was modulated with a 108.3-cycle tom*, 
whereas the other two am[)lifi(*rs were modulated with 65 and 
86.7 cycles, respectively, as describ(*d above. 

The antenna system consi.st(*d of the two crossed loops, but 
these were connected to a goniometer having six secondaries. 
In pairs, these secondaries were mutually perpendicular to ea(*h 
other. Three of the secondaries were connected in series and fed 
one of the loops, whereas the other three were also conn(*ct(*d 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 ellipse. The side bands form three figure 8 patterns. The 
angle between the major axis through these three figure-8 
patterns was ()0 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 described, except that the indicator has 
another 65-cycle reed and a 108.3-cycle reed. The added 
65-cycle reed is mendy 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 tweh^e-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 tlu^ aural range, since a change in transmitter power 
output would affect both the .4 and the N field patterns equally. 
Another difficulty expeihuiced was with the tuned reeds. Appar¬ 
ently they lost tludr calibration in service. It is interesting to 
note, however, that the desirability of a visual indicator was 
I’calized as early as 1927 (about the time that the first aural-type 
ranges were instalk'd for service). The latest thoughts with 
regard to visual ranges w ill !)e discussed in the next chapter. 

Geographical Coverage of Radio Ranges.—In order to know^ 
w^hat spacing (in miles) to use between radio ranges, or, the 
corollary, what j^ower to 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 pow’er- 
output expression. This is that part of the formula w^hich 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 induction field, it is convenient to base the first poi*tion 

of this calculation on the mile distance. This portion of the 

formula was already given by Eq. (23) 

234//le 
X 

(23) 

In the section under antennas^ the effective height of the range 

tow'er was givTii as 16.1 meters, but this must further modified 

because of the two-tower (‘onfiguration. Tlu' two-towei- correc¬ 

tion applying only to calculations of fi(4d strength 15 deg. from 

on course is a function of the tower spa<‘ing and is given by(14) 

Kr = A, ^ 1.414 sin 

where h^r = corrected effective Insight 

he = effective height of tower 

d = spacing between towers 

X = wave length, met(*rs 

A further correction must l)e made to take care of the side-band 

characteristic of the simultan(X)us radio range as follows: 

0.212X1 

K2 nin 

(50) 

where Km == factor by which the field stnuigth is measured to 

account for the modulation characteristics of the 

range 

Ky = square root of the ratio of unmodulated to modu¬ 

lated transmitter power ca])acity 

X2 == ratio of side band to carrier- amplitude re\sulting 

from attenuation by sharply tuned antenna erreuits 

For the conventional range, Ki equals 1.22 and K2 was calculatexl 

to be about 0.6. Cos d refers to the point of measurement as 

discussed in the paragraph under range theory. 
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The current in the base of the antenna expressed by / in Eq. 

(49) is a function of transmitter power and efficiency as well as 

tower resistance; thus 

/ = V' R 
(51) 

The resistance of the towers was given as about 1.5 ohms. The 

efficiency of the coupling system is subject to many variables, 

but sinc(^ the resistance of the tower is so low, even the best 

inductances that can be constructed will have a resistance equal 

to or higlier than that of the tower; hence, efficiency cannot be 

expected to b(i much more than 50 per cent. 

The natural diminution factor can be easily applied merely 

by dividing the fi(‘ld 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, l^ut for th(‘ longer waves the most consistent 

of these, when checked repeatedly by actual measurements, 

appeai-s to be the van der Pol formula. This formula gives a 

fa(‘tor ])y which the field strength computed, as described 

above, must be multii)lied in order to obtain the actual value. 

Factor ^ is given b3^(l5) 

2 + 0.3P_ 

2 + P + 0.6P2 
(52) 

or where P is greater than 20 by 

r is Kivon l)v 
p ^ 0.842r_ 

^ XV X 10'* 

(53) 

(54) 

In this expression, r = distance from transmitter, miles 

X = wave length, kilometers 

(T = 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 Ffaleral 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 fiV 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 

Tabi.e I* 

Terrain Soil type 

Difference 

in elevation, 

ft. 

Conductivity, 

e.m.u. X 10^^ 

Sea water. 10,000 

Fresh water. 

Marsh. Loam and silt 
6,000-8,000 
1,000 

Flat or gently rolling. . Black loam 50 150-200 

Polling. Ix)am and sandy loam, 

loam predominating 

50-100 80 100 

Rolling. Sandy loam predomi¬ 

nating 

100-500 60-80 

HUly. 

Suburbs and small 

Gravelly, sandy loams 

and rocky loams 

500-800 40-60 

towns. 30-40 

Hillv. 

Flat or hilly. 

(iravelly, sandy loams 

and rocky loams 

Sand and shale 

GOO-1,000 30 40 
1 

25-40 

Very broken. Gravelly, stony land 300- I.IKIO 20-30 

Residential sections... . 20-30 
Mountainous. Stony land 1 .(K)O-l ,500 10 

Broken mountainous... Stony land 1,0(X)-8,(XK) 5 7 

* Reprinted by courte«y of the RCA Manvifacturirijc Company, Inc. 

distances up to 65 miles only, for soils of low conductivity and 

up to 210 miles for soils of high conductivity. Actually, there 

is another factor not accounted for by this formula but which 

will te discussed in Chap. X. This is the important ionosphen* 

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^H 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 

Fio. 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 kc. This 

antenna is usually connected directly across the first tuned 

circuit in the receiver. The first circuit must be designed for 

high amplification, tis the desirable signal-to-noise ratio is usually 

sp(H‘ified as 6 db with an input of only 1 /iV and 30 per cent modu¬ 

lation. The first circuit of a range receiver is usually that of a 

first radio-frequency amplifier. This is necessary because the 



64 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

desired image-frequency suppression (in order to eliminate 

interference from broadcast 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 frequen(‘y far removed from the carrier 

frequency, so no interlock difficulty is experienced. Intermediate 

frequencies of both 90 and 180 kc. have been used. A selectivity 

of a high order is required for avoiding int(‘rf(‘rt‘nce from stations 

separated by only 3 kc., so two stages of intermediate frequency 

-10 -8 -6 -4 -2 0 ^2 ^4 -►S 
Kilocycles from resonance 

Fig. 31.—Selectivity characteristic of a modern rarlir>-ran>7e receiver. 

amplification are necessary. The desiral)le s(*l(‘ctivity providt's 

a band width of only 7 kc. when the atttuiuation (compared with 

maximum response) is 20 db. Suitable selectivity character¬ 

istics are shown in Fig. 31. Sensitivity is automatically of a 

high order when the selectivity retiuirements are mt't. It is 

usually specified that not more than 1 /xv of 30 ptu- cent modulatt'd 

input is required in order to produce 50 mvv. of audio output over 

the entire band. The reason given for demanding this high 

seasitivity was that the receiver should still behave in a satis¬ 

factory manner even though it was nec*essary to o])(*rate with a 

very low-voltage battery (in event of generator failure). 

The design of the second detector must be carc'fully con¬ 

sidered because in this detector the audio signals from a simul¬ 

taneous type range ar(» actually generat(;d. l']v(‘ry 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. 32 is shown the phenomenal 

difference in results between using a linear and a square-law 

detector. 

Flu. 32.—Hffoct of and liiioivr dotcctors on the reception of ainuil- 
taneovis rudio-ranne signals. 

Th(» W(*ight of reci'ivers of this type, including a high-voltage 

dynamotor for plate power suj)t)ly, should not exceed 22 lb. 

Obviously, witli such excellent selectivity, it is impossible 

to secure good ([luility. The fretjiKuicy response is seldom flat 

within I db from 2(X) to 2,000 cycles. A typical response is 

shown in Fig. 33. After examining this figure, it is natural to 

(jiiestion whetht'r or not sufficient intelligibility remains upon 

subtracting th(' response' of the filter of Fig. 29. This phenome¬ 

non bears testimony to the fact that although a monotone may 

be unplofisant to the ear, it is all that is necessary in order to 

convey intelligibility. The sharp selectivity serves to exclude 

static and, hence, aids in making the range signals eiusily 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 

Frequency, cycles per second 

Fig. 33.—Audio response of a modern rudio-ninge receiver. 

strength is more than 50,000 to a distance of more than 

100 miles where the field strength is 50 mv or less, an effec¬ 

tive control of gain must be provided by controlling physi¬ 

ological factors. This consists in providing a rath(*r large audio 

power output, so that th(‘ opi^rator must reduce his n'ceiver 

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 {A or N) that is stronger in space will be w(‘aker in the 

headphones, while that which is weaker in space will lx* 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, 0 is the angle of sight, and a^. Ls 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 is 

Antenna angle ttj 

Fio. .34.—Variation in boaring error for various range-receiving antennas. 
{Reproduced with the consent of the Franklin Institute,) 

00 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 (15 approach(»s 90 d(‘g.). For years the vertical antenna 

was us(h1. This consisted of a self-supporting streamline mast 

with a (*ross section having a major axis up to 0 in. and a height 

up to () ft. This mast was located on top of the fuselage. The 

comparatively large height was necessary in order to secure 

sufficient pi(*kup. The (*xact electrical characteristics of this 

antenna are not known, but they probably were equivalent to a 

condenser of about 30 Obviously, such a structure was not 

desirable from an aerodynamic standpoint. This mast was 

subject 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 concluded that a flat top could be attached to the 

antenna if this flat top were sjmimctrical (as in a T 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 although the top 

section added nothing in so far as pi(‘kup was (‘oncerned, 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-spe(‘d 

airplane. A great amount of maneuv(‘ring 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 hanks, evem in passemger 

service. These banks ar(‘ usually less than 45 deg., but th(‘y 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 antemna may produce course' 

error. 

A T antenna with the flat top across the line of flight in such a 

po.sition that the vc'itical component incrc'asc's during banks 

may be helpful, but such a .structure is subje^ct to icing. In 

1932, Tnite'd Air Line's d(*v(*lop(‘d a symme'trical V ante'iina 

which, although b(*tter than the' cro.sswi.se' T from an aerodynamic 

standpoint, still retains tiu' ability to add vc'rtical component 

as the airplane is banked. 

This V antenna is spac<*(l a distance of only 18 in. from the 

fu.sf'lage at the ap(‘X of the V and is very clo.s(‘ to the fus(‘lage 

at the extremity of tlu' V. The leadin conu's from the' apex. 

Each leg in the V is 85 in. in length, and the h'adin (to the 

fu.selage insulator) is 75 in. The incluele'd angle betwe'en the 

sides is about 90 eleg. 

The total capacity of this antenna is about 90 /igf, and to this 

the lead from tlie fu.selage insulator to the' rect'iv^e'r adds 50 /u/if. 

These antennas can lx; consielenKl as g(*nerate)rs having as their 

internal imfx'dance, impedances equal to the capacitive r(*actance 

of the antennas, and having shunted across their terminals the 

lead-in capacity. It can be .seen that if the capacity of the vertical 

mast had been of the order of 30 ggf, and the lead-in capacity 
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had been 50 MMf, 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 ^6 ini- diameter steel showed it to have a capacity of only 15 

/i/xf. This antenna would deliver very little of its induced voltage 

to its receiver if the leadin had a capacity of 50 /x/uf. 

In adding a flat top section to the short vertical antenna, the 

effective internal impedance of the generator is lowered. If it 

Frequenoy^kilocycles 

Fkj. 35. -Tho low-iinpodanro (-oiipliiiK system for radio-range-reeeiviiiKantennas. 

can be lowered to flu* point wliere it is small whi^n 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 luis ])een po.ssihle to eliminate some of the lead-in loss 

by the use of these transformers. A transformer is located at 

the fus('lage insulator, whi<*h in effect reduces the antenna 

impedance to a low figure. The secondary of this transformer is 

connected by means of a low impedance shielded coaxial trans¬ 

mission line to the primary of another transformer in the receiver. 

Here the impedanc(' is stei)ped up and connected to the grid of a 

tube. Figure 35 shows the performance of such a transformer as 

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 is 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) 

because it could not be shielded, otherwise it w^ould 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 incretised, and in 

an attempt to simplif}^ the antenna structure there hav(^ beem 

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 dcsij^ned for use with triangular loop antennas. These 

antennas have a center pole 35 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 ft. above tin? ground and 

60 ft. long. Design a complete coupling circuit for this range, specifying 

the values of each condenser and coil used, assuming that th(* tuning unit is 

connected to a 70-ohm transmission line. 

2. The government allows a 1,000 nv per meter signal at I 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. Omipute the resulting courses. 

4. Owing to a faulty insulator, the current in the east tower was observ'ed 

to have fallen to amp. The output circuit was designed as has been 

described in this chapter, Cyompute the resulting field pattern, and discuss 

in detail what the pilot would hear under these conditions. 

5. Over what distance is a localizer producing a 1,000 mv per meter signal 

at 1 mile useful if the soil is rolling with sand loam predominating and 20 

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 discaissed in 

detail, also some of its aberrations and their cures. There are, 

however, some phases of this irr(‘gular range beha\uor that have 

not yet been corrected. Tests with rang(\s operating on ultra- 

high frecpiencies, as w(‘ll as theoretical considerations, indicate 

that the solution of certain of these problems lies in the use of 

the higher frcHpiencies for the range facilities. In this chapter, 

then, the faults of the low-fre([uencv rang(‘ will first Ik* discussed, 

then the ultra-high-fre(iueucy range* teclmiepie which is at present 

undergoing development will Ik* introduced. 

Bent Courses.—The* fact that the* range ope'iation was found to 

be hampered by certain ph(‘nomena do(*s not m(*an that its use 

disclosed some hitherto unknown charact(*risti(‘s of radio-wave* 

propagation. This was de*cide*eUy not true fe)r the e*ase* e)f bent 

course*s. This phe‘nome‘non was le)ng kne)wn te) marine* operators 

who found, upon taking l)e*arings on radio statiems l()cate*el at some* 

distance from the sea e‘e)ast, that the* raelio wave's apj)arently 

^‘bent” as they reache*d the* coast, so it was name*d the “shore* 

effected). This e*tTe*e*t is expe*rie*ne*e*el by airplane*s flying in 

mountainous terrain. A particularly e)utstaneling example of 

this effect, not lK*cause it is the* me)st se‘ve*re* e*ase* e*xisting in the 

United State*s, but because* it earn be* se) cle*arly e)bse*rv(*el, occurs 

in one section of the Alle*ghe*ny ^Iountains whe*r(* the‘re* are a 

numlx*r of parallel rielge*s separateel, pe*rhai)s, by some 25 miles. 

By carefully following the on-e*ourse signal e)f the* radio range, the 

path or area in whiedi inte‘rlocke*d signals exist se*ems to be*nd each 

time the signals reae*h ejue e>f the*se rielge*s. 

This phenoraerie)n can be* e*xphiineel by the simple illustration 

shown in Fig. 30. Each elot in this figure* re‘pre*sents a marching 

soldier. The column is marching six abre*ast on a road when 

they strike a mudely fiedd. The speed e)f the first soldier to 

strike the field is slackened. This also occurs a me)ment later 

72 
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to the second soldier, etc. The front of the column is skewed, 

and an observer would conclude that they are marching in direc- 

Fia. 36.—Skewing of the front of a inarching cohiinn caused by increased 
iin pediment. 

tion \vhon‘as 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 Ls necessary to caution against 

the extension of this analogy 

for, although the men would 

doubtlessly correct their di¬ 

rection of march in ordca* to 

reach the desired destination, 

there is no for 

scribes such behav 

radio wave. 1 

propagation of th(' radio wave 

is at right angl(\s to tlu' wave 

front; hence altered direction 

is inseparably iissociated with 

a skewed wave front. 

Fio. 37.—Bending of radio ray 
caused by differoncos in soil con¬ 

ductivity. 

For mathematical purposes, this same phenomenon is shown 

diagrammatically in Fig. 37. In this figure a radio beam travel¬ 

ing in direction A A along dry ground reaches a lx)undary between 
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dry ground and an area of rocky ground. The beam makes an 

angle i 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 [SnelFs law(2)], the following expression 

may be written: 

(65) 
sin r rii 

In this expression the angles i 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 refractivo index can be expressed 

by(3) 

” = +Vi + fa,"') 
This expression is based on a wave traveling through a medium 

having a dielectric constant € and a conductivity <t (expressed 

in electromagnetic units). The term c is the velocity of radio 

waves in a vacuum (equal to 3 X 10^® cm. per second) and 

CO = 27r/.where / is the frequency of the radio wave in cycles per 

second. It is apparent that the course error can be expressed by 

sin~^ i — .sin“^ r (57) 

If a calculatfen of course error is made for a frequency of 300 kc. 

with the wave pa.ssing from dry ground with a dielectric constant 

of 4 and a conductivity of 1.18 X 10~*® to rocky ground with a 

dielectric constant of 4 and a conductivity of 1.18 X 10“^^, a 

value for sin z’/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 

course error is 

45° - 12°15' = 32°45' 

If the same computation is*made and the same value for the 

dielectric constant and conductivity is used, but the frequency is 

assumed to be 100 megacycles, sin t/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 calculation is not 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. 

Fio. 38.—Plan view of multiple low-fre(|uoney range eoursos produced by moun¬ 
tainous terrain. {(’ourUsy of (MA.) 

Multiple Courses.—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, intersp(»rsed 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 



76 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

multiples can be attributed to the presence of vertical surfaces 

in the vicinity of the radio range. 

In Fig. 40 are shown the lobes of a radio range located at 

point K. The line M represents the plan view of a vertical 

surface (such as a wall). The maximum ray from the A lobe 

(marked ^4) 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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as Ar. In its travel away from the vertical wall it inet'ts other 

energy propagated directly from the rangt'. It m(‘(‘ts, at point 

P, a ray coiLsisting of more A than N signal, but tlu' A energy 

is less than the direct A ray which struck the wall. In the 

process of reflection, th(* phase of the A ray is chang(*d. 

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 P, them, th(‘ reflect(‘d A 
ray may diminish the amount of A energy in such a manner 

that it will be eejual to the N energy and, hence, i)roduce 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 A 
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and N, The direct ray marked 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 A ray will act similarly to the maximum 

Fig. 40.—Knergy from a radio raiiKt' striking a vertical wall from which it 
is reflected, .\fter reflection, it combines with energy coming directly from the 
radio range to form multiple courses. 

ray, and an area, rather than a point, will be present in which the 

phenomena descrilxHi will occur. The angle at which the A ray 

strikes the wall was chosen to have a large value; however, this 

angh' can have any value, and it can be readily seen that signal 

patterns of any description can be produced by the proper choice 

of angles and distances to the wall. 

If now there is substitutt'd for the vertical wall a 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 w’ould 

appear that the only freedom from these multiple courses 

would lie either in the impractical conditions of having no vertical 
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reflecting surfaces or in the use of radio waves that are not capable 

of being reflected. It 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 kc. can hardly exist 

over a distance of more than 2,430 ft., or approximately \ mile. 

If, however, the frequency had been 125 megacycles, this same 

multiple would extend over a distance of only 3.9 ft. An airplane 

Fio. 41.—Theoretical field strength of the A and N signals in a section of 
terrain 7.4 miles wide across the course of one leg of the Pittsburgh radio range. 
{Courtesy of Institute of Radio Engineers.) 

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 directly 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 indicate 

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- 

Fi«. 42. - -Actual field strength of the A and N signals measured for the range 
course of Fig. 41. The range operates on a frequency of 254 ke. {Courtesy of 
Institute of Radio Engineers.) 

Fig. 43.—Actual field strength of the A and N signals measured for a 63-mega¬ 
cycle transmitter. This transmitter was located near the transmitter, the 
characteristics of which are shown in Fig. 42. Measurements were made in the 
same area as those of Fig. 42. {Courtesy of Institute of Radio Engineers.) 

sidered from a theoretical standpoint. The measurements were 

for a range operating on 254 kc. 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 iV, the converse is sometimes true. 

In the areas where the N signal should have a strength greater 

than the Ay 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 

'rr-'v 
i 

//, 

Fia. 44.—Transmission of ultra-high fro<iuonries showing tlu* direct and ground- 
reflected rays. 

of polarization is important because of its effects on the behavior 

of space patterns. It is inseparably associated with propagation 

characteristics 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 r(H‘(‘ived by a receiving 

antenna of height H2. Two rays of (‘nerg>^ reach this antenna. 

One of these rays travels directly from the transmitter to the 

receiver and is called the ^Mirect 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 th(‘ 

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: 

^ sin 5 1 (58) 

In this equation, 1/ is the difference in elevation of the various 

points on the surface under discussion, X is the wave length, 

and 6 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 

Fig. 45.—Ratio of strength of the incident to the reflected ray for various incident 
angles but for soil of a given conductivity and dielectric constant. 

longer acts as a regular reflector, but many of 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 conditioiLs 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 

0 5 10 15 20 25 30 35 40 45 50 55 

Angle of incidence,degrees 

Fio. 40.—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 4(> 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 I 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 coefficient. For the same soil 

conductivity (and dielectric coastant), but for vertical polar¬ 

ization, the reflection coefficient varies from 1 to 0.87 with varia¬ 

tion in incidence angles from ^ 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 zei’O to nearly 180 deg. as the angle of 

incidence varies from zero to 50 deg. These data, it must be 

emphasized, do not represent tl e general case but hold true for 

soil of a certain dielectric constant and conductivity and are 

used only as a single illustration of 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, 

as the airplane moves with respect to the transmitter, thereby 

receiving energy 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 radio ranges 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-high-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-impedancc transmission line. In order to preserve the 

uniformity of the 6gure-8 fiekl-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 balanced electrically 
with respect to ground. An antenna system of this type emits 
horizontally polarized waves. 
It is shown diagrammatically 
in Fig. 47 

Following the theory previ¬ 
ously discussed for the TL 

Fiq. 47.—Antenna array suit¬ 
able for aural ultra-high-fre¬ 
quency range transmitting hori¬ 
zontally polarized waves. 

Fio. 48.—Antenna array suitaldc 
for aural ultra-high-frequency range 
transmitting vertically polarized 
waves. {Courtesy of CAA.) 

range, it can easily be understood that two half-wave antennas(7) 
erected vertically and spaced approximately one-half wave length 
apart will produce a figure-8 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 necessary 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 station 

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 described, the economy 

of such a range over the low-frequency types previously described 

is outstanding. The cost of a complete simple ultra-high-fre- 

quency range would be less than that of a single low-frequency 

y 

Fiii. 49.—Alford transmitting type ultra-high-frequency loop antenna. 

TL tower. A simple vertically polarizt'd 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 stmsitive 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 application 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 eases 

the length of the sides I is one-eighth wave length or less. The 
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folded ends of the antenna are so 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 vertical 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. 

Fig. 50.—Alford receiving typo ultra-higli-frecinency loop antenna. 

The radiation resistance of th(‘se antennas is given by a 

quasi-empirical formula 

In this exi>ression, A is the an^a (‘xpr(‘ssed in stpiare units similar 

to those used for X, the wave length, '^rhis valu(‘ for the practical 

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 ohmic r(‘sistanc(‘ and has been 

found to be as high as 95 per cent for tlu^ form depicted on Fig. 49. 

The efficiency of this antenna has b(*(‘n nu'jisured to be identical 

with that of a half-wave dipole. 

The input impedance of this aniimna is larg(4y reactive, so 

it must be fed by a resonant transmission liiu* or a tuned circuit. 

The transmission line is prebured because it furnishes the best 

ratio of reactance to resistance and b(»caus(» it s(»rves as a connec¬ 

tion from the antenna without the necessity for locating the 

resonant circuit 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 ^ njr (^0) 

(Zo sin 27rs/X)2 

where R = resistance of the line 

V = voltage at its terminals 

Zo = characteristic impedance of the line 

s = length in ur^ts similar to those used to express the 

wave length X. 

From this expression it is evii ont that the power loss can be 

kept to a minimum by making R as low as possible and Zo as high 

as possible. This reciuirement, it can be shown, dictates the use 

of a transmission liiu^ 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 b(^ made low by making the characteristic 

im[)edancc 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 

C^hap. TI, it can b(^ seen that the field strength on the course 

of the aural range is not the maximum voltage but is 

^>(uM COUP.,) = cos 45° = 

That is, the on-course signal strength is approximately 2.7 db 

less than the maximum. To express this condition from a 

different i)oint 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 und(\sirable to concentrate the maximum power in the posi¬ 

tion that is used the least. This situation has been discussed 

on various occasions, 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 4 to iV signals 

1.5 deg. off-course is a minimum of 0.34 db. 

This very desirable pattern is obtained by using five Alford 

loops. All five loops are coplanar and spaced as shown in Fig. 52. 

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

Two of these loops having a 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 

diameter of this counterpoise is 35 ft. It is very important 

divider 
Fia. 52.—Five-loop antenna array used to produce the field pattern shown in 

Fig. 51, {Courtesy of CAA.) 

that this counterpoise have a diameter at least equal 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 

f 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 from the 

copper pipe with ceramic insulators. The surge impedance of 
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the transmission line is 175 ohms. The entire 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 crystal 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 too indefinite when certain airways 

are being crowded by high-speed airplanes. The necessity 

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 decision 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 cycles while the other passes 150 cycles. After 

these two components have been separated, they are rectified 

and applied to two coils 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 

Fig. 63.—Field pattern of visual ultra-high-frequency range. The solid 
and dotted lines indicate the field strengths of the 90- and 150-cycle signals 
respectively. I'he 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 visual 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 means 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 principle behind the new 

automatic ultra-high-frequcmcy range bearing the same name. 

If a loop antenna and a vertical antemna are energized simul¬ 

taneously by radio-frequency power from the same course, but 

the phase of the current in one or the other (either one will serve) 

is shifted 90 electrical degiws, the resulting pattern will be a 

cardioid, provided that the effective heights of both antennas 

as well as their currents are equal. This same pattern can also 

be obtained by using two loo[) 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 300 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 ^^nuir^ of the cardioid passed through true north, 

the transmitter was automatically disconnected from the goni¬ 

ometer and simultaneously modulated by a distinctive 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 a means for setting the second 

hand to Jsero when the distinctive 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 mechaiiically 

rotated goniometer and stop watch mentioned as associated 

with the older art, the Radio Corporation of America has devel¬ 

oped and demonstrated a new type omnidirectional radio 

range(9). It has been shown in the previous chapter that if two 

N 

Fig. 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 

El = Etnsj, cos 6 (61) 

It is possible, however, to connect to these antennas only the 

side-band energy of a radio transmitter, employing apparatus 

known as a balanced modulator. If this is done the radio fre- 

(pieiicy in each antenna will vary with the audio frequency of the 

balanced modulator, or 

- Eo cos (2ir/a0 (62) 

Substituting Eq. (62) in Eq. (61), the following expression 

results: 

El = Eq cos 6 cos (27r/a0 

If a second pair of vertical antennas were erected so that the 



94 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

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 

E2 = -Emax sin 0 (63) 

This expression was previously discussed for the long-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 frequency were retarded by 90 deg., 

the radio frequency in this vsecond pair of antennas would be 

given by 

= Eo cos (2irfat - 90°) (64) 

or 

E„^^ = —Eo sin (27r/„0 (65) 

Substituting Eq. (65) in Eq. (63), the following expression 

results: 

E2 = —Em^ sin e sin (27r/a0 (66) 

The total field can be obtained by adding Ei and E2 as follows: 

Ed = El + E2 = E^ [cos 6 cos (27r/a0 — sin 0sin (27r/a0] (67) 

or 

Ed = E^^^ COS {2Tfat + d) (08) 

The field produced by a nondirectional antenna is everywhere 

(except very close to the antenna) at a 90-d('g. 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 

Et = En Ej^n cos (27r/o^ "b 6) (69) 

If Es equals 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 function of the angle 0. 
That is, it reaches a maximum as a function of the position 
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occupied by any particular point in space as a function of the 

relation between this point and the antenna array. In other 

words, there is achieved a cardioid 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 cycles) 

produces a rotation of the cardioid pattern at a speed that 

could not be practically achieved with the rotating goniometer 

previously described. In this system, in addition to the pro¬ 

visions previously described, a method is included for momen¬ 

tarily stopping all transmission when the maximum of the 

cardioid reaches a true 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 t<j 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 frequency 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 

oscilloscope deflecting plates. As is well known(lO), 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 screen. 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 optical 

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: 

£/ = 3.2 ^ ^ (70) 

In this expression, E/ = field strength, microvolts per meter 

P = transmitter power, watts 

X = wave length, meters 

hr = height of receiving antenna, feet 

hi = height 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 dii)ole located an appreciable distance 

above the earth and tliat the value of d is great as compared with 

either hr or ht. The limit of the optical path for spherical ('arth 

may be taken as the geometric shadow. This shadow occurs 

when 

d = \.222{Vhr + Vh^ (71) 

That is, Eq. (70) is true only for distances not greater than those 

given by Eq. (71). Actually, Eq. (71) does not take into account 

the refraction, so in the limit an appreciable field strength may 

be present beyond the distance given by Eq. (71). C'ompensa- 

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 = \A{y/hr+Vhi) (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 megacycles 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. 55. These data show that, within the optical path, field 

strengths of 250 to 350 gv 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. 

Distance, miles 

Fig. 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 indicati'd 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 
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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 receivc'rs 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-syst(un localizer reception, 

and the second portion is for reception of radio-range and traffic- 

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 tlu^ 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 spc^cification 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 inductoi’s used are simple solenoids with diameters of 

about \ in. A better ratio of reactance 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, 

precludesThe 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 for the suppression of 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 is secured by using a filter consisting 

of coupled circuits. This filter is shown in Fig. 5,6. 

The s(^lectivity requirement specifies that the attenuation of a 

signal displaced 60 kc. from the frecpiency of maximum response 

shall not be more than 6 db. Further, it is specified that the 

Fig. 50.—Filtor eiroiiit uaod to incroaso the imago frequency rejection in an 
ultra-high-frc(iuency receiver. 

attenuation of a frequency 200 kc. from the frequency of maxi¬ 

mum response shall not be less than 60 db. This requirement is 

met l)y using three stages of intermediate-frequency amplication. 

Only two detectors are used. This ])rocedure simplifies con¬ 

struction, and then' is appaiently no need for further reducing 

the intermediat(‘ fn'quency. An intermediate frequency of 

13 megacycles was chosen. 

Th(; sensitivity is specifi(‘d so that a 5-/xv 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 j db. The audio 

(anaiit is recpiired 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 control 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 MV is provided. 

A single “ acorntype 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 GAC7). 

The weight of the receiver, together with its frequency- 

changing mechanism, is 35 lb. 

Ultra-high-frequency Range-receiving Antenna.—The fact 

that an Alford loop can he used for receiving was previously 

mentioned, but there are a number of fac'tors that must be 

considered when it is desireil to use this antenna on airplanes. 

The first of these is the horizontal fi(»ld 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 ante^nna 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 le^ads), it is necessary to 

mount this antenna above or be*low the fuselage*. The contours 

e)f this aerodynamic structure are such that it rapidly falls away 

from a center point; hene’e the re*flee*tions fre)m all points b(*ne*ath 

the antenna are not the same and se*rve to elistort the circular 

pattern. 

The desirability of a circular pattern for instrument landing 

will be discussed in greater detail in C'hap. VI. For vis\ial-range 

reception utilizing automatic gain control, th(*re can be ai)preci- 

able distortion in the antenna pattern without detrimental 

effects. Only if separated lob(*s are present, which by chances 

bring areas of null reception to l)ear on the tru(^ signal and areas 

of maximum reception to bear on spurious radiation, would 

visual range flying be hamper(*d by antenna-pattern irregulariti(*s. 

For the aural range, where change in signal intensity is important, 

severe receiving antenna pattern irregulariti(*s 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 mad(i by mounting the loop in the 

desired position and turning the airplane while it is on the ground. 

Fhj. 57.—Fidel pattern of an Alford reeeiving 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 calibratt' 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 

{fills 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 efficiency will 

be equal over the entire band; hence it must have an inherently 

larger efficiency in order that the lo.ss at some of the freciuencies 

can be tolerated. The efficiency is a function 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. diametc'r. It was mounted 

on a Douglas DC-3 airplane 18 in. above the fus(‘Iage. Because 

of the high dielectric constant of water, rain detunes this antenna ; 

so for practical-flight use it is necessary to encase ihv antenna 

conductors or the entire antenna in a plastic form. This form 

should be so constructed that not less than ^-in. air space is 

present between the plastic material and th(» 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 frecpiency havT already 

been suggested; however, the problem of operating over a band 

such as 93 to 132 megacycles reciuires 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 freciuency. 

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 commercial 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 suppressor 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 connected to the loop of Fig. 58 is 

adjusted so that it is in tune for a frequency of 119 megacycles. 

Fi(J. Trunsniisaion-liiu* network arrangoinont used to tune loop antenna at 
various fretiuencies and permit the attaehinent of more than one receiver. 

At the maximum-ciirn'nt point near this short circuit there is 

attaclu‘d the 119- to 132-megacycle receiver. Next, a point is 

found, as close to the antenna as possible, where maximum 

current (‘xists for a frtHiuency of 93 megacycles. A half-wave 

transmission line is used to connect the 93-megacycle receiver 

(or re(*eiv(‘rs) to this point. The half-wave line is a convenience 

that allows a long h^ad to the n'ceiver. 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 megacjTles); so 



104 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

a 93-megacyele 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¬ 

cycles. With the installation of this trap, the signal strength 

from the antenna at 119 megacycles will return to neaily 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- 

MegacycJes 
Fig. 59.—Reception characteriatic of a modified form of the Alford loop and 

network. 

ing an additional section of line adjust(‘d for this fretpioncv. 

It is also necessary to add an additional si'ction 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 th(‘ 110-megacycle signal without 

detracting appreciably from the adjustments made for the otlu'r 

frequencies. 

The antenna network described above was givim as an example 

of various methods of securing tuning of the loop over a range' of 

frequencies. It is possible to use additional ('h'lnc'nts of the 

character described in order to accomplish tuning for various 

other problems. The theory of all th(‘S(‘ s(‘ctions follows from 

transmission-line reflection considerations be'cause 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 described 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 calculation. 

2. What field strength will be produced by a 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 l-kw. for the 5-watt transmitter. Prepare a discussion of the 

transmitter power that you \/ould recommend. 

3. What is the difference between the maximum optical distances when the 

diameter of the earth is taken as actual and as four-thirds actual for antenna 

heights of 35 and 1,500 ft.? 

Bibliography 

1. Kekn, U.: “Wirel(‘ss Direction Finding,” 3d ed., p. 185, Iliffe Sons 

Ltd., London, 1938. 

2. liSHBACTi, Ovid W.: “Handbook of Engineering Fundamentals,” Ghap. 

9, p. 04, John Wiley Sc Sons, Inc., New York, 1930. 

3. Pkdehson, P. O.: “Propagation of Radio Waves,” p. 117, G.K.Ch Gad, 

Gopenhagen, 1927. 

4. Jackson, W. F.: The Impetus Which Aviation lias Given to the Appli¬ 

cation of Ultra-high Frequencies, Proc. I.R.K., February, 1940, p. 49. 

5. Burrows, ('. R.: “Radio Propagation over Plane Earth,” Bell Syste7n 
Tech. Jour., Vol. 10, pp. 45-75, January, 1937. 

0. Jackson, H., and J. M. Lee: Preliminary Inv'cstigation of the Effects 

of Wave Polarization and Site Determination with the Portable Ultra¬ 

high-frequency Radio Range, CAA Tech. Development Rept. 24, 

February, 1940. 

7. Hromada, J. G.: Preliminary Report on a Four-course Ultra-high 

Frequency Radio Range, CAA Tech. Development Rept. 3, January, 

1938. 

8. .\i.F()Ri), Andrew, and A. G. Kandoian: A.I.E.E., Tech. I^aper 40-45, 

January, 1940. 

9. l.TK’K, David, G. C.: An Omnidirectional Radio Range System, RCA 
Rev., Vol. 0, No. 1, p. r>>5, July, 1941. 

10. H UND, August: “High-frequency Measurements,” p. 72, McGraw-Hill 

Book Goinpany, Ine., New York, 1933. 

11. Burrows, G. R., A. Decino, and L. E. Hunt: Ultra-short-wave Prop¬ 

agation over Land, Proc. J.R.E., December, 1935, p. 1507. 

12. Alford, Andrew: Transmission Modifying Network, U.S. Patent No. 

2,159,648, May 23, 1939. 



CHAPTER IV 

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 aircraft direction finders brought a facility to avigation that 

is now considered indispensable, they too were introduced aboard 

•transport aircraft as a cure 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 aircraft flight but had been experienced at radio 

receivers located on the ground(l); 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 physicists 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 effect 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 :aken 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 w'ill be discussed further, but 

before continuing, the results of furth('r research into precipita¬ 

tion static will be related. 

Cause of Precipitation Static.—Several factors noticed during 

the time the precipitation static was presemt did not agree with 

the particles striking the antenna^’ theory. These factors did 

not serve to negate the theory, but they brought about further 

res(^arch. It was found that St. Klmo’s fire (corona) was often 

j)resent on the windshield and propc'ller tips of the airplane 

during these static conditions. If the airplane’s radio trans¬ 

mitter was used, or a strok(» of lightning occurred near by, the 

static often ceascul 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 vicinity of the radio station. 

In November, 1930, 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(3). 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 jx'rhaps 100,000 ohms, and 

hence renders the discharge aperiodic*, thereby causing the charge 

to be lost without a noise attending its departure. More effi¬ 

cient 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 causc'd the airplane* to lose its charge. All 

these observations are consistent with the newer theory. 

The reason an electrostatically shielded loop antc'nna served 

to reduce the noise is explained by Starr(4). The currents 

resulting from this corona discharge are shown to be composed 

of steady components with superimposed doubl(*-(*xj)onential 

impulses. These currents can be represented by a series of 

multiple-frequency waves. These waves will produce true 

electromagnetic radiations, but sin(*e the value of current in 

corona is very small and because the radiation fic‘ld is a function 

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 eff(*ct 

is noticed only in the immediate vicinity of the discharge; 

however, the antennas are located near the source of th(^ disturb¬ 

ance, so they are appreciably affected. The shield(*d loop 

covered with a metallic sheath which is connected to ground 

prevents the electric 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 
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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 

Fig. 60.—Precipitation static discharge cartridges: (A) fully assembled, 
(B) loaded but with outer casing removed, and (T) disassembled and discharged. 

((Courtesy of United Air lAnen.) 

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-kc. 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. 
When the trigger is released by 
applying voltage to the contacts 
at the rear of the housing, the 
plunger breaks a sealing parch¬ 
ment-paper cap and releases a 
small wind cone. The wind cone 
is caught by the slip stream of the 
airplane and unreels the discharg¬ 
ing wire and suppressor. No at¬ 
tempt is made 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, A/', of wire. The radio wave is composed 
of a magnetic and electric field. If the electric field is neglected 
for the moment, it can 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 

N*Number 
■ of turns 

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

N d4> 
dt 

(72) 

where e = abvolts 
N = number of turns 

4* = magnetic flux, maxwells 
t = time, seconds 

Equation (72) can also be written as 

El = (73) 
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where El — volts 
CO = 

f = cycles per second 
If the flux density is then 

<t> = ^(area of loop) = Bhd (74) 

In this expression, h and d are 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 

El = oiNIIAlO-^ (75) 

In this expression, d and /q the dimensions of the loop, have been 
replaced by 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 

Fig. 02. - Relation of angle between plane 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 d 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, //, 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 

H = 6 (70) 

In this expression, //,„ax does not signify the peak value of //, 

but its maximum effective value. Placing Eq. (70) in Eq. (75), 

the following equation results: 

Ej. = • 10-« cos e (77) 

If Eq. (77) is plotted as a function of the angle 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 trmting the loop as the 

secondary of a transformer, and no account was taken of the 

presence of an electric 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 voltage's have values with 

respect 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 whi(*h no voltage is 

induced), them between the bottoms of the v('rtic*al sid(\s there 

will be a voltage diffc'ience. The mathematical laws g()V(*rning 

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 k'ngth is €, the voltage 

induced in one vertical wire of the loop of Fig. (>1 will b(* 

E = eh (78) 

P'or N number of such wire lengths, 

E = ehN (79) 

but a similar voltage is also induced 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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electric 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 Oi, 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 62. If the distance between the loop and the source of 

Fiq. 63.—Energy received from point P induces voltages in the sides of the 
loop, but since the distances *Si and S2 are not equal, the phase of the induced 
voltages is 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) 

— S2 — d cos (80) 

Also, will nearly equal 0, so 

aS 1 — S2 ~ d cos 6 (81) 

The phase difference xp 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 

4, = cos e (82) 

The resulting loop voltage Ef, 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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p = ^ sin _ 
sin (90° - ^72) 

^ E Sin }l/ 
^ cos \p/2 
— ^/2 cos ^/2) 

cos ^/2 

fit = 2£; sin I (83) 

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

cos (84) 

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

El = 2E sin ^ 
ird 
\ 

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

wd 
9,000 ft. or more. This means that the angle — cos 6 will be 

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

jp 2E'wd * 
El = — cos B 

X 
(85) 

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

El = ^ dhNt cos e 

Since dh is the area A of the loop, then 

Ei = ^ ANt cos e 
A 

(86) 

(87) 

but 
// = ct (88) 
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and 

(89) 

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

0) = 27r/ 

therefore 

El = • 10-« cos d (77) 

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 

El = • 10->« cos e (90) 

where € is in volts per centimeter, A in scpiare centimeters, / in 
cycles per second, and El in volts. 

It can be seen that whether the induced voltage is considered 
a ])henomenon caused by the electric or the magnetic field, the 
results are the same. Further, as far as the voltage measured 
l)etween the l)ottom ends of the loop\s vertical turns is concerned, 
when the top ends are connected, it will have the same value 
if onlf/ the magnetic or only the electric field is considered. This 
discussion 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 induced 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 wall be negative and in the other side positive. 
The instantaneous voltage in an open antenna will, however, be 
maximum wlienever 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 will flow to ground, because the electrostatic field induces 
in each side a voltage having a given value with respect to ground. 

Fio. 65.—A radio wave induces a maximum voltaKO difference when it is pass¬ 
ing through zero at the center of the loop, but at this time it induces zero voltage 
between a vertical 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 

Fig. 60. Fig. 67. 
Fig. 66.—Currents flowing from each of a loop to ground because the 

loop turn is broken and the sides are grounded. 
Fig. 67.—Loop current only flowing because 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 flov/ from the loop antenna to 

Fig. 68. Fig. 69. 
Fig. 68.—Both ground and loop currents flowing because loop turn is com¬ 

plete and loop is grounded. 
Fig. 69. —Current flowing from one side of loop to ground develops a voltage 

across the input impedance of a receiving device. This voltage adds to that 
developed by the loop current flowing through the input impedance, thereby 
causing a distortion of the figurc-8 field pattern, 

ground, or if such current flows it shall not produce a voltage in 
the direction-finding receiver. 

In Fig. 09 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 7,i is the current flowing to ground from one 

side of the loop, 7,2 the current flowing to ground from the other 

side of the loop, and II the loop current, it can be seen that the 

voltage impressed at the grid of the tube will be a function of 

both 7,2 and h] 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 

side of the loop flow to ground via one half 

of the coupling impedance. The potential 

difference between the grids of the two 

tubes due to these earth currents is zero 

since each current sets up a voltage across 

each half of the impedance, which is exactly 

equal and opposite to the voltage set up in 

the other half of the coupling impedance 

by the earth current from the other side 

of the loop. The only potential difference 

between the two grids will be caused by the 

currents flowing from one side of tlu'. loop 

to the other. This potential difference is 

truly a function of the position of the 

plane of the loop and tluaefore follows a 

figure 8 with w('ll-d(‘fined maximum and 

minimum positions. 

Shielded-lpop 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 rcceiv(*r-input circuit 

so 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 electrical 

problem, the shielded loop also has an ideal mechanical construc¬ 

tion that is capable of successfully withstanding aircraft service. 

The majority of the aircraft loop antennas constructed in the 

United States during recent years have used this construction. 

A shielded-loop antenna 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. 

Fig. 70.—System for 
balancing out the effects 
of currents flowing from 
sides of loop to ground 
and retaining only the 

effect of the loop cur¬ 

rent. 
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Figure 71 is a diagram of a shielded-loop antenna. The 

circulating currents induced 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 

to flow through impedance z 
of Fig. 71. The electric field will 

induce a voltage in the vertical 

sides of the shield. This voltag(' 

will have a value with respect to 

ground and will cause currents /,i 

and /«2 to flow from each side of 

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 

be two in number and nearly 

equal but will have opposing 

directions of flow. For this 

reason tlu'y will not produce a 

voltage across the coupling impedance Z. This coupling 

impedance may have one terminal grounded, but the voltage 

that produces /'«i and I'n 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 tluj figure-8 pattern will continue to prevail. 

Voltage Output of Loop Antennas.—The effective height of a 

loop antenna as a receiving device can be easily calculated; 

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 

El = ^ dhNf cos e (86) 
A 

Fig. 71.—Shielded loop antenna. 
Shield currents flow to ground and 
the currents which they induce can¬ 
cel, k‘aving the total loop current 
unaffected. 
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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 

K = ^ (91) 

In this equation, Ei is expressed in volts if e is in volts per meter 

and he is in meters. 

In Eq. (8()) the maximum value of 

the induced voltage occurs when cos 

6 equals one. For this maximum 

induced voltage the following formu¬ 

la results when Eq. (91) is substi¬ 

tuted in Eq. (8()): 

K = AN (92) 
A 

In this expression, X is in meters, ^*1 

in s(|iiare centimeters, and he in 

meters. 

The voltage obtained by multi¬ 

plying the effective height by the 

field strength is assumed to be the 

voltage delivered by a zero-imped¬ 

ance generator acting in series with 

the impedance of the loop winding. 

In order that this voltage may be impressed at t le grid of the 

receiving tube, it is common practice to resonate the loop winding 

with a condenser as shown in Fig. 72. That is 

= (93) 

The current that will flow through the condenser in this case is 

limited only by the resistance of the looj) antenna (the resistance 

of the condenser is assumed to be negligible); hence 

Ic = ^ (94) 

The figure of merit of a coil is usually designated as Q and defined 

as follows: 

Fic3. 72.—Snhematir repre¬ 
sentation of equivalent circuit 
of a high-impedance loop an¬ 
tenna delivering voltage to the 
grid of the receiving equipment. 
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Q = R 

Substituting Eq. (95) in Eq. (94), 

ElQ 
Ic = 

The voltage across the condenser is 

Eu = IcXc 

(95) 

(96) 

(97) 

Therefore, sul)stitiiting Eq. (9()) in Va\. (97) and taking into 

account l']q. (93) 

Ell — lQ (98) 

This (‘(Illation indicat(‘S that ior 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 Q 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 recpiiixHl, the higher is the inherent receiv- 

ing-appaiatus noise. Th(‘ atmospheric noise voltage induced 

in a loop antenna is not directly a fumdion of its effective height 

and Q; theri'fore, the higlu'r the Q of the loop, the greater will 

be the signal voltage delivered to the grid of the first receiving 

tube, and the gr(‘ater will lie the ratio of signal to noise at the 

outi)ut of the radio r(‘C('iver. The width of the loop null (for 

a w(41-constructed loop) is a funcdion only of the noise present. 

This is Ix'cause as the null of the loop is approached the amount 

of signal rapidly decreas(\s. Its absence occurs when it is masked 

by noise. If no noise is present, theoretical considerations state 

that at only one angU’ will there be a null. The accuracy of the 

bearing, then, is directly a function 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 function of the moisture of the winding. A high Q is easily 

destroyed by moisture, and hence the output of the loop is 

easily decreased. Another disadvantage occurs in aircraft 

installations where it is usually necessary to locate the loop 

antenna at some distance from the radio receiver. If a connect- 
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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 

inductance 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 aircraft. This system bears the name of the 

^now-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 6 to 15 in. Since the inductive reactance of this loop antenna 

is not high, it is commonly known as a low-impedance loop; this 

Fio. 73,—Low-impcdance loop systorn. 

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 cable hav¬ 

ing an inner conductor concentric with an outer conductor 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 attenipt 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 oub^r 

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, Xl is the reactance of the loop antenna and Rl is its 

resistance. The reactance of the self-capacity of the loop 

antenna and the connecting cable is designated as Xc. The 

primary of the coupling transformer has a reactance Xi and a 
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resistance /?i, whereas the secondary has a reactance X2 and a 

resistance R2. The tuning condenser reactance is Xo, and across 

it appears the voltage Eo which is that impressed on the grid 

of the first tube. The voltage induced in the loop antenna is 

Eg. The relation of Eq to E,, does not lend itself to a simple 

exprt^ssion; however, by making certain assumptions, a relation 

indicating the relative importance of the factors involved may be 

Fiu. 74.—Equivalent eireuit of lovv-inqnvljvnre loop system of Fig. 73. 

secured. The secondary current is related to the primary voltage 

by the expression(5) 

^ Z ^ 
12 7jm 

(09) 

where Z,, = total primary impedance 

= total impedance in the secondary 

= mutual impedance 

The voltage impressed on the grid of the tube will be 

Eo = —jl 2X0 

Therefore 

Eo _ —jXoZm_ 

'Eg “ Z,ZV-^Z^ 

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 ^Hrack.’^ 

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: 

(100) 

(101) 
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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 (Q) 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 

yjxl ■ ^'-^2 

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 QlQ2 is large compared with 2 or with Ql, then Eep (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 possil)lc 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 giv(»n loop 

vaih a given area and at a given frecjnency 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 inductance. This loo{), how(^ver, 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 microhenrys. 

An interesting deduction Regarding the Q of a loop can be 

made by assuming that the coupling is accomplished by means 

of a perfect transformer. The eciuivalent circuit of a loop 
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coupled to such a transformer(6) is shown in Fig. 75. This 

figure shows a generator in series with three resistors and three 

reactors. Of the three resistors in this circuit, one is the resist¬ 

ance of th(i loo}), the second the resistance of the primary 

winding, and the third the sec^ondary 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 reaiitance times the square of the ratio of primary to 

secondary turns. This load reactance is that of the tuning 

condenser. Since the recinver input tube is connected across 

this condenser, it is con\enient to divide the second reactance 

into two units—-the load reactan<^‘* times the square of the ratio 

of primary to secondary turns mi lus the load reactance, and the 

Fkj. 75,—lOiiuivalcMit ciroiiit of low-impedance loop system assuming a perfect 
transformer. 

load reactance across whi(*h the tube is connected. The con¬ 

denser is varied until the voltage across it is maximum, at which 

time the circuit is in n^sonance, the series reactance is zero, and 

the curi(*nt through it is (H|ual to the genc'rator voltage divided 

by th(* total r(\sistanc(\ The voltagi^ applied to the grid of the 

tub(' is given by 

Eu = 
Hn ^ El “h 

(104) 

If it is assumed that (1) the ])rimary reactance is equal to the 

squai’e of the primary turns, (2) the secondary reactance is 

C(iual to the scpiare of the secondary turns, and (3) the primary 

reactance is ec[ual to tlu' loop reactance, and if X/Q is substi¬ 

tuted for the various resistances in Eep (104), then the following 

expression results: 

F — E ~ Q1Q2QL__ (105) 

This equation indicates that the Q of the loop, the Q of the 

coupling transformer primary, and the Q of its secondary are all 

equally important in determining the voltage that the loop will 
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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 high- 

impedance loop) will not vary directly with the Q of any one of 

the elements. A moderate improvement in the Q of any one 

element will not produce a large change in outi)ut. In order to 

illustrate this principle, a numerical example may be used. If 

it is avssumed that the Q^s of the primary and secondary of the 

transformer are 200 and the Q of the loop is 100, then the value 

of the Q expression of Eq. (105) will be 50. If the Q of the 

loop is increased to 150, then the Q quotient of Eq. (105) becomes 

60. That is, in this particular case a 50 per cent increase in 

loop Q brings about an increase 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 pcTformancc' of the low- 

impedance loop. If the amplifier is not used directly at the 

base of a high-impedance loop, its performance will b(' less than 

that of a low-impedance loop unle.ss the cabh' connecting the loop 

to the receiver can be made short or with very low capacity. 

The Cardioid Field Pattern.—The figure-8 patt(*rn 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 because there would then be 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 (106) 

In this expression, E is the vgltagc output of the loop having a 

maximum value of E^ 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 equal 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 

E = (107) 

If both a loop antenna and a vertical antenna are connected to the 

receiver and proper phasing and antenna output are present. 

Fig. 76.—Generation of a cardioid field pattern from the combination of a 

v’ertical and a loop antenna pattern. 

the field pattern of the resulting voltage must necessarily be 

the sum of Eqs. (100) and (107), or 

2E = + cos d) (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 scale 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 ^^nuU” rather than the 

maximum signal. This is done because the signal strength varies 

Fio. 77.—Indicator for the right-loft radio compass, {('ourtcfty of Bcndix Radio.) 

only from 100 to 70.7 per cent as the antenna is rotated from tlie 

maximum to a position 45 deg. from the maximum; wherc^as, tlu‘ 

signal strength varies from zero to a detectable finite value wh(‘n 

the loop rotates only a few degree's from the zero-signal position. 

In this manner the bearing may be obtained with greateu’ 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. R('ferring 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 

radio receiver and the connections to this meter are changed as 

tlu' 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 th(' amount of receiver output for the other loop- 

antenna connection. If the meter is reversed with sufficient 

rapidity, it will only deflect an amount })roportional to the 

difT(‘rencc between the receiver output for the two loop connec¬ 

tions. As shown in Fig. 79, a radio station is located at an angle 

0 from the major axis of the airi>lane. The amount of output 

for one loop antenna connection is a and for the second connection 

h. The amount h is greater than the amount a; therefore, the 

meter will deflect to the right by an amount proportional to the 

quantity 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 electronic 

circuit. This circuit consists 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 

Fig. 79.-“Use of romparcd cardioid patterns for indicating the heading of an 
airplane with respect to a radio station. 

conduct until the oscillator cycle 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 V\ and V2- To the grids of these same tubes is connected 

a push-pull audio oscillator consisting of the tubes and V\ 
and the coil Lo. This oscillator coil is also part of the indicating 

meter /. 

This coil* is tuned by means of a condenser Co so that the audio 

frequency has some low value. This frequency varies from 
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40 to 90 cycles for different makes of receivers. The voltage 

from the audio oscillators, then, alternately cuts off the grids 

of the tubes V\ and V2 forty to ninety times per second. The 

energy from these radio-frequency amplifiers is alternately fed 

to the radio receiver where it is mixed with the energy from the 

fixed antenna A. The output of the receiver is rectified; hence 

the resultant is also an audio 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 

Fill. 80.—Siinplifu'd scluMiijitir of rij;]it-loft radio compass. 

of the relative intensity of 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 commercial air-transport 

operators. One of the rcuusons for this can be understood by 

referring to Fig. 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 fly, 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 

continues to keep its heading directed toward the station; 

however, in so doing it traverses a 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 magiK'tic as with a 

radio compass. It is not only necessary for the pilot to know 

W t n d 

Fig. 81.—Flight path resulting hy avigation with a riglit-left radio euinpasa 
in the prestuice of a strong cros.s-wind. No nderenee was made to magnetic 
compass lieading. 

where he is goijig, but also lie must know his exact position. Of 

course the path shown in Fig. 81 can b(‘ minimized by continually 

referring to a magnetiti compass, hut this procedure detracts 

from the usefulness of the radio compass. This device has 

application for certain private and military uses. 

On Oct. 22, 1937, F. 1^. Mosel(*v applied for a patont(8) on a 

device having the radio compass as its basis of operation. Sev¬ 

eral devices of this type have been devt^loped 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 needle 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 
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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 

Fig. 82.—Principle of tlio automatic direction finder based on the right-left 
radio compass. 

radio station. I^earings 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 circuit of Fig. 82 merely serves to illustrate the 

principle, and, actually, eh'ctronic circuits are substituted foi 

the contact mechanism described above. A number of problems 

must be solved in (*onstructing one of these automatic diiection 
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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 Materiel T614phonique of France, and, although it 

Fio. 83.—Automatic direction-finder indicator installed 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 previou.sly 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. 

output 

Fig. 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 coil is in line 
with the major axis of the airplane. These maximums and mini- 
mums always occur at the same point with respect to the axis of the 
airplane because the alternator is attached to the airplane struc¬ 
ture. A meter showing the phfisc 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 graphic 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 

-X--Q- 

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

4 

occur. Since the indicator reads bearings in terms of relative 
phase, a bearing error would occur wh(*never the speed of the 
motor changed. A beat-frequency 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 n^ads 30 deg., the bearing may be 
210 deg. In the actual design a direct-current potentiometer is 
used to generate the alternating curnuit. This generator pro¬ 
duces two current wav(is 90 deg. out of phase*. Th(*se 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 indicator coil mounted on pivots so that 

it may assume a position that is a function of the relative phase 

between the current through it and that through the stationary 

coils. 

Direction-finder Errors When 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. 85, a loop antenna is located at a position X, Y from a two- 

tower antenna system. From to .ver Ti it has been shown that 

the voltage induced in the loop ‘.latenna will be 

Eti = cos 8 (109) 

and from tower T2 

Et2 — ^ (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 

01 = 02 = 0 (111) 

and 

= 02 = IS (112) 

If the angle between a line drawn from each tower and the center 

of the receiving loop is p, then 

0-0 = P (113) 

Substituting Eq. (113) in Eq. (110), 

Et2 = COS (p + 0) (114) 

Considering the energy from a single tower only, the loop will 

have zero pickup when 0 or p + 0 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 Er will be 

E^r = E^tI E^T2 — ^EtiEt2 cos <I> (115) 

or 

E^r = E^ cos- d + E^ cos- + 6) — 2E‘^ cos 0 cos (13 + 9) cos <l> 

(116) 

Making 6 equal to 90 deg. no longer reduces the output to zero. 

It is necessary that 

cos‘^ 9 + cos- 9) = 2 cos 9 cos (13 + 9) cos </> (117) 

At very great distances, p and 0 will approach zero and will 

equal 9; then a value of 90 deg. for 9 will make the output zero. 

Fiq, 86.—Vectorial summation of voltages induced by range towers in loop sides. 

As the station is approached it can be seen that there must be 

an appreciable variation of 9 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 antenna the pattern of a 

nondirectional antenna, but it has also been shown that the 

voltage output of a loop antenna 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 po.ssible to design such a circuit for single- 

frequency operation; however, the problem becomes difficult 

when applied to a receiver that must tune over a wide band such 

as 550 to 1,600 kc. 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 circuit should be used. A number of phase-shifting 

circuits have been devised. The one most commonly used 

consists 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 vahie of this coil and condenser is so 

chosen that the result is an indu ctive 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 det('cted by the usual 

methods, and still it will affect the compass operation. This is 

because regeneration produces a phase shift which, as has 

l^reviously Ixhui discussed, causes bearing errors. Since regenera¬ 

tion usually varies over the tuning range, the phase shift, and 

lu'nce the Ix^arings, would vary with frecpiency. The behavior 

of the compass for various values of input signal is the best 

criterion of this regeneration condition. Traces of erratic 

pointiT operation should be investigated to determine if they 

are caused by regeneration. Extreme 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 /uv with a signal-to- 

noise ratio of (> db and a standard output of 50 mw. An auto¬ 

matic direction finder using a receiver with this characteristic 

will repeat bearings to within i deg. with field strengths of 
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5 to 20 nv 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 kc. Rejection of the image frequency, 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 occur 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 fxv is satisfactory. The weight of a 

complete automatic direction finder is about GO lb. 

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 it. The field strength 

is then given by 

_ \S.9NiA\ j 
e ^3 ~ /i (118) 

where e = equivalent electric field intensity, microvolts per meter 

Ni = number of turns in the test loop 

A1 = 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 

Ii = current in transmitting loop expressed in milliamperes 

A method (10) developed by the United States Army is more 

commonly used for laboratory measurements on receivers. In this 

system (see^Fig. 87), a transmission line consisting of a single wire 

is mounted horizontally between two walls of a screen 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 room. 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 dj in. from the floor and dc in. from the ceiling, the 

Fia. 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 2,3()0 + 2di - d 2d, + rf) 

In this expression, Ej^ is the voltage introduced from the signal 

generator and Z/. is the impedance of the transmission line. 

This transmission-line impedance is determined b}" connecting 

a radio receiver to the line by means of a clip. 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 

generator is appreciable, a correction must be made as follows: 

Z, + Ze 
(120) 
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In this expression, Eg is the voltage read on the scale of the signal 

generator and Zg 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: 

i?av — E • 
2d(d - Vd^ - r^) (121) 

In this expression, is the average voltage and r the average 

loop radius in inches. 

For a square loop, the correction is given by 

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 calculations 

are then greatly simplified. 

Aircraft Installations and Quadrantal Errors— Loops on air¬ 

craft are usually mounted either above or below the fuselage, 

although some installations have been made in which the loop 

is mounted in the plastic nose of the airplane. Europeans have 

made installations in which one half of the loop was mounted 

within the fuselage of the airplane. As will be discussed later, 

the mounting of the loop below the fuselage has an advantage 

in the reception! of the ‘‘nulL' signal from a range station. 

Other than this there is small choice between mounting positions 

with regard to the top and bottom of the fuselage. Both 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 
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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 

Fiq. 88.—Quadraiita,! 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 largo 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 Q 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-kc. transmitter, the field 

strength of which is 20 mv per meter? 

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

following constants: 

Xi = 20 microhenrys, Q - 100 

X. = 0 
Xi = 20 microhenrys, Q = 60 

Zm = 200 microhenrys, resistance zero 

X% — 2,500 microhenrys, Q - 250 

The loop has a diameter of 10 in. and is wound with six turns. It is in a field 

of a 300-kc. transmitter which has a strength of 300 /nv per meter, (calculate 

the output voltage Eq. 
3. Refer to Fig. 85. In this figure, X == 2,500 ft., F = 1 mile, and 

Q = 500 ft. The transmitted energy has a frequency of 300 kc. Compute 
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the bearing error resulting from 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. 
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CHAPTER V 

MARKERS 

When the radio ranges were first established, they were 

intended as a means for guiding aircraft, 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 flying 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 such an 

indication was present in the form of a phemomenon that had not 

been anticipated. When the airplane flew directly over the 

transmitting array, the coupling between the receiving and the 

transmitting antennas momentarily becaim^ 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 whi(^ 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 maneuver 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 kc. 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 directly 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. 

As was previously stated, the presence of this important 

marker was due to chance and by virtue of the fact that there is a 

point of zero coupling between the transmitting 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 

antenn^,s. 
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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 

Disfoince from range (Arbitrary unifs) 

Fig. 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. 

Fio. 91.—Cone of silence resulting when receiving antenna was inclined 30 deg. 
{Courtesy of Institute of Radio 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 characteristics 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 

Fig, 92.—Cone of silence resultinp: when receiving antenna was inclined GO deg. 
(Courteny of Institvtc of Radio Engineers.) 

Time, seconds 

Fig. 93.—Distortion in the cone of silence caused by an object adjacent to the 
radio range, {('ourtesy 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 means 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 was installed and commissioned on Jan. 1, 

Time, seconds 

Fio. 94.—Normal simultaneous radio-range cone of silence resulting when 
the course alignment of the range (the cone of which is shown in Fig. 9S) 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 

pa.sses 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 

indication is a function of the receiver sensitivity. The usual 

commercial-transport receiver sensitivity is adjusted in the 

service shop to about 2,500 ny 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 a *'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 

Fia, 95.—Vertical space pattern of the 75-inegacycle Z marker. 

about an increase 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 connected 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 of the space 

pattern, the antenna array is all-important. The array devel- 

Fig. 9G.—Variation in Z-rnarker pattern with change in receiver sensitivity. 

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 r(\sults. 

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 project the energy upward. This screen 
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is mounted onc-half wave length above the ground; thus the 

growth of vegetation, the accumulation of snow, etc., occur 

Fig. 98.—Antenna used for producing Z-marker pattern. 

below the screen and do not affect the characteristics 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 kc. could not define an accurate area because 

of the effect of static. These low-frequency 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 

-r 
^Counferpo/se 

i 

Fia. 99.—Installation of <2r-rnarker 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 ''hoUr' 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 ellipticar 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 ft. 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 

indications. 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 

Fig. 101.—ChanRe 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 megacycles. 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 audio 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 antenna forming the fan pattern 

consists of four half-wave elements, all located coi)lanar and 

^4 n-^ a/4 
JjL 

To fransmiVer 

Fig. 102.—Fan-marker antenna array. 

with their longest dimension in line. Each element is fed in 

pha.se with the element next to it; therefore, a half-wave folded 

section is employed between the .sections in order to correct th(* 

phase. An impedance-matching stub is employed at the point 

where the transmi.s.sion line from the transmitter connects to 

the array. This stub in effect tunes th(i array for purposes of 

eliminating standing waves on the transmis.sion line. The entire 

array is located one-quarter wave length above a coarse, galva¬ 

nized iron screen. This screen in turn is located one-half wave 

length above the ground. The construction of the array is 

shown in Fig. 102. 

Other Markers.—Beside.s the two markers already described, 

two other markers are operated on 75 megacycles. These 

markers are intended chiefly for u.se with instrument-landing 

systems 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 megacycles. 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-cycIe), 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 5 watts. 

Fig. 103.—Plan pattern of fan marker obtained ])y flyinK parallel to the trans¬ 

mitting antenna array. 

High-frequency Marker Receiving Antenna.—A criticism of 

the low-fretpiency range cone of silence as a marker was the fact 

that the characteristics of this marker ar(‘ a function of the 

coupling betwetm tlu' transmitting and receiving antennas; the 

same coupling, however, is a factor in the field pattern received 

from the 75-megacycle markers. I 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 j)attern of the area in which these 

indications will l)o 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 transmitting antenna array the pattern was of 

the butterfly type with dimensions of approximately 5 by 

4^ 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 2^ 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 

Fig. 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 of 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. 

Fig. 105.—Changf in Z-niarkcr-plan pattern with various receiving antennas. 

The prefin-red antenna foi* 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 antenna protruding below the fuselage 

of the airplane. 

Marker Receiver.—It has previously been stated that a 

receiver sensitivity of about 2,500 /xv 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 receiver; that is, under no condition 

Fig. 100.—Antenna for receiving 75-incgacycle marker Ix^acon signals. 

except when passing over a marker transmitter must the light 

in the cockpit Ix'come illuminat(‘d. It is contiMiiplated that 

frequency assignments spaced 1 megacycle ajiart will be made. 

Some of these assignments will probably be made to very high- 

powered stations; then'fore a high value of seh'ctivity is used 

in the commercial-transport receivers. With a band widtli 

of (30 kc., the attenuation is not ov(‘r 0 db, but with a band 

width of 300 kc., the attenuation is not less than 00 db. In 

order to obtain this selectivity, two stages (threes transformers) 

of intermediate-frecpiency amplification are used in a super¬ 

heterodyne receiver. This intermediate freciuency is high in 

order to simplify the problem of image-frequ(*n(;y selectivity. 

A frequency of 0,325 kc. 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 kc. 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 th(i 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 tu])e as a freciuency multiplier in 

addition to the oscillator. The bird harmonic of the crystal 

oscillator is impressed on the grid of the frequency multiplying 

cintenna'^^ 

Fig. 107.- -Aiitenna circuit filter for increasing image freiiuency rejection in 
75-rnegacycle 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 jLiv. 

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 arc 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 

become luminescent. However, when the rectified signal passes 

through the primary of the transformer, it saturates the ii’on 

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 objcictions 

can be overcome by using a special gas-filled lamp. This lamp 

has a critical current, below' wiiich the lamj) 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 wdde frequency range. 

Using an 800 cycle per second power supply, the action of this 

saturated reactor closely approximates that of the relay circuit. 

When a high-frequency alternating-current source is not avail¬ 

able, it is necessary to obtain alternating current from a mechan¬ 

ical 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 frequently 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 characteristic. 

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 circuit 

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 

Fig. 108.—Variation in gain of marker receiver with supply voltage: (A) without 
and (B) with neon lamp and thermistf)r. 

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 screen 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 

effect 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 /xv. A similar receiver 

without stabilization is shown in the same figure to vary from 

2,350 to 1,300 Aiv as the power supply varies from 11 to 15 volts. 

The receiver for commercial transport use, complete with 

filters for the three audio frequencies, 

weighs 20 lb. 

Microwave Markers.—Although 

the ultra-high-fre(piency marker sys¬ 

tem described offers many advantages 

over previous markers, it is triu' that 

this is a new facility and many 

changes may bo made in further 

perfecting it. Several modifications 

are now being considen^d. One of 

these considei’ations is the use of 

microwaves at a freciuen(?y of about 

GOO megacycles. It is intended that 

this frequency be applied to electro¬ 

magnetic horn radiators ((>). These 

horns are capabh' of producing a very 

sharp radio beam. Sharp radio beams 

can also be produced by the use of 

directive elements at lower frecjuen- 

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 

Fio. 109.—Electromagnetic 
horn similar to thaU used for 
microwave marker tests. 
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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 clarification, 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 micro- 

wave lengths where measuring technique has not been fully 

developed) of automatically establishing the correct magnitude 

and phase of the currents in all the antenna elements. 

Tests with such a microwave marker were conducted at the 

Boston Airport(7), utilizing an iectromagnetic horn (which, 

however, had not been specificnriy 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 

rec('iv(‘r having an intermediate frequency of 10 megacycles. 

This receiver was connected 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 patU'rn is somewhat better than that of the 

75-mega(;ycl(' marker previously shown. 

The tests ref(*rr(‘d 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 frequency, 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 accuracy that can be used as a basis for future 

rnaneuvei-s. This central pattern would be obtained by rectify¬ 

ing and comparing the output from the two carriers and, hence, 

would be independent of receiver sensitivity. Roth horns 

should be excited from the same transmitter so that this smaller 

pattc^rn 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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Fio. 110.—Comparison of 75-megarycle marker pattern and pattern obtained 
during tests with microwave marker. 

Fig. 111.- 

50004000300020001000 0 10002000300040005000 
Feet off center 

-Improved 75-megacycle marker pattern {B) compared with standard 
• pattern (^4). 
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of this larger pattern would be unimportant. At present the 

pilot obtains this information by using the 75-megacycle 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 rharker, 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 

be 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 ficii' pattern of the Z-marker antenna 

array. 

2. Repeat Prob. 1 for the fan-inark< r 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 

b(i 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 aircraft installation. 
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CHAPTER VI 

INSTRUMENT LANDING 

The airplane has a problem that is not encountered by the 

usual land vehicle. Although it may have successfully 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 dev^elopment 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 instnimeni-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, thr(H3 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 criticized; then steps were taken 

to develop imprpvements. This is not thc3 procedure that was 

employed with other radio aids to’avigation, which w('re acceptc'd 

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, pagt performance would indicate that it will hav(' 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 approachrather 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 accurat(*ly his position in space. Since this involves 

familiarity with three dimensions, the ni^cessity 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 ('ait(\sian coordinates. If markers are added, 

the value of the second coordinate is given and the location of a 

point on a i)lane is indicated. A third element, therefore, is 

required to determine tlu' 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 reevivov is increased, the field strength 

of the station measured at the receiver decreases. If there is no 

attenuation caused by ground, this field strength can be WTitten 

as 

2?/ = ^ (123) 

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 structure, 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 vertical rather than the horizontal plane. This 

pattern is not to be confused with those vertical patterns shown 

in the chapter on Markers. The marker verti(;al 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 = 1.25(ii the field strength will 

equal only 0.8. Suppose, however, that the reading for distance 

di had been taken at a point elevated from the ground by a 

height hi such that hi/di = tan 71 = 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 

hi/di — tan 72 = tan 5° = 0.0875. To explain further this prin¬ 

ciple (attributed to F. W. Dunmore of the Bureau of Standards), 

numerical values can bo assigned to di. If di equals 1,000 ft., 

then the values in Table II can be calculated. 

Table II 

d y h 

1,665 10 293.5 

5 ! 109.3 

1,000 1 17.5 

The points of Table II are plotted in Fig. 113. If a means for 

indicating field strength is installed in the airplane and its 

Distance.fcct 

Fig. 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- 

stnmgth 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 

des(;ribe a s('paratc 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 sele(*ting 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-strength value. Since these 

1000. 2 3 4 567 10.000 2 3 4 5 67100,000 2 3 4 5 67 1,000,000 
Distoince from transmitting erra^, feet 

Fig. 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. 

data appear as straight lines on log-log paper, it is immediately 

evident that each path follows the etjuation 

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 
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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 = 7CD2 (124a) 

The variation in the selection cf 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 c^onta(‘t 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 6xed. 

The ecpiatioii(2) for this isopotential glide path has been 

developed for the general case and is given as 

1 + + 2/1 cos 

-- 7, 7 (- (125) 

where r = distance from the transmitting antenna to any point 

on the glide path 

rn = distance from the transmitting antenna to the point 

of contact 

2/f) = 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 coefficient for the ray reaching the point 

(^1 y) by reflection from the ground surface in front 

of the antenna 

This reflection coefficient is giv^en by 

sin 9 — \/K' — cos^ 9 

sin 9 + \^K' — cos^ 9 
(126) 

, . arc sin y 
where 9 = - 

r 

K' = effective dielectric constant 
and is given by 

of the reflecting ground 
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K' ^ K - 
2j(TC^ 

f 

where K = real dielectric constant 

<r = conductivity of the ground 

c — velocity of light 

/ = 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 a simple rcc;eiver 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 ^Tocalizer^^ 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 

system 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 Fig. 115. Because it was 

necessary for the localizer receiver to operate properly when 

Aeroplane on gHole path, 
in line with middle of runway 

Aeroplane on a!ide path, 
to right of middle of runway 

Aeroplane above glide path but 
in line with middle of runway 

Fiq. 115.—The operation of the Bureau of Standards instrument-landing 
indicator. 

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 us('ful 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 instrunient landing by the 

Bureau of Standards. The Bureau of Air C'ommerce 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 Ck)llege 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 teimi- 

nated in 1933 or 1934. In 1933 there came into use the high¬ 

speed, low-wing, twin-engine airplane* used by all commercial 

airlines in this country. Statememts were made that this 

airplane could*not be flown to the ground on the rigidly pre¬ 

scribed beam of the radio glide path. 

It was recognized that the instrumentation had to be improved 

before the system could be considered thoroughly practical. 

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 lat(.‘r 

date, the "agreement was extended to include Transcontinental 

and Western Air. By agreement with the Port of Oakland, 
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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 tlu; radio glide path coidd be used by large 

airplanes and by those of the modern type. The tests resulted 

in an affirmative answer, and a technicpie employing the auto¬ 

matic pilot to a.ssi.st in making landings was developed. 

The defects of tin; localizer system were immediately apparent. 

The localizer originally instalh'd had opcM’ated on a frequency 

Fiu. 110. Tlio Bondix-Unitod Air Lines instruinont-landing transmitting- 

antenna array. 

of 278 kr., and wlien tlio raniijo rourso crossed a jiower line 

at the end of the landing; field, it Ix'iit abruptly toward the 

Oakland Hills. In an attempt to solve this problem, ultra-high 

frecpiencies were tried. The frecjiumcy used was the same as 

had be(‘ii used for the glide path, that is, 93 megacycles. A 

localizer using this frecpiency was found to be entirely satis¬ 

factory. Aft('r leaving the transmitter, the localizer course 

continued ih a straight line, unaffected in so far as its directional 

characteristic's are concerned. 

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. 11(>. 
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United-Bendix Transmitting Antenna.—Figure 110 is the plan 

view of an antenna system commonly referred to as a ^^Yagi^^ 

array. All 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 ^^parasiticallyexcited. 

Two antennas Ti and 1\ are connected in parallel and to a 

transmitter. They are tuned by a single condensei- (not shown 

in Fig. 110); therefore any change in the output of the transmitter 

affects eciually the output of both antenna arrays. The trans¬ 

mitter is not modulated. To th(' rear of the antennas connected 

to the transmitter is an antenna that serves as a reflector for 

both arrays. It is designated as R in Fig. 110. This antenna 

has a length greater than the transmitting antennas. In front 

of the transmitting antennas are tlu^ keying cjirectors Ki and K2. 

These are shorter than the transmitting ant(‘nnas, 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 tlu' transmitting antennas, 

and the energy in the forward direction is inen^ased. When 

these switches arc opened, the length of the directors is greater 

than that of the transmitting antcumas; hence th(\y act as 

reflectors and reflect energy to the rear in the direction of the 

reflector R. However, R is reflecting the energy forward; theie- 

fore, when the motor switches are open, there is effe(*tiv(‘ly no 

radiation. Motors Mi and M2 an* 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 keying of 70 and 90 

cycles per second. The antennas marked with />’s in Fig. 110 

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. 110 

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 caused by precipitation 

than was the radiation from vertical elements. It was further 

found that for the horizontally polarized waves, snow or rain on 

the ground causc^d the glide path to rise slightly, whereas with 

vertically polarized waves, the glide path fell and created a 

hazardous condition. 

Fic?. 117.—Horizontal-plain* fiv*l(l pattern obtained with the transmitting array 
of Fig. no. 

After having decided on the localizer, attention was turned 

to the glide j)ath. It was decided that the isopotential glide 

path d(‘V{‘loped by the Ihireau of Standards would be satisfactory. 

During tlu' cours(‘ of this work, however, it was realized that the 

radiathm from either antenna array constituted a glide path in 

all respects similar to tlu* Bureau of Standards path. If, how¬ 

ever, the airplane moved to the right or left of the direct line 

of the array, tlune 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. 

Ihc Bendix Transmitter,—By the time that this system was 

ready for commercial production, much progress had b('en made 

in ultra-high-frequen(*y instrumentation; then'fore the tians- 

mitter was crystal controlled. A crystal having a fundamental 

frequency of 3,912.5 kc. was used. The crystal oscillator was 

followed by three stages of frc'cpieiu'y multiplication. The first 

stage quadrupled, the next doubled, and the last tiipled the 

frequency, the result making a total multiplication of 24 and 

giving a resultant freqiumcy of 93.9 megacycles. The energy 

from the doubler was used to excite a i)Ower arnplifi(‘r, and the 

rc'sultant power outi)ut was 300 watts. Each stage after tlu^ 

oscillator used two tubes. The grids of the stages having cven- 

numbered multiplication were eonneeb'd in })ush-pull and the 

plates in parallel. The grids and i)lates of the tripler stage were 

connected in push-pull, and this connection was also used in the 

power-output stage. 

Thermostatically controlled fans were used to keep the trans¬ 

mitter at a satisfactory temperature level, and voltage^ regulators 

were employed to avssure constant output under conditions of 

varying line voltage. A monitor located at the transmitb'r 

control point was used. This monitor merely indicated the 

relative values of the currents in the two transmitting antennas. 

The Bendix Receiver.—The receiver used with this system is 

shown in simplified schematic form in Fig. 118. In Fig. 118 

two tubes VI and 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 plat(‘s 

connected in parallel serve to cancel the radio frecpiency, and 

only audio appears at these plates. Following th(‘se tubes, all 

further amplification is of the audio frequencies. The first 

audio-frequenry amplifier is the tube Fs. From the description 

of the modulator it can be seen that the resulting audio wave 
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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 harmonics, a 

low-pass filter is uscid 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 (74), then the resultant energy is rectified by two diode 

rectifiers Fg and Fio. The rectified (uiergy from tube Fg eon- 

tains the resultant of the radio-frequency fields from both the 

roc'oiv(*r. 

70- and 90-cycle lobes and is applied to the instrument to furnish 

glide-path indication. 

The cathode of rectifier Fio is biased witli a comparatively 

high potcmtial, so it does not rectify unless the voltage applied 

to it has reached an excessive value. When it n'ctifies, its out put 

voltage is applied to the grid of amplifier F3 to furnish automatic 

volume control. This automatic volume contiol, then, acts 

only as a means for preventing the ov(a*load 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 (Fe) is applied to the localizer-indicating instru¬ 

ment and to another audio amplifier Vi. The indi(‘ating instiu- 

inent 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 cycles per second energy, and the 

second is sensitive only to 90. If the amount of the (mergy at 

these two frequencies is equal, the needle will not deflect, but it will 

deflect to the right or left if eithcu* of the two frequency energies 

exceeds the other. The audio amplifier F? is followed by a full- 

wave rectifier Fs. The output from this rectifier is applied 

back to control the gain of the tube Fo. This amplified auto¬ 

matic control voltage serves to keep the output of the tube Fe 

always constant. The use of automatic gain control maintains 

the sensitivity of the right-left indi(‘ation constant. 

In the same instrument used to indicate^ glide path is a direct- 

current microammeter which indicates the amount of energy 

from rectifier Fo and, hence, furnishes the glide-path indication. 

The pointers of the instrument are crossed on a common scale; 

that is, the indication follows that dc'velopc'd ])y tlu* Ibireau of 

Standards. 

The screen voltages are controlled with a voltage n^gulator to 

ensure stability of sensitivity with change in power-supply 

voltage. Since audio-fr(HiU(mcy amplifuns can be made so 

that their gain if^ v(;ry stable, the r(‘sulting reccavm* poss(\ssed 

great stability. The total weight of this r(‘C(‘iver is 20 lb. 

The Bendix Antenna for Receiving.—It is important that 

the output of the receiver remain constant as th(‘ heading of the 

airplane is changed, otherwise then^ will be an error in both the 

localizer and glide-path indications. An Alford 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 antenna having an approximate circular 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 cable 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-Bendix 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 Limss 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 pre'paratory te) [ 

touching its wheels. This is probably tnie; 

however, it can be seen fiom Fig. 113 that 

the glide path has a le)ng low section near || 

the terminal. A pe)rtion of this section is 

ne'ce^ssary for a commercial landing (where V_ 

comfort to passe'ngers anel minimum risk are 

important conside'rations). Furtherme)re, it no..-Bendix- 

is important that the portie)n e)f the glide United Air Linos in- 

l)ath beyond-the airport boundary be quite ooVving an^eim^^ 
steep so that near-by objt'cts can bo 

cleared by a largt; margin. There is also another school o/ 

thought that argues for a straight-line glide path so that th« 

speed of descent, and hence the throttle setting, is constant 

during the entire landing. The United-Bendix glide path i? 

rather inflexible. It is not possible to increase the steepnes? 

of the glide path without also bringing the point of contact 

(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 can be 

remedied is to increase the height of the antenna on the airplane. 

This principle may be illustrated by referring to Pdg. 114. The 

field strength of the transmitter may be changed by any desired 

amount, but this only adds more lines parallel to those of Fig. 114. 

If it is de(;ided that the point of contact 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 ft. 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 

Fig. 120.—The glide path transinitting-untenna array located at point A i. 
noridirectiorial and therefore the glide path will he 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 n^ceives a signal proportional 
to the distance 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 ninway. 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 climb to a higher 

altitude. If the airplane is just approaching position 2, it will 

121.—If the liorizontal plane pattern of the trananiitting array is dis¬ 
torted by a reflector so that the field at ]>osition 2 is reduced but that at position 
1 is unchanged, the glide path at position 2 will be elevated. 

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

rec(Mve the proper fit'ld-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 f]uropean system. 

It 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 pat h can Ix' shaped 

to any desired pattern. 

The Civil Aeronautics-International Telephone Glide Path- 
Figure 122 is not to be taken as the glid(' path of any ])articular 

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 ste(‘p and would 

cause alarm and discomfort to passengens. Tlu^ ])ath finally 

decided upon was one that was essentially straight from a point 

having an altitude of 1,500 ft. and located 5 mil(\s from th(^ 

boundary of the airport. The path bc^camc* parabolic at the 

field boundary and intersected the runway surface at approxi¬ 

mately 1 deg. Tlie path passed over a point 2 miles from th(^ 

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 clement of this 

array are individually controlled to produce the path descrilx'd 

above. The details of this array are not available for publication. 

Glide-path Transmitter.—The glide-path transmitter is located 

1,350 ft. from the middle of the runway and 1,050 ft. from its 

end. It is crystal controlled and has a fretpiency of 93.9 mega¬ 

cycles. This frequency is generated by a 3,912.5-kc. 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 Receiver.—A receiver having as its sole purpose the 

reception of the glide-path signal is used with this system. It is a 

crystal-controlled superheterodyne unit capable of receiving on 

any one of three frequencies. These frequencies are 93.5, 93.9, 

and 94.3 megacycles and are selected by (electrical switching. 

An intermediate frequency of 10 megacycles is used. The 

selectivity is specified such that the gain of the receiver shall be 

eciual within 0 db (compared with the gain at maximum response) 

for a band width of GO kc., and the attenuation for a band width 

of 240 kc. is not less than GO db. In addition, the selectivity 

of the receiver is specified such that the gain will be equal within 

I db over the band 93.5 to 94.3 megacycles. The over-all 

selectivity is further increased ])y the use of a 60-cyclc audio 

filter. This filter has the following characteristic: 

Maxiniinn 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 is 150 

microamp. of rectified audio curnmt through 2,000 ohms wlum the 

input is a 750-)uv carrier modulat(Hl 30 pen* cent with a GO-cycle- 

per-S('Cond audio note. Under tliese conditions the noise output 

(measuriHl b(4ore the filt(‘r with the modulation removed from 

the carrier) is 40 db h'ss than the normal audio output. 

The outstanding huiture of this recinver 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 recenver 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 to the converter tube to one quarter 

of its normal value. Further, the gain does not change more 

than i db when the modulation frequency varies plus or minus 

1 cycle, 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 

described in Chap. III. 

The rectified output of this receiver is 

connected to a cross-pointer instrument 

and serves to move the needle in a v('rtical 

direction in a manner similar to that for the 

glide-path instrument of the systems pre¬ 

viously described. 

The weight of this n'ceiver is 10 lb. 

The CAA-I.T.D. Localizer,—The localizer 

used with this system is bidirectional as 

shown in Fig. 123. The two lobes an> 

modulated with 150 and 90 cycles, respec¬ 

tively. The method for producing this 

pattern is novel. The antenna array 

consists of three Alford loops (of the 

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-frecpiency bridges(4) are used. The schematic dia¬ 

gram for such a bridge is shown in B'ig. 121. The bridge shown 

in this figure can be made by using two-wire transmission line. 

A transposition is made at point C. Points E jjind F are the samci 

distance from ^points A and B as points G and H. If radio¬ 

frequency voltage is introduced at points / and J, and if the 

Fig. 123.—Horizon¬ 
tal-plane field pattern 
of the CAA-I.T.D. in- 
str ument-landing 
localizer. * 
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bridge is balanced, a perfect voltage node will exist at points A 

and B. Current will flow, but the voltage between points A 

and B will be zero. Radio frequency could be introduced at 

points E and F by the transformer connected thereto, and an 

amplifier could be connected 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 i?, there 

would be no feedback in the amplifier. 

In the CAA-I.T.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 

Fui. 124.—Radio-fro(i\ioncy bridKO constructed of two-wire transmission lino. 

to tht‘se lines are condtmsers consisting of two plates. Between 

th(\se plates rotate star-shaped metal disks. One of these plates 

has fiv(‘ s(‘gments, and the other has three segments. These 

segments are driven by a common motor to generate 90 and 

150 cytjles. Because of the bridge connected to the transmitter, 

then* is no reaction from this keying at the transmitter. That 

is, at the output terminals of the transmitter there appears only 

the fundatn(mtal freipiency 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 products. These transmission lines are connected 

to a second bridge. This bridge serves to combine the modula¬ 

tion products without introducing 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 terrtiinals 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- 

Fio. 125.—Simplified schematic of the CAA-I.T.D. localizer system. 

ponent is the side-band current also having an intensity (^qual 

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 curnmt in the central loop and 

phased 90 deg. from it. The connections to om^ 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 Transmitter,—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 traasmitter in an unmodulated form to be 

acted upon by the mechanical modulators previously described. 

The frequencies of these transmitters lie in a narrow band 

centered 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 transmitU^r were received on a special 

crystal-controlled receiver 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 receiver is described in Chap. III. Its output is separated 

with 90- and 150-cycle filters and applic'd to the vertical needle 

of a cross-pointer instrument. This same instrument also gives 

radio-range indication when the n^ceiver 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 0})erate 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 cycles. The transmitter used for these 

markers have a power output of 5 watts, although only 2 watts 

are re(|uired. They are crystal controlled. The entire trans¬ 

mitter is housed*in a small box 18 in. high, 27 in. wide, and 15 in. 

deep. This box is watc'rproof and is not housed, but is located 

near the marker antenna array. 

Monitor System.—All the equipment used with the CAAM.T.D. 

system is controlled from the airport tower. A desk is fitted 

with controls, 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 indicator 

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 these 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 romemb('red as introducjiig 

the controllable isopotential glide path, its elaboi-ate 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 Massaeluisetts Institute of 

Technology for the development of an instrument-landing 

system(5) based on principles different from those previously 

described. Since M.I.T. is not a manufacturing establishment, 

it set out to develop certain principles that might be applied 

,commercially to a practical system. This projec^t was completc'd 

in 1941, and a description of some of the work has been pub¬ 

lished. Some of the developments will now be described, but 

these should be considered as principles to b(' incorporated in a 

commercial instrument-landing system rather than integral 

components of an established system. 

The CAA-M.LT. Glide Path.—Regardless of the excellence of 

the transmitting and receiving components of an isopotential 

glide-path system, th(‘ fact that the shape of this glid(' 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 regardh'ss 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 indicatidn that would operate on the relative Jttrength 

of two lobes of signals. This is the same principle that is used 

for localizers. As described in Chap. II, their means for produc¬ 

ing such a system were poor, so they discontinued work along 

this line of development and transferred theur efforts to the 

ivsopotential 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 described under Markers, Chap. V) and 

so used two of these to produce two lobes of energy at about 

700 megacycles. 
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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 described 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 

chann('ls in the receiver, the glide path could bo changed between 

the angles of 6 and 11 deg. Horizontally polarized waves were 

Fig. 120.—Vertioal-fiold 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.I.T. made 

use of two transmitters op(‘rating on different carrier frequencies. 

The frequency sei)aration 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 wen^ separated in the receiver by the use of 

filters. It can be seen that such a system would have as many 

or more variables as the iso potential glide-path system, but there 

is no reason why a system similar to that used in the I.T.D. 

localizer could not be used successfully to produce this glide 

path. 

CAA-M.I.T. IjQcalizer.—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. 

Transmitter.—Although some work was done using a Klystron 

(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. 

Fig. 127.—Receiver for 700 megacycles developed for the CAA-M.I.T. instni- 

meTit-laii<liiiK system. 

The Markers.—No marker system specifically inttuided for who 

with this system was developed; however, the results of tests 

with markers associated with this system weix' d(\scribed in 

Chap. V. 

7'he 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 

lube. A schematic circuit 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 SOO-kc. 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 Hghf 

Fig. 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 
shown. 

of filters, and each output frecfuency passes through individual 

amplifiers. By changing the gain of these amplifiers, the glide- 

path angle may be changc^d. This feature is, of course, purely 

for experimental use. 

The 1 ndieator-K novel feature of this system is the indicator. 

Based on the geometric tlu'onmi which states that three points 

Green Ughi 

Fig, 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 

coincide 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 servc^d to move 

the wliitc spot to the right or left and the glide path receiver 

Green Ughf 

Red light 
Fia. 130.—If the airplane \s in line with the runway but above the correct lino of 

descent, the center light appears as shown. 

served to move the white spot up and down. The red and gn'cn 

spots were actuated by the artificial horizon gyro which gav(‘ roll 

and pitch orientation, while a dir(‘ctional gyro indicated heading. 

Other Systems.^—In order to complete the chapt(‘r, 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 

frequcmcies 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 

to serve several runways. 

The Dingley System.—This system made use of audio fre¬ 

quencies from two buried cables. It is the only radical departure 

from the systems described in the earlier part of the chapter. 

Lov^-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 completed. 

Problems 

1. Use the data of Fig. 112, atul plot the isopotential glide path, assuming 

that when the distance is 1,500 ft. the fi('ld strength is unity and 

hi/(l\ = tan 2^". 

2. Plot a glide path similar to that of Fig. 113 using (airve 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-approach 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 exp^ansiblc 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 direct 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 altinutter then reads the 

approximate elevation of the airplane above sea level, and if the 

elevation above sea level of the ground directly Inflow is known, 

it is 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 bcflow, it is nec('s- 

sary to know, in addition to the reading of the meter, the air 

pressure and temperature. Consecpiently, 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 concerns the necessity for knowing 

this height with such great accuracy. Som(' of the first references 

to altimeters that would read the distance to the terrain below 

(known as absolute altimeters) 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 courscj 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 checking 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 

unit is available commercially. Much of the work done on these 

devices followed three principles. 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 thi)\r 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 boats (see Fig. 131). 

Briefly, it consists of a powerful sound generator from which 

sound is transmittcnl 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 refk'cted sound reaches the 

detector. Th(^ third item in this instrument is a device that 

measure's the int(*rval b(*tw('('n the time that the sound leaves 

the geiK'rator and n'aches the detector. This indicator is cali¬ 

brated to read directly in feet. 

Sound Generators.—Because of the high level of the noise 

from the aircraft motors and propellers and the loss in intensity 

of the generat('d 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 yet 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(l). 

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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Fig. 131.—Prinripal elonionts used in sonic Jiltimctcrs. 

3-sec. intervals. In 1928, Nandillon worked on a sonic-altimeter 

development utilizing an armature-(‘xcited 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 Company produced the only near-commercial device 

in the United States. This unit was flight-t(‘st(id by United 

Air Lines in 1933 and 1934, although work was done on it as 

early as 1929. Literature available states that compressed gas 

was bled from the engine cylinders 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 sec. 

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 Society de Condensation et d^Applica- 

tions M^chaniques 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 had 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 Construc¬ 

tions Fleetro-m(k*hani(iues d’Asni^rcs using a siren with a 

constant frequency of about 1,500 cycles per second. This sound 

had a duration of 0.013 ^ec. and was repeated at 0.7 sec. 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-C3Tle note was emitted continuously. In 

1934, Delsasso used a mechanically excited diaphragm with a 

2,000-cycl(; note and a duration of 0.02 sec. The ‘^Echoscope’^ 

ck'veloped sometime prior to 1930 used a compressed-air-driven 

siren and parabolic horn emitting a 200-cycle note for a period 

of 0.02 sec. and r(q)eated at an unknown interval. 

Sound Detector.—The devic(*s that have been used for sound 

detectors on the various sonic altinuffers are as many and as 

varied as the devices that have Immui used for sound generators. 

The Behmlot made use of a carbon microphone at the end of a 

horn, whereas Xandillon used an electromagnetic microphone. 

Literatun^ re{)orts Ric(' using a stethoscope, earpieces, acoustical 

filter, and horn, but the device tested by United Air Lines used 

an electromagm'tic rec(4ver, horn, wave filter, and amplifier. 

^Essentially the same ecpiipment was also used by Dubois- 

Laboureur and Jaccpies-Badin. Th(' 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 

microi)hone 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, electric, 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 indicators, 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 optical attachment to the indicator. This optical system was 

(luite ingenious. As the gun was fired, an electromagnet released 

a spring-actuated pointer which traveled across the scale at a 

constant speed. To this poinh'r there was attached a mirror 

which reflected light from a small lamp to a translucent scale. 

When the reflectecj signal was received, it was amplified and 

applied to an electromagnet which in turn actuatc^d a mechanical 

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 scale. 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 lamp 

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 Behmlot system was merely an aural 

indicator combined with a pointer, the Florisson used a light 

that was carricKl by the constant-speed motor and was extin¬ 

guished, the Xandillon a light controlled by a shutter, the 

Delsasso a neon lamp illuminated l)y the signal, and the Echo- 

scope a mechanical pointer actuated by an electromagnet which 

is de-energized by the returning sound. 

The General Elective system tested by United Air Lines was 

intended primarily for use with instrument landing and did not 

have a direct indicator, llie 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 associates acoustically this time with altitude. The 

theory behind this procedures was that the pilot cannot know 

elire^ctly his altitude as he le)e)ks out but is, nevertheless, able to 

make a landing; hence he she)uld be able to learn to associate his 

elistanese with an aural impression. using a long tube between 

the receiving he)rn anel the microphone of the detector, the accu¬ 

racy of th(s instrument at low altitudes was increased, so when 

the pilot heard the direct and reflected signals coincide, he knew 

he had reached some predetermined terrain clearance. 

The Dubois-Laboureur sysbun made use of an electronic 

indicator. The circuit for this device is shown in Fig. 132. 

In this circuit, G 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 

is connected through the contacts A\ of the valve shaft to the 

relay Ki. This causes to hold its contacts optm, but when the 

valve shaft moves and turnishes air to the siren, the contacts at 

Ki open and allow the relay contacts to close. These contacts 

short-circuit condenser C and microphone A/. 1 he momentary 

break in the current through the nday induc(\s a voltage in the 

secondary of transformer T-i. This surge in the secondary is 

sufficient to cause the neon tube iVi to conduct, allowing current 

to flow through Ri from 82. The second neon tube JV2 merely 

serves as a voltag<i ri'gulator. The potential developed acro.ss 

Ri causes the condenser C to be charged (after K2 has again 

Kz 

Fia. 132.—Electronic indicator used with the Dubois-Labourenr 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 N2 cause's the^ potential 

across it to be reduced, and Ni stops conducting. This process 

is continuous, so the reading of the meter M is a function of the 

average charge on the condenser C, which in turn is a function 

of the length of time between the period when C was discharged 

and when N1 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, etc., are no longer 

energized. In the methods using fight, 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. Jacques-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. Tlie 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 frequency at which these pulses 

A B 

Fio. 133.—Because there is a change in the position of the aircraft between 
the time that a signal is transmitted 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, inclination of the flight path, the 

velocity of the aircraft, and instrumentation errors. With 

accurate 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 continually increasing, 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 A, 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 AB^ and 

if the altitude is this expression follows from geometry: 

?=^/( W 
If the airplane had been traveling at a speed S, then 

Qijn = ^ 4H2 

- s 

The altimeter, however, is calibrated for a distance of 2II. That 

is, the chronometer reads 

Tc = ^ (131) 

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

Ta ^ I 

Tc 

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, ^t this speed the sound would, of course, never 

reach the airplanfe. With an airplane speed of 500 m.p.h., or 

730 f.p.s., the error is approximately 33 per cent. This calcula¬ 

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 

comparatively 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 sonic altimeter is the amount of power required in 

order to overcome the noise of the aircraft 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: 

p - 134 (133) 
7/ \ 1 — cos 0 ^ 

where H = height, feet 

p = sound pressure, bars 

W = sound power, watts 

0 = half the angle of the cone of sound 

6 = 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 5, the following equation may be written: 

IF oc 7/2 (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 hundn'd feet, and about 7 db are lost 

during the reflection at the ground. It can be seen that for high 

altitudes the sound power required alone renders the device 

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-wcught ratio varied from 8 to 48 ft. of 

elevation per pound of weight. 

Commercial Availability.—The only unit advertised as com¬ 

mercially available in this country was the Rice-General Electric 

device. It is believed that this item was discontinued in about 

Airplane 1934. The Behmlot and the Echo- 

scope were available in Germany 

in 1935, and the Florisson-SCAM 

and the Dubois-Laboureur-CEMA 

were available in France in 1933. 

The Capacity Altimeter.^—During 

the period when extensive^ develop¬ 

ment of the sonic altimeter was 

undertaken, work was also don(i on 

altimeters utilizing the capacity principle. It appears, however, 

that most of this work was done by or associatcnl with branches 

of the United States Serviccss, and no extensive literature cover¬ 

ing this subject has been published. It is not known whether 

Europeans worked along this line of endeavor. 

Fig. 134.—Capacities which 
exist between the electrodes 
of a capacity-type altimeter 
when the airplane is in free 
space. 
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Fio. 135.—Capacities which exist 

between the electrodes of a capacity- 
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approaches the earth. 
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Fig. 1.30.—Fiquivalent capacities 
existing between the electrodes of a 
capacity altimeter for the condition 
shown on Fig. 135. 

The capacity altimeter makes use of two conductors or platt's 

mounted on a supporting structure outside the airplane. p]lec- 

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 A 

to the airplane, B to the airplane, and between A and B. As 
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the airplane arrives from free space to proximity with the 
ground, two other capacities 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 conductors, 
which equivalent capacity is shown in Fig. 136 as Cabp- The 
capacities between individual conductors and ground can be 
grouped as Cabg. 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 hmgth, the following formula(2) expresses 
the capacity of these Wires to ground: 

_0.2416L _ 
logio {2L/d) - k2 

(135) 

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

h = lOR.o [4 + V’ + (i^) ] 

Assuming that a wire having a diameter of 0.2 cm. and a length 
of 250 cm. is used for a conductor, the capacity of this wire 
when 10 and 100 ft. aboveground will be 20.7 and 20.2 ju/if, 
respectively. It can be seen that the capacity change will be 
extremely small, and special means must be employed in order 
to d(4ect these changes. 

The Gunn Altimeter.—An altimetc'r of this period was devel¬ 
oped by Dr. Ross Gunn of the Navy and is briefly described 
in the lit(^rature(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 Li, /v2, tuning condenser Ci, and vacuum tube Vi feeds 
power to an external circuit via coupling coil L3. This energy 
is connected to two differentially wound coils L4 and Ls 
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These coils are tuned by condensers C2 and C3 and couple energy 

to coil Le. Since the voltage induced in coil Le is a function 

of the current in coils L4 and Lb and since these coils are identical 

and differentially wound, no voltage will be induced in Lo 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 Rh the necessary batteries. 

Across coil Lb there are attached two wires forming the external 

condensers. The condensers Co and C3 are adjusted when the 

airplane is on the ground so that the voltage induced in Le is 

minimum. Thd effect of voltage nunaining is cancelled by an 

adjustment of the vacuum-tube voltm(‘ter bias, which is con¬ 

trolled by potentiometer Ri, After the airplane leaves the 

ground, the capacity across C4 and Cb decreases, therel)y causing 

an unbalance in the currents because the current in Lb decreases. 

A voltage is developed therefore across Lf, which causes a deflec¬ 

tion in meter M proportional to the unbalance and, hence, 

proportional to the height. In order to acccmtuate this unbalance 

an additional tuned circuit consisting of coil and condenser Ce 
is added in series with coupling coil L3. This circuit is parallel 

resonant and, hence, keeps the current through L4 and Lb to a 

low value. Because of the high Q of coil Ly, changes in C2 and 
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Ca produce detuning of this circuit and increase the current 

through L4 and L5, and, hence, the current unbalance. 

Results of Capacity Altimeter Development.—There seems 

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, howciver, 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 sufficiently stable for practical air¬ 

line use where equipment must function day-in and day-out 

without attention by the designing engineers. Essentially, the 

d(wieo was satisfactory "only as a landing aid, and was not 

suitable for en route flying. A device satisfactory for this 

purpose alone, but capable of withstanding service, would 

probably be somewhat heavier. Whether these considerations 

weni the factors that prevented the capacity altimeter from 

])ecoming a successful commercial product is not known, but 

ap])arcntly no comnuTcial production was attempted. 

Radio Altimeters.—There are probably more patents covering 

various forms of radio altimeters than of any other absolute 

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.—Early radio altimeters attempted to 

measure altitude' by sending out a raelio 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 (5) of Fig. 138 shows the apparatus used with one 

form of this device. This apparatus consists largely of a regener- 

Fig, 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 altitude 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 mechanical memory.^’ 

Like many other altimeters of this period, its use as a means 

Fio. 139.—Change of frequency with altitude which occurs for the radio altimeter 
of Fig. 13S. 

for landing under low-ceiling conditions was the major purpose 

of the devt'lopment. 

Two oscillators were usckI in this device, their output fre- 

quenci(‘s heating togetlu'r in a detector. These oscillators are 

A 

shown as 0i and O2 in Fig. 140. Oscillator 0i is connected to an 

antenna A. As the reflected wave reaches this antenna the 

frequency of 0i varies, as has previously been described. This 

frequency beats with a fixed frequency from oscillator O2 in 
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detector D. Actually O2 has three frequencies that may be 

selected at will by manipulating control K. As K is moved, 

three windows of different colorn 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 C via rectifier R. 
This rectifier is inserted so that the charging mechanism will not 

discharge C even though, for the moment, there is no voltage 

trom T. Thus, each time that a high-frequency peak (Fig. 139) 

is present, C charges and retains the charge. Each succeeding 

peak adds charge to C. As the charge on C increases, the plate 

current of the vacuum-tube voltmeter V increases and is n'corded 

on the meter M. This plate current 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 M 
reaches a given value, the relay S2 operates, thereby causing 

light L to be illuminated. This occurs at th(^ point where M 
is reading full scale. At this time the pilot change's the frequency 

of O2, thereby increasing the range of the instrument. Ho 

must also press switch 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 between 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 pro))ably was not excessive^ A 

study of the instrumentation involved l(‘ads to the conclusion 

that excessive attention was nece.ssary 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 Electric” because it is 

being currently manufactured and sold by this concern. The 

responsibility for its development rests on a large group of 

itidividuals and several organizations. Actually, all these should 

be credited for its ultimate production. The fact that a unit 

accomplishing the feat attempted by so many previous experi- 
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menters was finally produced certainly is attended with honor 

sufficient for all involved. No doubt other devices (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. Kveritt of Ohio State University 

in 1928 1929 under a grant from the Daniel Guggenheim Fund 

for the promotion of Aeronautics(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 realized at that time the limitation of the frequency 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 Conqmny appli(‘d for a patent(8) on a device somewhat 

similar to that used by Dr. Everitt. The original application 

was divided in 1930, 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 und(T Dr. Everitt, was employed by 

the Bell Telephone Laboratories. The communications Labora¬ 

tories of United Air Lines were familiar with Newhouse’s work 

and in 1937- 1938 negotiated with the Western Electric Company 

for the development of such a device. Development work 

for the ^^^'stern 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 described by considering the space between the 

airplane and the ground as a two-wire transmission line with its 
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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 voltage 

source 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- 

circuit voltage, will vary as a function of the frequency 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 freciuency will ris(i 

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 variabh'- 

frequency control and adjusted first to a frequency that giv(‘s 

maximum voltage then to the next successive freepumey again 

producing 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 

2) = oX, = p (130) 
/l 

where a = a constant 

Xi = wave length corresponding to /i 

/i = first frequency 

V\ = velocity of propagation along the transmisvsion line 

If the second frequency at which maximum voltage was observed 

is /2, then 

In this equation a second velocity of propagation for the second 

frequency is written as F2. Substituting Eq. Q3G) in Eq. (137), 

(138) 
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Solving for D in terms of both frequencies 

D = 
VrVi 

2(F,/2 - Fj/i) 
(139) 

For air, Fi and V2 will be equal to each other and equal to c, 

the velocity of radio waves in space; therefore 

■ 2(/r-7r) 

This equation means, then, that if two arithmetically successive 

freciuencies 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 calculated. 

Suppose that the difference between these ‘^measuring” 

frecjuencies is allowed to remain the same for any value of line 

distance equal to nD, then, 

(i«) 

where// is the difference frequencj'- equal to/2 — /i. 

This expression means that only one ?ith of the previous 

frequency difference is required to measure a distance n times 

the length of that previously measur(‘d. Or, in other words, for 

th(' same fn^iuency diffeinmce, there will be n times more voltage 

f)eaks at tlu' generator t(U'minals. 

For a known fre(piency difference, then, it is possible to know 

th(' distance' nu'n'ly by sweeping the voltage generator between 

two known fn'cpu'ncies and counting the number of times that a 

terminal voltmeter is observed to rise to a maximum. Another 

method for making this dete'rmination is to sweep between the 

two fre(pienci(*s in a given time interval and measure the fre- 

(|uency of the energy pulses occasioned by the voltage rise. This 

latter principle is the method actually employed. 

The Weco Altimeter.—This device(ll) 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 megacycles. This modulation is 

accomplished at a rate of 00 cycles per second. The energy 

from the transmitting antenna strikes the ground and is reflected 
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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 arc 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 frequenej^ which is a function of the distance 

from the airplane to the ground. Incorporated in the receiver 

is an electronic frequency met(u\ This is really a rate-of- 

Fia. 141.—Schematic of transmitter used with the Western Electric radio 
altimeter. {Courtesy of Western Electric (’ompany.) 

energy pulse counter with an indicating milliameter which 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 ,(X)0 ft. are on an expanded portion 

of the scale, and the smallest division nqiresents 10 ft. 

It is necessary to provide certain apparatus for supplying 

proper voltage and current to th(^ plat(^ and filanuuit of tlu' trans¬ 

mitter tube and to th(i plates of the receiving tube's, so all eepiip- 

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 intendectrode capaciti(‘s not 

exceeding 1.5 nfii. 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. 

It 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 cen- 

deriser which is located at the center of one pair of Lecher wires. 

The resulting wave emitted from the transmitter is saw-toothed 

in nature and varies at a rate of 60 cycles per second between 410 

Clearance 
Diode indicafing 

defector meter 

Fig. 142.— Blook diaRrain of receiver used with the Western Kleetric altimeter. 
{Courtesy of Western Electric Company.) 

to 445 megacycles. A retpiirement of this transmitter is that it 

always emit the same field strength regardless of frequency. At 

a frequency of 432 megacycles the fretpiency modulation repre¬ 

sents a deviation of plus or minus 2.} per cent. From the 

theoretical considerations pnwiously 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¬ 

quency. It is evident that such a frequency variation at a rapid 

cyclic rate and with uniform power output would be impossible 

at frequencies less than 100 megacycles. As a prac tical problem, 

the carrier frequency u.sed is none too high to allow uniform 

output over the frecpiency range swept by the condenser. 

A diagram of the transmitter is shown in Fig. 141. 

Receiver.—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 

accept 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- 

200 500 1000 2000 3 4 5 6 7 10,000 2 3 4 5 6 7 100,000 2 

Frequency,cycles per second 

Fia. 143.—Variation in audio fre(iuoncy rosponse with altitude of the Western 
Electric altimeter. {Courtesy of Western Electric Comjmny.) 

counter circuits. One of these circuits indicates on the altitude 

meter while tlie 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 harmonics. 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 Fig. 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¬ 
quency 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 OO-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 circuit. After the ballast lamps have reached their 
normal temperatures (in about 30 sec.), the missing voltages 
are supplied by pn'ssing a button. All the plate voltages 
required for the receiver arc supplied from the 450-volt dyna¬ 
motor located in the power unit. The proper voltage dividers 
are, however, located in the receiver. 

Ayiteniias.—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 reasona})ly constant. The antiuuias are in the form 
of a T structure. The vertical portion of the T is about 7 in. and 
the "cross” is 14 in. 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 these 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- 

lo apparafus 
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Fig. 144.—.\ntenna us(*(l with WosttM ti Eloctric altiinot(T. {Courlcay of Wt^strrn 
Electric ('ompany.) 

quency meter for measuring the fretiucney of the radio amplifier, 
a cathod(!-ray ospilloscopt*, and a 24,()()0-cyele audio oscillator. 
Adjustment of the transmitter consists in (dn^cking the radio 
frequency and adjusting the transmitter so that uniform power is 
delivered as the frequency is chang(*d. The adjustment for tlu^ 

receiver consists in aligning it for maximum response and calibrat¬ 
ing the frequency counter. 

Performance.—The Western Electric Absolute Radio Altimeter 
is capable of reading distances from 20 to 5,000 ft. From 5,000 to 
15,000 ft. the needle rests against the 5,000-ft. mark. Above 
15,000 ft. the readings are somewhat less than 5,000 ft. The 
claimed accuracy within the 5,000-ft. limit is about 10 per cent. 
Deviation from absolute accuracy is caused by variations in the 
amount of frequency change, errors in the audio-frequency 
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counter circuit, and errors in the instrument used to read eleva¬ 
tion. Since this accuracy is on a percentage basis, its actual 
value increases for low altitudes and makes the device useful 
as an instrument landing check. 

The weights of the major apparatus units are as follows: 

Pounds 
Transmitter. 13.9 
Receiver. 9.56 
Power unit. 15 
Meter. 1.25 
Two antennas. 3.4 

Total. 43.11 

The weight performance is about IIG ft. per pound. To this 
weight must be added that of the transmission lines, mounting 
rack, and other incidentals common to all aircraft installations 
of radio apparatus. ^ITu.* total weight installed is about GO lb. 

One of the biggest objections to this de\’ice 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 50 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 abo\it 8 amp. 

Asid(^ from the characteristic lisb'd abo^’e, oik' of the objections 
to the device lies in its lack of a minimum altitude indicator. A 
pilot can hardly be ('xpected to eye the meter continually as 
he flies along the airways, but would do this only for certain 
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 indicator that would warn when 

elevations of l,0(K) ft. or less have been passed; also, another 
device to indicates 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 sonic 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 detector 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 ft., 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 has 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 capacity of the wires to each other, to th(‘ 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 th(‘ minimum altitude that 

can be indicated on this device? What is the re(iuired 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 airplan(‘s 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, releasc^d a long trailing wire antenna 
and using bdegraphy 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 tlu‘ pilot. Such a system was, however, untenable for 
t\u) Unitcnl States. The air])lanes in service were chiefly used 
for carrying mail and were manned by a single pilot. The pro¬ 
vision for cariying even a single passenger was a later innova¬ 
tion. It scemc'd, 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 ionosplnu’e-propagated wave lengths. The use of 
these frecpicncies was logical because they permit signals from 
low-power transmitters to be heard at great distances. Further, 

a practical aircraft antenna for these fre(iuencies, 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 resj)onsil)ility with a 
dispatcher on the ground. If the ground dispat dun* himself 
could determine the position of the airplane this res])onsibility 
could be better shared. 

It is true that numerous other devic(\s ard placed on the air¬ 
plane to enable safe avigation by the pilot, but because of the 
factor last discussed, the demand for ground eciuipment has never 
been greater. 

With the foregoing uses in mind it is ])ossil)le to determine 
the requirements for a ground-station direction findcu*. First, 
since this device is not intend(‘d as a primary source of aviga- 
tional information, its accuracy need not Ixi extrenK'ly high. 
However, it will be called upon to furnish bearings in an emer¬ 
gency when the results obtained with tlui oth(u- aids arc. under 
suspicion, so it must at no time give as true, highly inaccurate 
bearings. If such bearings are occasionally producixi, they must 
have attendant characteristics 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 common 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,()()() to 30,()()() kc.; 
that is, those waves which make use of the ionosplu^re (Kennelly- 
Heaviside and Appleton layers) as a mieans for their propagation 
fit)m transmitter to receiver. 

The propaj^ation of these waves will be discussed in greater 
detail and from the enginciering 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- 
magiK^tic 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 
comparatively short distance of about 80 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 r(‘presented by placing a mirror on the ceil¬ 
ing above the lamp. It is now more difficult for the observer 
to determine tlu^ location 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 coinposcnl 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 ocean, which tosses and 
pitches with the wind and the tide. This can be simulated by 
having the mirror suspended by (‘lastic and then attaching to it 
a cord that is pulled at irr(‘gular intervals by a suitable mecha¬ 
nism. It is now virtually impossible for the observer to deter¬ 
mine accurately the source of the light. 

Characteristics of Waves Received from the Ionosphere.—In 
the foregoing paragraphs ionos])h(‘re-propagated waves were dis¬ 
cussed in terms of analogies used to present the ])roblem of ground 
direction finding for aeronautics, but more o.ccurate consideration 
of the characteristics of these wav(\s 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 (|uadrature 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 

electrostatic flux of a horizontally polarized wave. It is this 

wave that has been considered in the previous discussion of long¬ 

wave radio ranges and aircraft 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 upward (unless special suppressing 

antennas are used), and in its 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 gr(‘at signal strengths. 

During this process, however, the wave undergo(\s alterations 

that greatly increase the difficulty of locating the direction of its 

origin as compared ^rith the same process for the ground wave. 

Polarization.—One of the most important change's in so far as 

direction finding is concerm^d is the change in polarization. It is 

theorized that the electrostatic field of the waves(l) exerts forces 

on the ions and electrons of the gas layers and causes them to 

vibrate. Since a moving charge is an ehxdric current, the 

effect is similar to that of reradiation from a parasitically excited 

antenna. Becaujfc of the inertia of the eh'ctrons 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 movc^ment follows an elliptical 

path. It is this motion along the minor axis that is said to 

cause a component polarized at 90 deg. with n'spect 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 ratio 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 
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be that their polarization is rotated back to normal by the effects 

of the earth^s conductivity. 

It was previously stated that for 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- 

Fi<j. 145.—Positions of the cleotric and magnetic vectors in a normally polarized 
wave. The direction of propagation is indicated by P. 

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 

14(). In Fig. 145 is sliown 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 //. Figure 145, then, repre¬ 

sents the conditions existing with a normally polarized wave. 

In Fig. 140 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 modification 

of the polarization and a component that occupies 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. I'his is 

not true for the wave received from the ionosphere. On the 

contrary, the intensity of these signals continually changes. 

Fig. 146.—Rotation of the elertrir and inaKiietio vortors in an abnormally 

polarized wave. 

Observers(3, 5) who have made a study oi this phenomenon 

report fading rates from zero to 100 per second. Tlune se(*m to 

be various types of fading. One type has i)e(‘n found to remain 

at about one fade every 5 sec. When this plumoimuion was first 

encountered, it was new to radio engin(‘(*rs, and so it was the 

subject of much conjecture. One of the first tlu'oric's 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 prescmt during much of the 

reception from the ionosphere. One author(^) gives as a 

reason interference between two -rays. The j)r(‘sence of tlu'se 

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. Calculation shows a 30-deg. 
change for a variation in magnetic field intensity of only 0.00015 
gauss, and this changes in phase would be sufficient to cause 
the signal stnuigth to vary from maximum to zero intensity. 
There secerns to b(^ no doubt but that there are two or more 
rays present and that slight changers 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 
suggested as contributing to the fading condition is the varia¬ 
tion in absorption of the refracting layers. This absorption is 
again caus('d by variation in the number of electrons and ions 
pn'sent as a functu)n of the variation in the ionizing forces. 

Path Donation.—Waves ])ropagated directly from the trans¬ 
mitting ant(‘nna to the receiver travel a great circle path. It 
was the early discovery of this principle that led to the develop¬ 
ment of radio dirc'ction findcu-s. Early in the development of the 
art, howev('r, tlu're was some suspicion that this was not always 
the case. The subsecpu'ut investigations proved that these 
supposed deviations wen* caused ])y failure of the equipment 
when us(‘d with abnormally ])olarized waves. With improve¬ 
ment in apparatus, these investigations continued, and the best 
measurements of these d(*viations have taken place within the 
last two or three years. Barfield((>), using a spaced loop direc¬ 
tion finder, togetlu'r with a photographed cathode-ray tube, on 
stations located at distances up to 5,000 km. found deviations of 
‘To or 20 deg.,’' although his t(‘sts showed that there were no 
occasions when steady deviations of more than 1 or 2 deg. 
persistc'd throughout the entire group of observations. Feld¬ 
man (7), making (fi)servations 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 “scattering” to be discussed later. These deviations were 
also noticed by Smith-Hose at Slough \ising 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 th(*y 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 arc probably of short duration. 

Scattering.—In many deviation studies there are reports of 
abnormally large bearing errors. Barfield(0) reports discrepan¬ 
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 millisec. 
after the time that the direct wave should be received. These 
early observers were puzzled to note that much greater periods 
of time were rcciuired for the reception of near-by stations 
(probably within the skip zone) than by stations thoiisands 
of miles away. Eckersley(9), studying this ])hen()menon 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 th(*.se areas, or (to 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 not(‘d 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 b(‘am (directive) antenna, 
although the direction was often extr(*m('ly erroneous. This is 
explained by points of reflection located along the path of the 
beam. 

A recent study by Edwards(lO) and Jansky was made in con¬ 
nection with reception of din^ctive transmission. This study 
covered both the vertical and horizontal directivity as well as 
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Fm. 147. Abiiornuilly polarizod wavo arriving at a dirootion finder from the 
ionosphere. The eleetrie field, F]B, is resolve<i into two eomponents, E/iB and 
E'vB, in the plane of tlie wave front. The component F'yB is further resolved 
into two components, Kf and Ey. The component, Ef, is horizontal and in the 
direction of propagation. The component, Ey, 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 succeeding echoes 
have delays that are approximate multiples of the first. With 
the random echoes the direction of arrival is not clos(‘ly associ¬ 
ated with that of the transmitted beam. Sharp echoes have 
low amplitudes and short time delays. 

ICdwards and JaiLsky 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 excess of 20 deg. were found to characterize th(' 
random echo. 

In order that rough surfaces can act as regular reflectors, the 
following equation must be satisfied: 

9// 
-T— sin 6 « 1 (142) 

A 

where H = differences in elevation 
X = wave length 
5 = angle of incidence measured from th(‘ surface* to the 

impinging ray 
It can thus be see'n that as the incid(*nt angle* be'comes small, 
conditions favoring; regular reflection improve and those for 
scattering become less. That is te) say, scatte‘ring is more likely 
to be present at a elistance cle)ses te) the transmitting station. 

The characteristics of radio transmissie)n le'cesived from the 
ionosphere having been described, the e*ff(‘cts e)f the*se upon 
direction-finding equipment will now be discusse‘el. 

Effect of Horizontal Polarization on Loop Direction Finders.— 
In Fig. 147 is shown a line OD which repre\sents the* elirection 
of propagation of an abnormally polarized wave*. The (*le'ctric 
field of this wave is in the direction EB. This fie*ld can be 
resolved into one vertical and two horizontal components. These 
are 

Eu = E sin (j) (143) 
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Ev = E cos (t> cos 7 (144) 

Ef = E cos <t) sin y (145) 

where <}> is the angle of i)olarization and y the incident angle. 

With time, the vertical component propagates toward the reader 

while the horizontal com[)on(‘nts move downward. Coinciding 

with the vertical proj(‘ction 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 0 required to 

produce this minimum signal is then observed. If the horizontal 

component of the wave is negl(‘cted, it can be seen that the con¬ 

ditions exactly follow those discussed in Chap. IV, and the 

resulting (Mpiation for the received voltage will be 

El = EvK cos 6 (146) 

where El is the resulting loop voltage and K is a constant 

dependent on tlu' structure of the loop, the wave length of the 

received signals, etc. Und(‘r the foregoing conditions it can be 

seen that the voltage output of the loop is a minimum when the 

angle 6 ecpials 90 deg., that is, when the ])lane of the loop antenna 

is at right angles to tlu^ dir(‘ction of the oncoming wave. 

If now th(' 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 lh(' horizontal angle 6 has been replacc^d by the vertical 

angle y. The pickup of the loop, however, is maximum when 

its plaiK' is parall(‘l to any fi(4d component and minimum when 

at right angles to this component; hence the following equation 

may b(^ written: 

E^l = A^E;/sin 7 sin 19 ‘ (147) 

For a given vertical angle, the value of sin y is constant. It 

can be seem that minimum reception from the horizontal com¬ 

ponent at right angh's t o the horizontal projection of the direction 

of propagation occurs when 6 is zero. Reception of the horizontal 

compommt 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 d or 

= KEy sin 7 cos e (148) 

It follows, therefore, that a null takcui on this component of the 

radio field will coincide with that taken on the vertical field. 

The complete voltage inducc^d at any one time from all compo¬ 

nents is 

= £, + E\ + E"l (149) 

E'"L =^\ K^ cos d + EfiK" sin y sin 0 + EyK'" sin y cos d 
(149a) 

E'^'l = EK^'"{cos <t> cos 7 cos 0 + sin sin y sin 0 
+ cos </) sin^ 7 cos 6) (150) 

From this expression it can be seen that unless the angle of 

polarization is zero (normal) it will never be ])ossiblc 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, chuirly useh'ss as a direction 

finder to bo used with ionosph(‘re-propagated waves in that it no 

longer produces a null in the pr(‘sence of one of the peculiarities 

of this type of reception. Tt is i)ossible also from the foregoing 

discussion to draw a second conclusion, namely, that in order for 

a direction finder to give true Ix^arings in the pr(*s(‘nce of abnor¬ 

mally polarized waves it must be unaff('Cted by the horizontal 

component of the wave. 

The Adcock Direction Finder.—Tn 1919, an English patent(15) 

was granted to Adcock for a direction-findcT antenna system 

having for its purpose the (‘limination 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 te) the horizontal 

component. Various forms(12) of this antemna syste^m are 

shown in Fig. 148. In this figure the antenna shown under (A) 
is the original or U-typo. form. The e)ther fe)rms shown are 

modifications addeel by later inventors for the purpe)se 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 wave's. 
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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: 

Ea = EvK' cos d (151) 

In this equation, Ea is the resulting voltage induced in the 

Adcock system, Ev the vertical component of the radio field, K' 
a constant d(^pendent on the effective height of the antenna, 

and d the angle between the vertical plane containing the two 

''//////////////// ^//////////////'' 
A . B C 

U (unshie/ded) Elevated H Balanced H 

Coupkd Balanced-Coupled 

Fig. 14S. X'arious forms of Adcock antenna systems. 

elements of the Adcock and the plane of polarization of the radio 

wave. If the spacing Ix'tween 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 () per cent, provided 

that this spacing does not exceed one-half wave length(ll). 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 clover leaf. In all the discussion on 

Adcock antennas it will be assumed that the field pattern (as far 

as vertically polarized waves arc 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): 

Ea = EK' cos 6 cos <t> cos y (152) 

Another factor must be considered in writing the complete 

equation for the Adcock system. It was seen in the discussion 

for the loop that the voltage output was proportional (within 

the limits previously discussed) to the spacing betwcnm 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 th(i elTcctive distance 

between the ekmients is reduec'd and 

is now aS' rather than This spac¬ 

ing enten'd into the factor A' of 

lOq. (151); hence, 

aS' = S cos y (153) 

or 

Fig. 149.—When the radio 
wave arrives at an angle greater 
than grazing incidence, the 
effective spacing between Ad¬ 
cock elements is reduced from 
<S to 6"'. 

Ea = EKS cos 0 cos <j> cos* y (154) 

From this etiuation it can be seem 

that it is possihl(‘ to obtain a null 

(by varying 6) regardl(‘ss of the 

incident and polarization angl(\s. It must be pointed out, how¬ 

ever, that for certain values of these angles the induced voltage 

may be very smaR, and hence it may not be possible to secure a 

satisfactory null. 

In Fig. 148 the antennas are shown connect(‘d to coils which 

are presumably connected to receivers. In a common form 

of direction finder using the Adcock antennas th(‘S(‘ coils are 

a portion of a goniometer. The goniomeb^r was adopt('d from 

the Bellini-Tosi loop system and has previously Ix^en memtioned 

in connection with the radio range. Wlum the goniometer is 

used, two pairs of Adcock antennas are employc'd. They are so 

located that the vertical planes containing them are at right 

angles to each other. Each 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 A A' 
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Fio. 150 — Mechanical stnuture of a goniometer used for direction finding 
and its method of connection. The c()il8 connecting to tlie antennas are fixed 
and bear a 0C)-deg. relation to eacli other. Tlie inner coil rotates. 

Fio. 151.—Addition of vectors representing the currents and hence the fields 
of the fixed goniomet(‘r coils. Tlie resulting current (and lienee field) makes an 
angle 5 with respect to one current. 

Fig. 152.' Position of the field resulting from vectorial addition. The angle 
0 corresponds to 5 of Fig. 151. 

and BB' and luaice in the respective goniometer field coils can be 

written as 

Ia — /nmx pns d (155a) 

h = /.ax COS (90° ~ e) 
= /.uax sin d (1555) 

d is the angle between the plane containing one pair of antennas 

and the plane of propagation of the radio 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 current vector, that is 

tan 5 = = tan 0 (156) 
i nuut COS 0 

The angle 5 is then equal to the angle B] 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 

can 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 Ix^ completely eliminat(‘d 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) dev(‘loi)ed a ‘bstandard 

wave^^ having angles of polarization and incidence of ‘15 deg. 

each. The antenna response under the influ(*nce of this wav(‘ 

was then calculated. This calculation yieldcnl th(‘ tangent of an 

angle which is the ratio between th(‘ magnitude of the wanted 

and unwanted response. The angle corr(‘spon(ling to this 

tangent is the figure of merit. For the loop antcmna fsingl(‘ loop) 

this angle is 35 deg. 

If the error produced by a wave is an angle c, and if IF is the 

wanted and V the unwanted r(*sponse, then 

tan € — ^ (157) 

The unwanted response* is given for only those cases where the 

spacing between Adcock elements is small compared with the 

wave length as 

IJ = E„S (158) 

In this expression. Eh has previously been defined and S is the 
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spacing between the elements of the Adcock. The wanted 

response is 

W ^ hnin - ^ Ev (159) 

Tn this equation, h is the height of each Adcock element, 7 

is the incident angle, and X is the wave length. If the spacing 

is small compared with the wave hmgth and Kcis. (158) and (159) 

are substituted in Eq. (157), the following results: 

For the standard wavc^ pn^viously (h‘scril)ed Fq. (160) reduces to 

tan € = 0.225 (IGl) 
Tj ytl 

The value of EiijEv in this expression can be derived from 

(‘lectromagnetic theory, but it is a function of the reflection 

eoeffiei(‘nt of th(‘ ground and, hence, a function of the dielectric 

coastant and conductivity of the ground. Barfield calculated 

this standard wave error and found it to vary from 1 to 12 deg., 

depending on the particular forms of the Adcock involved. 

Watson Watt(13) made some checks of BarfieUFs calcula¬ 

tions and arrived at some interesting results. Tn Wattes experi¬ 

ments a large number of bearings (more than 2,000) were taken 

with Adcock and loop direction finders on stations of known 

locations. Sincci the loop standard wave error was accurately 

known, the n'sults obtained with the' loop and Adcock systems 

W(*r(» compared and the standard wave errors of the Adcocks 

calculated. The results are shown in the following table: 

Adcock system 
('alculated error, 

desrees 
Xteasurod error, 

degrees 

Balanced-coupled. 1 4 
irnhalancod-coiiplod.... 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 calculation showed a large error, the actual 

measurement was in good agreement, but when the calculation 

showed a small error, the measurement showed larger figures. 

It must not be inferred that the standard wave error is the 

actual error that would be encountered 

when using Adcock 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 compoiumt bearing errors. 

The Spaced-loop Direction Finder. 
A means for eliminating the effects of 

the abnormally polarized waves on the 

accuracy of direction finding, which 

differs both in principle and construc¬ 

tion from the Adcock system previously 

described, is the spaced-loop system 

by R. A. Weagant in America and 

C. S. Franklin in England, and later investigated and 

developed for direction finding by T. L. Kckersley(9). In this 

system two loop antennas are so connected that the output 

tio. 154.— A radio wave arriving from the ionosphere and impinging on a spaced- 

loop system. It makes an incident angle 7 with the ground. 

voltages cancel; then this combined output is connected to a 

radio receiver. This system, is 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 

Fia. 153. — Mechanical 
construction and connection 
of the spaced loop antenna 
system. The loops may be 
covered with a metallic 
shield if this shield is not 

continuous. 

devised independently 
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making an angle y 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 = ~ S cos y (lb2) 
A 

In Fig. 155 the spaced-antenna system is shown subjected to 

radio waves arriving at an angle to the plane at right angles to 

— 

\e— 

-s- 

\ V \ 

Fio. 155.—A radio wave iinpinginK on a spared-loop system at an angle 0 
with respect to the vertical platie perpendicular to the planes containing the 
loops. The angle 6 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 = ^ aS cos 6 (lh3) 

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 = ~ S cos y cos 6 (164) 
A 

For a constant known value of 7, a measurement of the angle 0 
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 

system 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) because each individual loop of this spaced-loop 

system is of the conventional type. If now the loops are rotated 

so that S 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 0 that make the loop pickup zero, and two from the 

positions where 6 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 onh' nulls remaining are those caused by the phase 

difference between the induced voltages being made zero. This, 

then, is an important difference between the spaced-loop and 

the Adcock system. The Adcock attempts to nuidcT 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 b(‘aring errors, 

even though these components are enclosed in a grounded shield. 

In an attempt to eliminate this error, flckersley arranged his 

loops so that they are coaxial, and lu'nce 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 Adcock and spaced-loop systems have as their 

primary purpose the elimination of the eff(‘cts of the abnormally 

polarized components of the radio wave in direction finding, 

but corrections for other ionosphere-propagated wave character¬ 

istics must also be made. One of these und(*sirable character¬ 

istics 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 determine the bearing of the null but 

locates bearings on either suhi of it. After having obtained a 

number of bearings in this manner, the results are averaged to 

obtain the actual bearing. When a 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 bearings are taken manually, 

unless tlu^y are taken at a rate so rapid that the signal intensity 

does not change during the process. This, of course, is not 

always possible, so cornH’tions must be supplied by the averaging 

system. In automatic direction finders using cathode-ray indica¬ 

tors, fading does not have a direct effect on the accuracy. 

Attempts to corr(‘ct for scattering when using the aural 

detector have beem made by training the opcu’ators to determine 

blearing quality. Scattered bearings (from ground reflection) 

are said to have a ^Miollow’^ sound, and so are discarded. The 

traces of the cathode-ray indicator deviate' from linear to elliptical 

patterns and indicate poor (piality in this manner. 

All the foregoing corrections hinge on methods for rejection 

of the bearing after it has bec'n recorde'd. This type of correc¬ 

tion is in direct contrast to the methods used for eliminating 

[)olarization errors. It is unfortunate that more direct methods 

have not yet been devis('d. 

Th(^ majority of th(^ erroneous bearings recorded with good 

direction finders operating at medium-high frequencies are 

l)roba))ly caused by scattering. Fortunately, however, this 

])h(‘nomenon does not play an im{)ortant part in the reception of 

radio transmissions from airplaiu's. Normally, the ground wave 

of m('dium-high-fr('(iu('ncy transmitb'rs does not traverse great 

distance's but is rapidly absorbed. With aircraft transmitters 

operating on these frequencies, however, the distance from the 

ground is great and direct wave reception is possible up to the 

point where tlu' skip zone has ended and strong reflected signals 

from the ionosphere appear. That is, there is no zone where 

strong signals (either diri'Ct or reflected) are not present (absorp¬ 

tion of the sky wave not included). The stronger direct or 

ionosphere-reflected wave completely blankets the weak, scat- 
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tered energy which has been described as giving erroneous 

bearings. This is not true for reception from ground aeronautical 

transmissions. 

Unbalanced Current Effects.—The destruction of nulls due to 

unbalanced currents in loop direction finders has previously 

been discussed in Chap. IV. These same effects arc present in 

both the Adcock and spaced-loop direction finders. The effect 

may be readily minimized in the spaced-loop system by using 

shields around the loops, but this cannot be done with the Adcock 

elements. With the Adcock antenna it is necessary to preserve 

the balance by making the impedance of the various elements 

I symmetrical. This is not always 

^ readily possible, because equal imped- 

I ances for one fn‘quency may unbalance 

X y at other frequencies. 

I Diversity Errors.^—A classical paper 

\ 1 / on this subject with each proof mathe- 
I matically rigorous was written by ,1. 

^ F. Coalesflt) in 1932. This theory 

\ may be briefly illustrated by referring 

\ to Fig. 156. In this figure two pairs 

ff 0^ ^'0A2 Adcock antennas, A1A2 and BiB2f 

I50.-Radio wave ar- are shown. Suppose now that asignal 
riving at an Adcock array is being receiv('d from such a direc- 
from an angle 0. ^ e(iuals 45 deg. During 

this condition, the wave front will reach antennas A\ and Ih 

simultaneously^ and antennas B2 and A 2 simultaneously. It 

will, however, feach antennas Ai and Bi before it reaches anten¬ 

nas A 2 and B2. If all four antennas are identical, the voltages 

induced in Ai and Bi will be equal and those induced in B2 and 

A 2 will be equal. It does not follow, howev(‘r, that the voltage 

induced in A1 will be the same as that induc(‘d in A2. In the time 

interval required for the radio wave to travel from Ai to ^^2, the 

reflecting layer may have changed, or the ground constants may 

be different along the path of propagation, thereby causing a 

change in the radio wave. Assume that the voltages induced 

in AI and Bi have a magnitude of one and those induced in B2 

and A 2 a, magnitude of two. The resultant voltage will be 

three for both pairs of antennas; hence the resultant maximum 

field will occur in the goniometer with the search coil at 45 deg., 
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and a true bearing will result. Suppose, however, that in the 

second case the radio wave arrives at the fixed Adcock array 

from such a direction that 6 equals zero. It will reach the 

antenna Bi first, the antennas Ai and A 2 simultaneously but 

later, and the antenna B2 last. If for the reasons given above 

the voltage induced in antenna Bi is one, that induced in Ai 

and A 2 is two, and that induced in B2 is three, the resultant 

voltage at the terminals of the goniometer coils will be four for 

each coil. The resultant field will be midway between the two 

coils as before, and a bearing of 45 deg. again results. This 

bearing is, of course, in error by 45 deg. 

The foregoing discussion is not rigorous but is given to illus¬ 

trate the principles involved. It 

is known that there are many 

factors which vary the magnitude 

of an ionosphere-propagated radio 

wave with time. Coales discusses 

at length the case where both a 

direct and an abnormally polar¬ 

ized sky wave are j)resont. Re- 
- . , Fio. 157.—Ray of cnerRy from 
ferring to Pig. 157, a wave strikes ionosphere wave reHecting from 

point P' on the ground, which in Kround and combining with a 
- . . 1.1 direct ray from the same wave, 

this case is assumed to be a per¬ 

fect reflecting surface. It is reflected and reaches a point P 

directly above a point 0 where it combines with the direct sky 

wave. The combimnl wave has a component perpendicular to 

the plane of incidence given by 

Ez = 2Ei sin 7 c 
/2Trh \ ^ 2wD\ 

^os I -- cos 7 I sin I H-) 

The ground wave is normally polarized and given by the expres¬ 

sion 

E'z = Eo sin (wt + 

In these expressions, Di and Do arc optical paths measured to 

point P from a common starting point. Upon striking the 

Adcock elements, voltages will be induced which are functions 

of the Adcock antenna heights h. If Eo and Ea are defined as 
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E„ = 2Eo£mdh 

Ea = AEi sin 7 J f{h) cos 

(1(57) 

(168) 

then the current flowing in the coil connected between the 

antennas Ai and ^4*2 will be 

1? • /( t \ 27rDo\ , 
IA = Eo ( — cos dj cos Uvl + ^ j + Ea sin 

/ttD . \ ( i \ ^tt/A 

\~X~ ^ \ * X; 
(1(59) 

and that flowing in coils connected between antennas and B2 

will be 

IB = Ea sin sin cos + Ea sin 

sin 6 sin 7^ cos (^cl + (170) 

In this expression, D is the spacing betwe(‘n Adcock elements. 

If the coils mentioned above had been the fix(‘d coils of a goniom¬ 

eter, they would induce voltage in the rotating coil. The voltage 

so induced will be some linear function of the current in the fixed 

coils; hence, 

EjK = In cos 4/ — IA sin (171) 

In this expression, the angl(‘ ^ is th(‘ angh* between the axis of 

the rotatable roil and the axis of one of the fixed coils. It 

corresponds to the angle 6 for the' Adcock in Fig. KH). Sub¬ 

stituting in Eq. (171) the values of I a and In giv(‘n by hkis. (IfiD) 

and (170), the following eciuation results: 

EK = Eo j^cos ^ sin sin 0^ — sin 4/ sin cos 

/ , , 27rDo\l , .7 r , . (irl) , ^ . \ 
cos Iwt H-- I + cos ^ sin I — sin 6 sin 7 1 

— sin yp sin cos ^ sin 7^ cos (172) 

In order to secure a null the rotatable coil is adjiistiHl, thereby 

changing the angle \p. An examination of hkp (172) shows 
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that it is hardly possible to find a value for \l/ that will give a 

clear null. 

Coales calculated the possible magnitude of error due to 

diversity and arrived at an angle of as much as 90 deg. Although 

his discussion centered around the presence of both a sky wave 

and a ground wave, two or mon^ sky waves (as discussed under 

Fading) could cause similar effects. The discussion of diversity 

error was bas(‘d on fixed Adcock antennas, but the same effect 

could be true for any fix(‘d direction-finding array. This error 

may be minimized l)y using small spacing between antenna 

(dements, but the true solution consists in rotating the array so 

that the wave front always .itrikes both antennas of a significant 

pair simultaneously. 

Minimum Sigilal-strength Error.—Errors due to insufficient 

signal have ham memtioned pn^viously and are discussed here 

only to contrast the sp^ci^l-loop and Adcock systems. On the 

assumption that a bewaring is t-o b(‘ locat(‘d by determining the 

direction of th(‘ null, it is (evident that a null cannot be obtained 

unless a signal is pnvsent. If no noise (caused by atmospherics 

or apj)aratus or both) is ])res(uit, only a slight amount of signal 

is nec(‘ssary in ordcu' to obtain a satisfactory Ixairing. If, how¬ 

ever, tlu‘ valu(‘ of the noisc^ is high, an ai)preciable signal is 

r(‘(iuired in onhu- to obtain a sharp null. 

Referring to Faj, (151), tlu* voltage output of an Adcock system 

was given as 

Ka = A"A' cos 0 cos (/) cos- y (154) 

The difference b(‘tween the voltag(‘s induced in the loops of a 

spaced-loop system is, und(‘r c(M*tain limited conditions, pro- 

l)ortional to the phase difference*, or 

Esl = AA" cos 7 cos B (173) 

The voltage* pickup by the le)e)ps (inelividually) is also a 

function e)f the angle's e)f incielence, polarization, and direction 

as shown by Kep (150); hence the total output voltage of the 

spaced loops is 

Esl = AA'" ce)s 7 cos 0(ce)s </> cos y cos 6 + sin </> sin 7 sin 0 

cos </> sin- 7 cos 0) (174) 
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The relative voltage output of the spacod-loop and Adcock 

system is obtained by dividing Eq. (174) by Eq. (154), assuming 

that the field strength is the same for both cases. 

-=^ = (cos 0 tan tp tan -y sin ^ + tan y sin y cos 0) (175) 
PtA A 

All the angles mentioned in the preceding discussion refer to 

Fig. 147. 

From the foregoing expression it can be seen that as the angle 

of polarization (j) approaches a value of 90 deg., the output 

of the loop system becomes much greater than that of the 

Adcock system. That is, for abnormally polarized waves the out¬ 

put of the spaced-loop system will be greater than that of the 

Adcock system for the same effective height of antennas. This 

conclusion agrees with what has previously .been said about the 

Adcock. This system is not sensitive to horizontally polarized 

waves; so if a wave is purely horizontally polarized it would 

make no impression on the Adcock antenna, but it could still be 

received with the spaced loops. 

Equation (175) reveals another interesting fact regarding 

the relative output signals of the Adcock and spaced-loop 

systems. From the* second term in Eq. (175), it can be seen 

that as the incident angle y approaches 90 d(*g. the output of the 

spaced-loop system becomes infinitely greater than that of 

the Adcock system. Referring to the physical aspect, with 

reception within or just on the border of the skip zone, it is very 

difficult to obtain sufficient signal strength to determine a null 

with the Adcoek, but the spaced loops may still produce a 

usable signal. 

Terrain Errors.—The terrain surrounding a medium-high- 

frequency direction finder is an important factor in determining 

the accuracy of bearings obtained with any unit regardh'ss of its 

principle of design. 

Errors caused by the terrain may be classified undc^r the three 

general headings of surface, obstruction, and substrata. 

Surface errors have already been discussed in Chap. III. 

Briefly, they appear to be caused by skewing of the wave front 

as the energy travels from terrain of one conductivity and 

dielectric constant to that having a different conductivity and 

dielectric constant. Surface errors have been recognized with 
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long-wave direction finders located some distance in from a sea¬ 

shore, The abrupt change in conduct vity between ocean water 

and land presents a situation analogous to the bending of the 

rays of light as they pass from air through water. This effect is 

also found in mountainous terrain, where apparently there are 

abrupt changes in conductivity from the watered valleys to the 

rocky formations of the mountains. Since the medium-high- 

frequency waves are rapidly attenuated by the terrain, the 

importance of this surface-of-thc-ground phenomenon in causing 

bearing errors is subject to question. The ground plays a part 

in determining the accuracy of bearings from the direct wave 

(ground wave) of a transmitter. However, in the introduction 

it was stated that this chapter would be confined to the discussion 

of waves propagab^d via the layer, so this effect will not be con¬ 

sidered. In transmission at great distances it has been proved 

that radio waves reflected to earth from the ionosphere are often 

reflected back by the earth and then again rereflected by the 

ionosphere. It is possible to think of the terrain at this time 

skewing the wave front, and in this case the results would be indis¬ 

tinguishable from those produced by path deviation (previously 

discussed). Certain radio waves strike the earth in front of the 

direction finder and are reflected to the antenna array as is 

shown in Fig. 157. At the antenna array they meet the stronger 

rays which have arrived directly from the ionosphere, and it is 

important, therefore, that the terrain surrounding the direction 

finder does not have great discontinuities in its electrical char¬ 

acteristics. If the distance from which bearings are to be taken 

and the height of the reflecting layers are known, it is easily 

possible to calculate the distance adjacent to the direction 

finder, where uniform ground characteristics should prevail, in 

order that errors may be avoided. Substrata layers deal with the 

same propagating phenomena that have been mentioned for sur¬ 

face errors. That is, errors from substrata affect only those rays 

which are reflected from the ground. These errors occur when 

(because of the very poor electrical-conducting properties) the 

wave enters the ground and strikes a better conducting layer. 

This layer may lie at nonuniform depths and possibly may have 

an outcropping at some portion of the terrain about the direction 

finder and thus serve to produce a distorted wave front upon 

reflection. As far as the medium-high-frequency waves are con- 
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cerned, the effects of the substrata and surface are hardly dis¬ 

tinguishable. One difficulty is corrected by surrounding the 

direction finder with uniform terrain, whereas the solution of the 

other requires uniform ground characteristics in the vertical 

plane below the surface of the earth. Where the ground is sus¬ 

pected of being a poor conductor, the effects of these phenomena 

may be guarded against by the use of an extensive ground screen. 

Obstructions are probably the most significant factor in 

causing terrain errors of medium-high-frequency bearing. Con¬ 

ducting members (such as telephone and power wires, as well 

as semiconductoi-s such as trees) serve to absorb and n'radiato 

energy and by so doing affect the normal field of the radio waves. 

This phenomenon is analogous to the effects of a bridge pier on 

the normal flow of a stream. Like the stream, however, the field 

pattern of the waves returns to normal at some distance from the 

obstruction. An example of this phenomenon has been obs(*rv(»d 

in one case where a direction finder located under some wires 

produced a bearing error of 70 deg., but at less than one wave 

length from the wires, the error was reduced to some 3 dc'g. A 

nile(16) established by l']ckersley(9) is that the oi)struction 

should not subtend an angle of more than 3 d(‘g. at the direction¬ 

finder site. By following this rule it has been j)ossil)l(‘ to obtain 

some good bearings when locating a direction finder on a plateau 

in mountainous terrain. 

Instrument Errors.—Instrument errors are those inherent in 

the design or manufacture of the devic(‘. These errors can be 

caused by any of the following conditions or combinations of 

them: 

1. Indicator ffonlinearity 

2. Amplitude unbalance between two members of an antenna 

pair 

3. Phase unbalance between two members of an antenna pair 

4. Phase or amplitude diffenmees of one pair of antennas (in 

an Adcock) relatives to the othen* pair 

All these errors can be eliminated by moving an oscillator around 

the periphery of a circle having the direction findcu- at its centiT 

and determining the error curve. The errors r(‘ad from this 

curve are then applied to correct bearings. 

In order ^o avoid errors during this calibration because of the 

proximity of the oscillator to the direction-finder antenna, it 
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is necessary that it be located at a distance from the direction 

finder. Ideally, this distance should be very great. Actually, 

however, if the oscillator is moved too far from the direction 

finder, the radio waves generated by it will be affected by 

obstructions at most of the usual locations. There is, then, a 

compromise distance at which the oscillator may be located. 

Curves showing this distance as a function of spacing between 

antenna elements for errors of ^ and i d(^g. have been calculated 

by Ross(17) and are shown in Figs. 158 and 159. These curves 

may b(‘ summarized by vstating that for spacing between direction- 

DI stance 
Wavelength 

Fk;. 158.— Relation between antenna element spacing and proximity of 
oscillator to antenna to result in calibration errors of one-half degree or less. 

(Courteay of Institution of EUctrical Enyinvrrs.) 

finder antenna elements not exceeding one-quarter wave length 

the oscillator should be placed at a distance of 1.4 wave lengths 

for an error of J deg. and 2.4 wave lengths for an error of i deg. 

Medium-high-frequency Direction Finders Used in the United 
States,—There are three types of medium-high-frequency 

diniction finders used for commercial aviation in the United 

States. One system was developed by the Pan American Supply 

Corporation, one was manufactured by the Western Electric 

Company, and one was developed by United Air Lines. A 

brief description of these systems follows. 

Pan-American Srjstem.—This system consists of two sets 

of Adcock antennas. The spacing between the antennas of one 

set is approximately 200 ft., and between the other set it is 
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approximately 80 ft. The outer set is intended for use in the 

band 200 to 2,000 kc. and the inner set operates from 2,000 to 

6,000 kc. These antennas take the form of vertical dipoles 

and are made of 1 in. diameter brass rod with an over-all length 

of about 18 ft. Each rod is supported by wooden crossbars 

mounted to two wooden poles (per antenna). The height of 

these poles is about 25 ft. At the center of each vertical dipole 

is located a cast-aluminum box containing an adjustment. The 

controls of this adjustment can be manipulated from the ground 

by a long wooden pole. Unshielded twisted pairs run from each 
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Fio. 159.—Relation between antenna element sparitiK and proximity of 
oscillator to antenna to result in calibration errors of om‘-«iuarter deRree or less, 
{Courtesy of Institution of Electrical Engineers.) 

of these boxes to the equipment house which is located in the 

center of the diagonals between the antennas. Here they con¬ 

nect to a manually operated goniometer which, in turn, is con¬ 

nected to a suitable receiver. The bearing is indicated by an 

aural null. In taking bearings the operator makes a number of 

observations over a period of 2 to 3 min. In making these 

observations the bearing of the null is not recorded, but the 

positions are recorded on each side of it where convenient sound 

levels exist. The average of these readings is assumed to be 

the true bearing. 

Western Electric System.—This system utilizes an H type 

Adcock antenna together with a vertical or sense antenna. A 

number of poles about 25 ft. high support both the antennas 

and a house in which the receiving apparatus is contained. 

These antennas are about 20 ft. high and are only 12 ft. apart. 
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The indicator is located some distance from the direction finder 

and receives its actuating energy via a telephone line. The 

indication is a direct-reading pattern on a cathode-ray oscillo¬ 

scope. Its operation is based on a principle somewhat as 

follows: Audio frequencies are generated at the observation 

station and are sent down the telephone line to modulate four 

cardioid patterns produced by the energy from the vertical 

antenna and the Adcocks taken :n various relations. The modu¬ 

lated energy is detected and the resulting audio frequencies are 

returned to their originating source. Here they actuate the 

four deflecting plates of the cathode-ray tube, and hence the 

cathode spot is made to avssume a position proportional to 

the relative phase and amplitudes of the four audio signals. Since 

these are, in turn, a function of the relative amplitudes and phase 

of the four cardioid patterns, the position must be the bearing. 

A remote transmit ter operating on the frequencies to be 

received is located at a known point. Prior to taking a bearing, 

this transmitter is operated and an initial adjustment is made by 

the observer. The cathode spot gives a steady deflection on the 

scale of the tube under certain conditions, but often it varies in 

direction and amplitude. Under these latter conditions it is 

necessary for the operator to interpret the results. 

United Air Lines System.—This system consists of two 

units. One of these is the direction finder proper located in an 

area clear of obstructions, and the other is the indicator unit 

located at the airport. The direction finder makes use of a 

pair of large spaced loops mounted on a wooden house. This 

house serves both as an antenna mounting and as a cabinet for 

the receiving equipment. 

Problems 

1. At what azimuthal angle will a minimum signal taken with a loop 

direction finder occur if the angles of polarization and incidence are both 

45 deg.? 
2. The difference between the response of an Adcock antenna to a wave 

when horizontally and when vertically polarized was measured to be 30 db. 

What will be the polarization error of this antenna to this wave? 
3. An ionic cloud is located 30 km. above the earth and has irregularities 

in its surface with depths of one wave length. Beyond what distance could 

scattering be expectchI to be absent? Disregard characteristics of the cloud 

other than the depth of its irregularities. 

4. A direction-finder antenna is located 20 ft. above the ground and is to 

take bearings on stations located 1,000 miles away. Reception of these 
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waves is expected from a layer at a height of 250 km. How far from the 

direction finder should a ground screen extend in order to assure freedom 

from surface and subtrata terrain errors? 
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CHAPTER TX 

MEDIUM-HIGH-FREQUENCY COMMUNICATION 

In 1929, the l^)st Office Department encouraged air-mai\ 

carriers (which at that time were practically the only commercial 

transport operators in existence in this country) to install two- 

way radio communication by increasing mileage pay for airplanes 

ecpiippcMl with both radio reccdvc'n^ and traiLsmitters. Why the 

Post Office Departnumt made this move is not known, but it 

probably had to do with the ne(*(\ssity for airplane-arrival 

information. Flying in those early days was greatly dc'pendent 

on the w(‘ath('r, and a lu'adwind meant larger dc'partures from 

schedule. If an overcast was encountered, the airplane landed 

at the near(‘st emergimcy field and waited. Sometimes this 

emergency field was a regular government-maintained airport, 

but often it was any open area. When the transport operators 

installed this communication equipment, tlu^y asked the pilots 

to make j)eriodic n'ports, and for the first time the progress of 

the flight was known to the ground personnel. This information 

was very important, because wlnm the pilot deeid(‘d to make an 

unscheduled landing, a crew could Ih' sent out to take care of 

the mail and the airplaiu*. When a few passengers began to 

appear on the lines, radio communication was the means that 

saved tluan from undue hardships attending an unscheduled 

landing in mountainous terrain. 

As th(» airlines gn^w and transport flying became a more 

precise busiru'ss, accurate knowledge of the airplane^s progress 

was absolutely essential. The introduction of meteorologists 

and {pialifiiHl flight personnel on the ground made a communica¬ 

tions system l)etween pilots and these ground people imperative. 

The ability of two pilots, one ahead of the other, to discuss 

while en route the weather conditions encountered is another 

valuable facility provided by two-way communications. The 

present crowded airports and airways have made imperative 

accurate knowledge of the position of each airplane, and a 

257 
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maneuver By any airplane cannot be made until the plans of the 

pilot are first transmitted to and approved by control groups 

on the ground. 

Naturally, the development of this communications system 

required a period of time. Besides determining the mode of 

communication to be used and the frequency that this mode 

was to employ, reliable transmitters and receivers capable of 

giving satisfactory service under these new conditions had to be 

designed. The term ^^new^’ may be subject to question, for 

it is a fact that two-way radio-telephone communication was 

used in the latter days of the First World War; however, the 

development was stopped with the cessation of hostilities, and 

the conditions peculiar to long-range airplane-to-ground com¬ 

munications required much added development. 

Some of the problems that were' solved were discussed in 

the first chapter. The outcome of all the investigations was, 

for the continental airlines of the United States, radio telephony 

using two frequencies. A frequency of about 6 megacycles 

is employed during the daylight hours and exchanged for a 

frequency of about 3 megacycles during the night hours. The 

transmitter power used was originally 50 watts. This means 

that the transmitter was capable of delivering 50 watts of 

power into a good antenna (but not necessarily an airplane 

antenna). With the arrival of the newer art in vacuum tubes, 

the power of these transmitters has increased so that the common 

power output is now about lOO watts. One transmitter with a 

power output of 250 watts has been designed. Fretiuency con¬ 

trol using quartz piezoelectric plates was incorporated in the 

first of the transmitters and later was extended to control the 

tuning of fixed-frequency receivers. The first antennas used 

were trailing wires which were electrically efficient but opera¬ 

tionally impractical. These were short-lived and were soon 

replaced by fixed structures. The earlier requirements for small 

airplanes barred the radio operator, and the advantages of 

equipment that the pilot can use v/ithout the necessity of an 

intermediary have been reasserted over and over since those 

early days. 

The transport operator, contrary to the European practice 

of government-operated ground stations, installed his own ground 

facilities. The installation of the radio station on the ground 
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also involved much development. The questioas of how much 
power and what spacing between stations had to be answered. 
As commonplace as it is today, in 1928 to 1930 the medium-high- 
frequency high-power(id station was still a somewhat mysterious 
quantity. The early ground station consisted of an aircraft 
transmitter equipped with a power amplifier. The same receiver 
used in the aircraft was also used for reception on the ground. 

The history and character of this commonly used communica¬ 
tion system having been sketched, its propagation characteristics 
will now be discussed. 

Calculating the Strength of Airplane Signals.—Means for 
calculating the field strengths of these signals have recently 
become available but were unkno\/n when the first installations 
were made. One of the methods(l) which has given results 
that are in good agreement with measurements is that developed 
by Charles R. Burrows and Marion C. Gray. The portion of 
their method that applies to the transmission of radio waves 
betw(*en an airplane and ground will be described without 
attempting to show its mathematical derivation. The following 
equation for field strength E is a modified form of the Burrows 
and Gray original: 

E = Eo (176) 

In this expression, there are two factors for the field strength 
at any givcm point. The first is the term Eo expressing the 
value of the radiation field near an antenna. This term is a 
function of the current flowing in the antenna and its effective¬ 
ness as a radiator. It has no bearing on the characteristics of 
the ground, since the distance from the antenna to the point 
where Eo was measured is very short. This field strength must, 
however, be that at a distance that is large compared with the 
dimensions of the antenna; furthermore, it must be at a distance 
sufficiently great (more than two wave lengths) so that it cannot 
be confused with the induction field of the antenna. At medium- 
high and lower frequencies the convenient distance of 1 mile can 
be used for this measurement. The value of A'o can be calculated 
if the power into the antenna and its efficiency are known. One 
watt of power into a 100 per cent efficient quarter-wave antenna 
will produce a field strength of 0,140 /xv per meter at a distance 
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of 1 mile (2). This figure multiplied by the square root of the 

power will be the field strength produced by the same antenna 

for any amount of power. The subject of aircraft-antenna 

efficiency and aircraft-transmitter power will be discussed later. 

Both E and Eq should be expressed in the same units. 

The second factor in the foregoing expression is the attenua¬ 

tion factor. This factor consists of five t('rms. The term \/d 

gives the natural’’ attenuation of the wave due to its propaga¬ 

tion in free space. The letter d is the distance from the antenna 

to the point in question. This distance is expressed in units 

corresponding to the distance from the antenna at which Eq was 

measured. That is, if Eq was measured 1 mile from the antenna, 

then d is in 1-mile units; if at a distance of 5 miles, then d is in 

5-mile units, etc. 

The term A \ is the plane earth attenuati^on factor and is read 

directly from the curve of Fig. IGOd. This figure shows (‘ight 

curves. Six of these' curves apply to vertical, one' to he)rizontal, 

and one to both types of transmission. The' usual transmission 

from airplanes makes use of vertical polarization. The prope'i- 

curve is selected by determining the valuer of the auxiliary 

ejuantity Q from 

Q == - — 
^ ()0(tX 

(177) 

Tn this expression, e — dielectric constant of the te'rrain as given 

in Table HI 

<T == cejnductivity of the te'rrain, mhos jx'r 

meter 

t X = wave length, meters 

After having determined Q, it is ne'ce'ssary to determine the dis¬ 

tance parameter This parame‘te*r for vertically polarizeel 

waves can be calculate*d from the formula 

_ 3,218r/ r_£_ 
L\/e'^ + (()0(tX)2 \ t'* + ((iOffX)'- J ^ 

In this expression d is the distance from the transmitter to point 

of reception in miles. All other symbols have been defined 

previously. 

The term F» in Eq. (176) is the shadow factor due to the earth. 

Burrows and Gray give this factor in Figs. 2 and 3 of the pap(‘r 
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previously referred to(l). The curves of Fig. 3 apply to terrain 

of any character, but in order to use them it is necessary to 

determine the auxiliary quantities and /(5). The curves of 

Fig. 2 apply only to the limiting conditions where the ground is 

either a pure dielectric or a perfect conductor; however, these 

curves can be used merely by determining the quantity fa (to be 

Fio. 160B.—The^ shadow factor as a function of fa- Curve 1 applies for 
vertical polarizatioB over perfectly conducting earth. Curve 2 applies for 
vertical polarization over perfectly absorbing earth, (hirvc 3 is the approximate 
shadow factor derived from ultra-high-frequency propagation over land, {(^our- 
teay of Institute of Radio Engineera.) 

later defined). Figure 2 of the Burrows and Gray i)aper is repro¬ 

duced as Fig. 160B. This curve can be used without appreciable 

error if fa is not larger than unity. For values of f„ larger than 

unity. Fig. 160B can still be used for estimating purposes. 

The distance parameter can be determined from 

, 0.072d 

In this expression, d and X have been previously defined. 
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The last two factors in Eq. (176) represent the gains of the 

transmitting and receiving sites. These factors are obtained by 

calculating the factor x from 

__ 0.60967r/i — 1)^ + (60(tX)^ 

^ " X + (60^x)“* \ 
(179) 

In this expression h is the height of the antenna from the earth 

expressed in feet. After x has been calculated and found to have 

Fkj. 101.—Field strength of airplane signals at a frequency of 3000 kc. [Meas¬ 
ured data courtesy of American Institute of Electrical Engineers. See Ref. (3).] 

a value less than five, it may be applied to Fig. 7 of the Burrows 

and Gray paper to obtain the gain factor. If it has a value 

greater than five, then x equals G. For the usual aircraft-to- 

ground communication the ground-antenna site will have a value 

of G approximatc^ly equal to unity, and the aircraft-antenna site 

will have a large gain value; so in Eq. (176) unity may be sub¬ 

stituted for the value of f?i, and the value of x Eq. (179) 

may be substituted for (?2. 
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Several computations have been made, and the resulting 

data are shown by dotted curves on Figs. 161 and 162. In 

these calculations the field strength at 1 mile was taken from 

measured values, but with this knowledge it can be seen that the 

correlation between measured and calculated values is well 

within the limits of experimental error. 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 
Disfoince, miles 

Fig. 162.- Field strength of airplane signals at a fre(im*ncy of ke. 
[Measured data courtesy of American Institute of Electrical Enyineers. See 
RefA^).] 

Characteristics of Airplane Signals.—In Figs. 161 and 1()2 are 

shown the strengths of signals from airplan(\s(3). The data 

shown in the solid lin(‘s were measured, and those shown in 

dotted lines were computc'd by the method just d(\seril)ed. One 

of the first principles illustrated by these figures is the variations 

in signal strength with airplane altitude. In Fig. 161 is shown 

an increase in signal strength from 30 to 180 mv per meter by an 

increase in altitude from 500 to 6,000 ft. 
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Table III 

Dielectric 
Conduc- 

terrain 
constant 

tivity,mho8 

per meter 

Sea water. 80 4 

Fresh watcT. 80 5 X 10-3 

Moist soil. 30 0.02 

Fertile land. 15 5 X 10-3 

Rocky ground. 7 1 X 10-3 

Dry soil. 4 1 X 10-2 

Very dry soil. 4 1 X 10-3 

Referring to the rc'lative vahi(‘^ of the field strengths in 

Figs. 161 and 162, it will Ix^ sern that the higher frequency 

transmission attcmuates mon' rai)idly than that of the lower 

freciueney signals. This characteristic; is, of course, also true of 

transmissions on the ground. The (luestion naturally arises 

as to the signal strength that is rc'ciuired for satisfactory reception. 

With pres(‘nt-day technique it is possible to amplify signals 

tremendously. The only limitation is the noise produced in 

the amplifiers or present in the atmosphere and incapable of 

))eing filt(‘red out in the sc'h'ctive circuits of the receiver. The 

inherent noise in a receiver still permits reception at inputs as 

low as 1 iiv] however, atmospheric noises are often much greater 

than 1 /iv. One measurc'ment of atmospheric noise shows 

3.5 fiw ])er meter at noon to 12 /xv pen* meter at midnight for a 

6-megacycl(; signal, and l.-l fiv per meter at noon to 14.5 /xv 

per m(‘ter at midnight on 3 megacycle's. Referring to Figs. 161 

and 1()2, it can be (\stimated that a 1 to 1 (or better) signal-to- 

nois(* ratio can be rnaintaiiu'd for distances up to 75 miles on 

3 iiK'gacveh's and up to 60 miles at 6 megacycles with a minimum 

altitude of (),00() ft. This is approximately the minimum flight 

altitude; used by commei’cial airplane's. 

For ece)nomical rease)ns the necessity for locating radio stations 

at points solely for communication i)urposes is undesirable. 

That is, although communicatie)n stations are de'sired at all 

the terminals that an air transport uses in the coume of its 

regular flight, the expe^nse of operating radio stations at inter¬ 

mediate points solely because they are required in order to furnish 

communications is to be avoided. In the past, however, certain 
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stations have been established primarily because of the necessity 

for communications. As an average, air-transport terminal 

points are spaced about 200 miles apart. Communications are 

desired from the terminal from which the craft departs to the 

airplane until it reaches a point midway from the place of 

departure to the next terminal. At this time communication is 

transferred from the station behind to that ahead. It can bo 

seen that the minimum necessary range is 100 miles. In order 

that reports and requests from the aircraft be relayed back to the 

point of departure, it is necessary that the ground stations 

maintain communication at distances of 200 miles. In recent 

years there have been established long nonstop flights, and 

with these the service to many of the less important (from a 

commercial standpoint) terminals has been curtailed. When this 

is done, the station personnel number only those that are ixHiuired 

to handle the infrequent trips; hence, it is necessary that th(^ 

terminal station communicate with the airplane at distances up 

to 200 miles. With the present trend toward centralized ground 

control, the demand has arisen (but has not been met altogether) 

for communications at distances up to 1,000 miles. 

Bearing these factors in mind and referring to Figs. 161 and 

162, it can be seen that direct transmission can furnish only 

marginal service. 

Characteristics of the Ionosphere.—The selection of frequen¬ 

cies in the medium-high range brings in a phenomenon that 

makes possible transmission over long distance's with a trans¬ 

mitter having an output field strength as pictured in Figs. 161 

and 162. Thifi phenomenon is the reflection of radio waves 

from ionized gas layers which exist above the surface of the earth. 

The presence of such layers was predicted(4) in 1902 by A. E. 

Kennelly in this country and independently by Oliver Heaviside 

in England. In 1925, Appleton and Barnett reported direct 

evidence of such a layer, and in 1927 Appleton detected a sudden 

change in the virtual height of the layer and concluded that two 

layers were present. Subsequent to that time, workers have 

found the presence of a third layer, and some recent work indi¬ 

cates that a lower layer is also present. Although it is common 

practice to speak of the existence of a number of reflecting 

layers, actually it is not believed that separate gas layers with 

iin-ionized spaces between them exist. Rather, it is believed 
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that there is a single ionized gas region in which the ionization 

varies with height in such a manner that more or less well-defined 

boundaries exist. As the radio wave propagates in all directions 

from the transmitting antenna, some ray may reach the receiver 

in the manner evaluated in the previous discussion, but some 

of the remaining rays reach the ionized area discussed above 

and referred to as the ionosphere. Where the ray reaches this 

area, it is bent back to earth with but slight attenuation. The 

effect is as if it had struck a perfect reflector located at a certain 

M2468 10 N2468I0M 
A.M Time of P.M. 

Fi<i. 103.—Variation in the virtual hoiKht of the ionosphere layers with time 
of day. {Courtesy of Institute of Radio Engineers.) 

height. This concept is an easy one to.picture, and all measure- 

iiKuits of these layers have ham made on this basis. 

Th(^ pr(‘sent concejit of the ionosphere assigns to it three day¬ 

time layers and two night layers. Tlu‘ day layers are designated 

by the letters A', Fi, and F2. The night layers are designated as 

E and F. The F night layer is formed from the conibination 

of the Fi and F2 daytime layers. The E layer has a height of 

100 km. plus or minus 20 for day, night, changes in seasons, and 

latitudes. The F layer has a height of 250 km. plus or minus 

50 for changes in seasons and latitudes. The Fi layer has a 

height of 200 km. plus or minus 30 for seasons and latitudes. 

The F2 layer has a height from 250 to 450 km., and this height 

varies with time, latitude, and seasons. The variation of the 

height of these layers with time of day is shown in Fig. 163. 
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Another characteristic of the gas layers is their density, which 

is very important in so far as communication is concerned. The 

measurement of this density is made daily by the Bureau of 

Standards. This density is ascertained by determining the fre¬ 

quency of the radio wave which, when striking the layer at 

normal incideyicCy just passes through the layer. This frequency 

is termed the ^‘criticar’ frequency of the layer(5). With this 

knowledge, it is possible to determine the density in electrons 

M2468I0N2466I0M 
A.M. Time of day P.M. 

Fia. 164.—Critical (reciuency of the ionosphere layer with time of day. {('ourtr.Hy 

of Irmtilute of Radio Enyirutrs.) 

per cubic centimeter; however, the density of the layer in terms 

of its ionic content is no longer published, as th(» critical fn^- 

quency is of greater int(*rest to the engineer. 

Curves giving critical frequency for various hours are shown 

in Fig. 164. The data represented in Fig. 164 are the av(‘rag(^ 

for the month(6) of July, 1941. It can be seen from this curve 

that the density of the layc^rs varies greatly with time of day. 

With the exception of the F2 layer, th(j greater density (that 

density which passes the smallest wave length or the high(‘st 

frequency) occurs at noon when the rays of the sun are exerting 



MEDIUM-HIGH-FREQUENCY COMM UNICATION 269 

their greatest influence. From this observation it would be 

expected that the density would also vary with the seasons, and 

this is actually the case. 

The density of the layers also varies with sunspot activity. 

In 1933, a year of low sunspot activity, the critical frequencies 

measured for the layers were low, whereas in 1937 they were 

much higher. Certain correlation has also been found between 

layer density and the square of the exposed sun area during 

eclipse. The density is apparently also affected by terrestrial 

magnetism. 

The Ionosphere in Aircraft Communications.—In Figs. 161 

and 102 ifre lines mark('d with the wording ‘^severe fading s 

occurs below this line.^’ These lin< s mark the areas where the 

first energy reflected from the ioiiosplieni is received. This 

energy, for tlie cases shown, arrives in an area where the direct 

transmission is still strong. It (*ombines with the direct energy 

and, depending on the relative phase of the two, either enforces 

or detracts from the original signal strength, thereby causing 

fading. For ground transmi.ssion on certain frequencies, there 

is sometimes an area where n(‘ith(*r direct i¥)r ionosphere waves 

are prescmt. ^Fliis soinetim(‘s happened when the early airplanes 

flew at low altitude's in mountainous terrain. For the high- 

altitude modern-day flights, there is no gap where the direct 

wave is insufficiently strong to produce intelligible signals and 

where the wave from the ionosplu're is yet to be received. 

As the airplane progre.sses away from the transmitting station, 

the direct wave grows w('aker rapidly, and the only remaining 

transmission is that of signals n'ceived from the ionosphere. 

At this time the fading mentioned above is absent and the fading 

experienced is caused by the vagaries of the ionosphere as 

discussed in C'hap. VIII. 

The effectiveness of this ionosphere transmission is pictured 

on the graph of Fig. 165. The information on this figure is the 

result of a study Ix'tween the ground stations of an aeronautical 

communication system. The station operators reported, hour 

by hour, the stations with which they were able to maintain 

satisfactory two-way communication (using voice). The curve 

shows conditions that existed for the case of extremely high 

ionic densities of August, 1937. It can be seen that at noon 

it was still possible to maintain satisfactory communication 
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with stations 200 miles distant, and communication existed for 

distances in excess of 1,000 miles during certain portions of the 

day. The communication conditions pictured in Fig. 165 were 

considered very poor. It is an axiom that communication 

between the airplane and the ground is always equal to or better 

than that between the ground stations; therefore, it can be seen 

that by means of the ionosphere the requirements for aero¬ 

nautical communication previously discussed arc met. 

M2468I0N2468I0M 
A.M. Timeofdav P.M. 

Fig. 165.—Distances over which two-way communications between aero¬ 
nautical ground stfations prevail for various times of day. This study represents 

the conditions that existed during Aug. 1 to Aug. 8, 1937. 

Predicting the Behavior of an Ionosphere-^propagated Wave.— 
Methods for determining the field strength of a wave reflected 

from the ionosphere are now in the process of development 

but are not yet available; however, the ionosphere data published 

each month by the Bureau of Standards make possible the 

prediction of the behavior of an ionosphere-propagated wave 

and the selection of appropriate frequencies to be used for this 

type of communication. In order to do this it is necessary to 

consider the action of the gas layers upon a ray of energy which 

enters them. 
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It has previously been stated that this ray of energy from the 

transmitting antenna in passing through the ionized layer is 

bent back and returns to earth. This is not always the case, 

however, as the ray in some instances passes through the gas 

layer and travels outward through space never to return. There 

are three factors that determine whether the ray will return or 

whether it will pass through the layer. These are the ionic or 

electronic density of the layer, the frequency of the radio ray, 

and the angle of incidence made by the ray as it impinges upon 

the gas layer. It is the usual practice in discussing this subject 

Fig. IGG.—Action of a reflecting surface with angle of incidence for ^ Rjven 

size of missile and surface opening. This illustration serves as 
portraying tlie relation between the density of the ionosphere layer and the wave 

length of the impinging wave upon the transmission and reflec -ion o 

by the layer. 

to show tho mathematics illustrating the principles just stated, 

but since tho understanding of these mathematics by the com¬ 

munications engineer is not of prime importance, a crude analogy 

will be used instead. Referring to Fig. 160, a board with drilled 

holes of a certain diameter will be seen. The diameter of thes(> 

holes relates to the ionic density of the gas layer, for if the diam¬ 

eter of these wore very large, the entire board would be holes 

and its density that of air only. So with the gas layer, if there 

were but a fi'W ions, the space would be unoccupied and all radio 

waves would travel through unimpeded. Also shown in Fig. 166 

is a ball which is thrown at the board so that it strikes at various 

angles. The diameter of this ball is smaller than that of the 

holes. The diameter correspomls to wave length. If the ba 

is thrown at normal incidence to the surface of the board, it will 



272 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

pass through it easily. When thrown at an angle 5, the projec¬ 

tion of the hole diameter is smaller than that of the ball, so it 

strikes the edge of the board and rebounds. If the ball is thrown 

at grazing incidence (parallel to the surface of the board), its 

progress will be unaffected by the presence of the board. In this 

Fio. 167.—Ratio of maximum to critical frequency as a function of the distance 
between the point of transmission and point of reception for vari(iU8 ionosphere 
layer heights. 

crude analogy it can be seen that not only an^ the n^lative diam¬ 

eters of ball and hole important, but the angle of proj(‘ction also 

enters. 

Referring to Fig. 104, it can be seen that fretiuencies higher 

than 3,750 kc. will pass through the E layer during the noon 

hour if this energy is projected at right angles to the layer, but 

at a smaller incidence angle, a higher frecpiency would rebound 
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from the layer. The conversion of the critical frequency at 

normal incidence to that at any angle may be done to a first 

approximation by multiplying the critical frequency by the secant 

of the angle of incidence. 

For convenience in calculating, these factors are shown in 

Fig. 167 for various distances up to 1,500 miles and for layer 

heights of 100, 200, 250, 300, and 350 km. An example of the 

manner in which the chart may be used is illustrated by determin¬ 

ing the highest frequency that may be used to transmit 1,000 

miles via the E layer. The factor on the chart corresponding 

to a layer height of 100 km. and a distance of 1,000 miles is 

8.15. Referring to Fig. 164, it can be seen that the critical 

frequency for the noon hour is 3,750 kc. This frequency times 

the factor previously referred to gives 30,000 as the maximum 

frequency. Frequencies higher than 30,600 kc. would ^^skip^' 

and return to earth beyond 1,000 miles. This frequency would, 

of course, be of no use for communicating via the ionosphere at 

distances less than 1,000 miles. 

The more usual j)roblem in aeronautical communications 

consists in predicting the performance of a given frecpiency. 

This is done by dividing the frequency in question by factors 

taken from Fig. 167 for all layer heights and all distances. If 

the resulting fre(|uency is numerically less than the layer fre- 

(piency, it will be reflected; if greater it will pass through the 

layer. As an example, suppose that the performance of the 

5,600-kc. frequency is to be predicted for a distance of 1,000 miles, 

then the data obtained from the curves previously referred to 

and calculated will be as shown in Tabh^ IV. 

Tarlk IV 

Thayer 
Assunu'd ludjjjht, 

km. 

Factors for 

1,000 miles 
Modified 
frequency 

E 100 8.15 688 

F 300 2.85 1975 

F, 250 3.38 1660 

F^ 350 2.5 2240 

For eavse of interpn'tation, the modified frequencies may be 

plotted on a curve showing the critical frequencies of the vario\is 

layers. This is done in Fig. 168. 
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In Fig. 168 the modified frequencies are designated by prime 

letters corresponding to the layers to which they apply. When¬ 

ever the line marked with the prime letter is below the plot 

of the corresponding critical frequency, reflection is indicated. 

If, however, the plot of the modified frequency is above the 

critical frequency line, passage of the transmitted frequency by 

that layer is indicated and it can then impinge upon the next 

higher layer. Figure 168 thus indicates that from midnight to 

M2468 10 N2468I0M 
Time of day 

Fig. 168.—Method of predicting the i>erforniance of a 5,(>0()-kc. frequency with 
time of day for a distance of 1,()()() rnilcH. 

5:00 A.M. the wave would be successfully refl(‘cted by the then 

existing F layer. Between the hours of 6:00 a.m. and 7:30 p.m. 

the wave would be reflected by the E layer. It would also be 

reflected from the F2 layer between 5:00 a.m. and 6:00 a.m. 

and between 6:30 p.m. and 7:30 p.m. It would not be reflected 

by this layer at other times, because the E layer would not allow 

the ray to penetrate so that it could be acted upon by the F2 

layer. The ray destined for the Fi layer also would not be 

effective because the E layer would prevent it from reaching 

the Fi layer. For a layer height greater than 350 km. and for 
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distances less than 1,000 miles, it can be seen that the F2 layer 
would be quite effective. 

The fact that a ray is reflected from a layer does not mean 

that it will be received with good intensity. The closer the 

transmitting frequency approaches the layer frequency, the 

greater will be the absorption. This accounts for the phenomena 

shown in Fig. 166. As the layer frequency approached the 

transmitting frequency, the latter was greatly attenuated during 

its transmission. There is no proved satisfactory method for 

making this calculation, but the absorption varies approximately 

as the square of the ratio of the transmitting and critical fre- 

(juency. Also, the attenuation varies inversely with the angle 

of incidence between ray and layei. This is not because of 

absorption by the layer hut because of absorption by the ground, 

since at grazing incidence the sky ray approaches the direct 

ray. This limiting angle is generally considered to be 3^ deg. 

It was early established that two frequencies—one near 3,000 

and the other near 6,000 kc.—wei*e required in order to maintain 

communic^ition at all times and at distances between 200 and 

1,000 miles. If the demand for 1,000-mile continuous com¬ 

munication is pressed, it will be necessary to add a third frequency 

in th(^ vicinity of 8 megacycles. 

The Aircraft Transmitting Antenna.—The character of the 

transmi.ssion has been discussed, and it is now necessary to turn 

attention to the mechanism employed for generating this trans¬ 

mission. One of the important factoi*s in this mechanism is the 

aircraft transmitting antenna. The first antenna used for this 

purpose consisted of a long wire trailed below the airplane. To 

the end of this wire was attached a heavy weight so that the 

antenna would have a large vertical component. The other end 

of the antenna was attached to a reel, and resonance was pro¬ 

duced by reeling out the correct amount of wire. An antenna 

of this type was reeled out to an electrical length of one-quarter 

or three-quarters wave length. It was often necessary to reel 

it out to the three-quarter wave-length point because the com¬ 

bined capacity of the fair-lead carrying the wire to the outside 

of the airplane and that of the reel wtis so high that only a short 

length of wire was needed to produce resonance, and most of the 

current from the transmitter returned via this high capacity, 

thereby making the actual antenna current low. This trailing 
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wire antenna had several disadvantages from an operating stand¬ 

point. The weight at the end of the wire was quite heavy 

(about 10 lb.). Also, the weights of the fair-lead and reel were 

appreciable. The aerodynamic drag was high and could not be 

tolerated with modern high-speed airplanes. The reason for 

removing this trailing wire antenna in the early days was, how¬ 

ever, because of an operations problem. Since most of the 

airplanes were manned by a single pilot, the duty of remembering 

to reel n the antenna before landing fell upon him. With his 

many other duties, he invariably forgot to do this, thus creating 

a hazard both for the airplane and the people on the ground. 

The maintenance problem involved was also prominent when 

using this type of antenna. 

The next antenna used in commercial practice w'as a mast 

made of streamlined aluminum-alloy tubing. For the purpose 

of suitably guying the mast and for furnishing necessary top 

capacity, a number of wires reached from the top of the mast 

back to insulators attached to the airplane’s structure. Some of 

these masts had heights of as much as 7^ ft. and were support(?d 

by three wires having lengths of 14 ft. 

With the introduction of the high-speed transport airplane, 

it was realized that this type of antenna would have excessive 

drag. This type of flying e(iuipment also marked the Ix'ginning 

of consistent flight under instrument conditions, which also 

meant icing conditions. The mast antennas were impractical 

under conditions of severe icing. 

Two antennas with simple aerodynamic structures were 

worked out in answer to this problem. One of these was the 

short trailing wire dev(4oped by Transcontinental and Western 

Air. This consistc^d of a short wire trailing behind the air¬ 

plane. No weight was attached to this antenna. This practice 

was in contrast with that previously described for the earlier 

trailing wire where an attempt was made to obtain a large vertical 

component. With this short wire the vertical component w^as not 

appreciable. No attempt was made to let out a givcm amount of 

wire. The wire was of a single length and attached to a tuning 

unit in the tail of the airplane. To this tuning unit was attached 

a transmission line from the transmitter. The antenna was 

not reeled in as no facilities for doing this were provided. The 

wire was allowed to trail behind the airplane at all times whether 



MEDIUM-IIIGII-FREQUENCY COMM UNICA TION 277 

in flight or on the ground. This wire was reasonably satis¬ 

factory, but a few disadvantages were assigned to it. Because 

it tended to transmit horizontally polarized waves, it did not 

produce good signal strengths when close to the station. The 

tuning units were not accurately adjusted, and.the transmission 

lines to them were not correctly terminated, so the efficiency 

was not high. The maintenance problem was rather large. 

This antenna was removed from common use, however, due to 

the belief that it contributed to lightning strikes occurring to the 

airplanes. It is not in popular use today, but continues to 

constitute the best solution to the problem of a transmitting 

antenna for small craft. 

The other antenna was a fixed structure worked out by United 

Air Lines. This structure consists simply of a win^ connecting 

from a lead-in insulator near the nose of the airplane to another 

insulator attached to a short (6 in. approximately) mast located 

near the top of the vertical stabilizer. This type of antenna is 

in common use today. 

Some experimental work has been done on the use of the wings 

of th(i airplane as a shunt-excited antenna. Such a radiator 

has proved itself to be successful; however, in order to do this 

it is nc^cessary that a wire transmission line extend from the 

fuselage to the wing. For the low-wing airplane that is in exten¬ 

sive us(‘ by the airlines today, a wire of this type is not pra(‘tical 

since it is in the way of the personnel responsible for servicing 

the airplane. The skew wire is also susceptible to icing. 

Calculating the Characteristics of Aircraft Transmitting Anten¬ 
nas.- It is necessary that the characteristics of aircraft antennas 

be known in onh'r to determine the transmitter power rccpiirecl, 

to pnnlict the i)ower that will be transferred to a given antenna 

by a transmitter, and to design the transmitter output and the 

communications receiver input circuits. These characteristics 

can, of course, be measured if the structure is already in existence, 

but for a new airplane existing only on the drawing boards of an 

airplane company\s engineering department, even an approximate 

calculation is often helpful. 

Referring to Fig. 109, a typical aircraft antenna is shown. 

This antenna has a length //, is at a mean distance h from the 

skin of the airplane, and is made of wire having a diameter (L 

The first step in this computation consists in calculating the 
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characteristic impedance. In order to do this it is necessary to 

calculate the capacity of the antenna by the following formula(8); 

0.2416// 

logio (4h/d) 
(180) 

The capacity given by this formula is in micromicrofarads, and 

it is assumed that ih/II is equal to or le.ss than unity. 

Fig. 169.—Diagram of typical nose to fin airplane antenna. 

The inductance in microhenrys is given by (9) 

L = 0.002// 2.303 logio (181) 

The characteristic impedance may then be calculated from 

(182) 

In this formula it is necessary that inductance and capacity 

he in henrys and farads, or microhenrys and microfarads. The 

lengths and diameters of Eqs. (180) and (181) are in centimeters. 

It must be recognized that the structure of the airplane adds 

a conducting vertical member in the form of the vertical stabilizer 

to the antenna shown in Fig. 160. The presence of this conduct¬ 

ing member may be accounted for by considering the capacity 

and inductance of the antenna wire to the vertical stabilizer 

separately and adding these resulting constants to those obtained 

when the fuselage of the airplane was considered alone. 

The radiation from a transmitter produces standing waves 

on the antenna. These standing waves will have a wave length 

that is a function of the velocity of propagation of the radio 

wave oa the antenna. Because of radiation and attenuation, 

this velocity will be less than that in air. In order to determine 
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the natural frequency (quarter-wave value) or that value when 

the reactance at the base of the antenna is zero, it is only neces¬ 

sary to convert the length of the antenna to meters, then convert 

to kilocycles by using the following expression: 

Fo = 
F 
m (183) 

In this expression, H is the total length of the antenna in meters 

and V is the velocity of the radio wave on the wire as obtained 

from the following empirical formula(lO): 

V = 300,000 (184) 

The radiation resistance may now be computed for any frecpiency 

less than this natural frequency by an additional scries of cal¬ 

culations. First compute the value K from 

K = 
1_ 

sin $ + cos 6 
(185) 

In this expression, 6 is the angle between the antenna wire and 

the fuselage as shown in Fig. 169. 

Then calculate a' from 

a' = KII sin 6 (186) 

In Eq. (186) the length II may be expressed in any unit desired 

provided that the same type of unit is used throughout the 

computation. C^oinpute the total value of the quantity a by 

adding to it the length of the vertical leadin (see Fig. 169) : 

a = a' + A (187) 

Comnute the auxiliary quantity b from 

b = KH cos 0 

Compute P from 

p = _ 
^ a + b 

Compute the value of Fo/F for any desired frequency F, and 

obtain the value of radiation resistance directly from the curve(l 1) 

of Fig. 170. 

(188) 

(189) 
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For frequencies higher than the natural or quarter-wave 

frequency the radiation resistance may be computed from(12) 

ft = 15 1^ - I sin + (2.303 logio ^ + 1.722^ 

(cos + 2 (2.415 + 2.303 logio (190) 

In this expression, the symbol //' is used to denote the length 

of the antenna plus leadin. The units used for H' must corre¬ 

spond to those used for the wave length. 

Fio. 170.—Rosiatancc of antennas aa a function of the ratio between funda¬ 
mental and lower frequeneiea for various values of the auxiliary ([uantity P. 
{From Peirce, Electrical Oacillations and Electric Waves.) 

The reactance of the antenna may be determined by calculat¬ 

ing, first, two auxiliary quantities. The first of these is the 

equivalent resistance calculated from 
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AR 
^ ^ sin (4ir//'A) 

The attenuation constant may then be computed from 

(191) 

(192) 

With these two quantities known, the reactance at the base of the 

antenna may be calculated from 

cosh a — cos /\) 
(193) 

Electrical Characteristics of Aircraft Transmitting Antennas. 
Typical curves of nnxctance and resistance of aircraft antennas 

are shown in Fig. 171 for the Douglas model DC-3 and in Fig. 172 

for the Douglas modc'l DC-4 airplanes. Referring to Fig. 171, it 

can be seen that the natural frecpiency of this antenna is about 

5,150 kc. At this point it does not have the radiation resistance 

of a (piarter-wave vertical antenna, for its total resistance is 

only 3.8 ohms. At a frecpiency of 3 megacycles the resistance 

is only 0.8 ohm. This is the combined radiation and ohmic 

resistance. Within the range of 3 to 6 megacycles it can bo 

seen that there is only one frequency for which the antenna is 

nonreactive. 

The DC-3 is an airplane having a provisional gross weight of 

about 25,000 lb., whereas the provisional gross weight of the 

DC-4 (the antenna characteristics of which are shown in Fig. 172) 

was 65,000 lb. It can therefore be seen that the DC-4 was a 

much larger airj)lane than the DC-3 and the antennas were 

corn'spondingly giH^ater. The DC-4, however, had a three-part 

rudder, so the height of the antenna was not much greater than 

that for the DC-3. Referring to Fig. 172, it can be seen that 

there were two frequencies in the range of 3 to 6 megacycles 

for which the antenna was resistive. One of these was a reso¬ 

nance point, and the other may bo called an antiresonance 

(parallel resonance) point. 

The resistance of this antenna at its natural frequency was 

about 5 ohms. This natural frecpiency resistance is higher 
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than for the DC-3 antenna, but more important, it occurs at 
only 3,300 kc. The resistance at the antiresonance point is 
high and reaches a measured value of approximately 10,000 ohms. 
It can also be seen that another resonance (three-quarter wave) 
point is reached by this antenna at about 8.8 megacycles. 
Antennas with characteristics similar to those shown for the DC-4 

Fio. 171.—Electrical characteristics of transmittinj? antenna on Douglas Model 
DC-d airplane. 

are uncommon in this country, and until airplanes of the size of 
tlie DC-4 come into extensive use, it can be said that low- 
resistance values in the communications range of frequencies 
characterize the airplane transmitting antenna. 

The airplane antenna in some respects represents an ideal. It 
is located away from all dielectric obstructions. The ground 
system is a perh^ct conductor, and the only loss (as far as energy 
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in the antenna is concerned) is the dielectric of the lead-in and 
rear-support insulators. These insulators can be so designed 
that their losses are not appreciable. The airplane antenna 
can be considered a highly efficient device. The truth of this 
statement was borne out in practice when it was found that some 
airplanes, equipped with antennas having such small effective 

Frequency, megacycles 

Fio. 172.—Eloctrical characteristics of transmiltinR antenna on experimental 
model of Douglas l)C-4 airplane. 

heights that they could hardly be considered much more than 
unterminated but otherwise conventional transmission lines, 
have radiated usable signals. 

Space Patterns of Aircraft Communications Antennas.—Since 
the airplane is not a symmetrical body, transmission from it 
may have directional patterns. As far as is known, all the best 
methods for determining these patterns are experimental. One 
process consists in flying the airplane in circles about a point 
and recording the relative field strength received on the ground. 
A better method (13) consists of constructing small models and 
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equipping them with ultra-high-frequency oscillators. By using 
the principle of similitude it is possible to determine, with a small 
model and ultra-high frequencies, the performance of a full-scale 
antenna with medium frequencies. 

If the antennas have appreciable vertical components, the 
patterns tend to be nondirectional. The trailing wire which 
projects directly back from the tail of the airplane emits hori- 

5.0 me. 

Fio. 17.3.—Horizontal-plane field pattern of a transmitting antenna on a 
small airplane. The dotted pattern is for the horizontally polarized and the 
solid pattern is for the vertically polarized components. Transmitting frequency 
is 5 megacycles. (Courtesy of U.S. War Department, A.H.L.) 

zontally polarized waves in a directional pattern. The trailing 
wire with a weight emits an essentially nondirectional signal. 
The directive pattern may change with frequency. The char¬ 
acteristics of a fixed antenna mounted on a small airplane are 
shown in Figs. 173 and 174. This antenna consisted of a vertical 
mast 50 in. in height and a 15-ft. horizontal section mounted 
over the airplane. The directional patterns for both horizontally 
and vertically polarized radiation with a frequency of 5 mega¬ 
cycles are shown in Fig. 173. It will be seen that the greater 
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portion of the transmission is vertically polarized and nondirec- 
tional. A certain nonsymmetrical horizontally polarized com¬ 
ponent is present but has a magnitude which is only 16 per cent 
of that of the vertically polarized field strength. When the 
frequency of this antenna was increased to 10 megacycles, 
the field pattern changed greatly as is shown in Fig. 174. The 
horizontally polarized component became large and had an 

10,0 me. 
Fig. 174.—Horizontal-plane field pattern of the antenna of Fig. 173 with a 

transmitting frequency of 10 megacycles. The dotted pattern is for the hori¬ 
zontally polarized and the solid pattern is for the vertically polarized components. 
(^Courtesy of U.S. War Department, A.R.L.) 

essentially figure-8 pattern. The vertically polarized component 
decreased with respect to the horizontally polarized component. 
It now has a field strength that is 33 per cent less than the 
maximum of the horizontally polarized component although it 
continues to have a nondirectional configuration. 

Aircraft-transmitter Output-circuit Design.—The low values 
of resistance that characterize aircraft transmitting antennas 
make necessary special output-circuit-design consideration. 
The problem involved is pictured in Fig. 175. In this picture 
a generator having a pure internal resistance which exactly 
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matches the external load is connected to an antenna. The 

antenna has a reactance of Xa and a resistance of Ra- It is 

necessary that the antenna reactance be canceled, so a reactor is 

added in series with the antenna. This reactor has a reactance 

Xo which exactly matches Xa in magnitude but with opposite 

sign. Because Zo is imperfect, it also has a resistance Rq, 

The generator delivers all its power into Rq and Ray but the 

power delivered to the reactor is lost to the antenna. If the 

total output power from the generator is Po, Pi is the power 

lost in the reactor, and Pa is the power delivered to the antenna, 

then the following equation can be written: 

Fig. 175.—Electrical represen¬ 
tation of the output circuit of an 
aircraft transmitter. 

Pa 
Pi + Pa 

(190) 

Substituting Eq. (195) in Kq. (196) the following results: 

Eff = 
R‘a 

li‘^0 "b iinlia 
(197) 

If the ratio of reactance to resistance in the series reactor is Q, 
then 

Q = (108) 

or 

Eff = 
R\Ql 

A'-„ + XaltaQ 
(199) 

A figure of 300 represents an unusually high value of Q, but 

if this value is assumed and the values of reactance and resistance 

are obtained from Fig. 171 for the 3-mogacycle frequency, an 

efficiency of only 53 per cent is calculated. This does not mean 

that the efficiency of the output stage is 53 per cent, for this 

value is the efficiency of the output circuit alone. This means 

that if a transmitter is rated to have an output of 100 watts 
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into a quarter-wave antenna, with a resistance of approximately 

33 ohms, it will put only 53 watts into an aircraft antenna having 

the characteristics depicted in Fig. 171 (at 3 megacycles). As 

has previously been stated, a transmitter with the performance 

just described would be very well designed. 

Because of the problems just discussed it is necessary that 

every effort be made to keep the output circuit free from extrane¬ 

ous resistance. As a result, the common aircraft-transmitter 

output circuit presents a simple configuration. This configura¬ 

tion, almost universally used, is shown on Fig. 176. A coil 

provided with taps acts as an autotransformer in order to produce 

the correct value of load for the output vacuum tube. One 

end of this coil is connected to 

ground via the by-pass con¬ 

denser Cli. This pra(;tice per¬ 

mits the introduction of plate 

voltage without the necessity of 

using a parallel choke. In series 

with the other end of the coil is 

anoth()r condenser Ca which 

serves either one or two pur¬ 

poses. It serves to keep high 

direct-current voltage from the 
. t /• r —Schematic diagram of an 

antenna where (in case of a aircraft transmitter output circuit. 

broken antenna) it might cause 

damage to the skin of the airplane and where it would 

always be a hazard to personiu*! working near the equipment. 

In addition, this condenser sometimes acts to cancel out the 

positive reactance of the antenna (sucdi as for frequencies 

above 5,150 kc. on the DC-3 antenna). Although the antenna 

reactance may not be positive, it is often necessary that condenser 

Ca add negative reactance so that Xb may be made large enough 

to provide the necessary output tube load. Adjustment for 

resonance is usually made by first moving taps on the antenna 

coil, then making small inductance adjustments such as are 

provided by coupling a short-circuited turn to the coil or varying 

a contact on three coil turns. 

If the correct load for the output tube is Zo, then 

Plate 
voltage 

(200) 
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In this expression, Zb is the reactance of the coil as pictured in 

Fig. 176 and R is the total series resistance, that is, the resistance 

of the coil and antenna, or 

R = Rc + Ra (201) 

It is assumed that the condensers do not introduce appreciable 

resistance. Again using Q as the 

figure of merit of the coil, 

Q = (202) I lie 

Substituting Eq. (202) in Eep (201), 

R = (203) 

Substituting Eq. (203) in Eq. (200), 

Fig. 177.—Effect of shunting 
a condenser across the terminals 
of an antenna. 

So, substituting Eq. (205) in Etp (201) and solving for Xu, the 

following results: 

(Xx - X„ + RJi) (206) 

Equation (206) gives all the parameters necessary for designing 

the circuit of Fig. 176. 

Shunt capacitors across the antenna are to be avoided since 

they serve to reduce the effective series capacity of the antenna. 

It is, however, necessary to add such capacitors when the 

antenna assumes high reactance or resistance values such as 

those that occur near the antiresonance point of the DC-4 

antenna. 

Figure 177 shows such a condenser having a reactance —jXs 
shunting an antenna having a reactance Xa and a resistance 

Ra- . This-has the effect of altering the resistance and capacity 

so that the virtual reactance of X'a now replaces Xa and R'a 

Z, = 
Xij + Zb + RaQ 

(204) 

but 

Xc + Xn + Z/J = Xa (205) 
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replaces Ra. It can be shown that 

(207) 

(208) 

When shunt capacitors arc used, they are arranged to connect to 

the antenna only on those occasions when the frequencies where 

the antenna presents high irnpedancci are in use. 

Aircraft-transmitter Frequency-changing Methods.^—It has 

previously been stated that it is common practice to use two 

frecpiencies because of the changing ionosphen^. Early trans¬ 

mitters were designed with two-frecpiency operation as a require¬ 

ment; however, later practices in air transportation have modified 

this reciuircment. Because of the large amount of message 

traffics, it has been necessary to limit the length of airline using 

one set of frequencies. That is, a line 1,000 miles or less in 

length will use a given set of freciuencies, and the next section 

of line will use a different set. In the early days, airplanes 

were changed often as a flight proceeded across the country, so 

the prol)lem of changing communications freqiumcies coasisted 

in merely furnishing the outbound airplane with equii)ment hav¬ 

ing the proper fnupiencic^s. Naturally a switching problem was 

involved in changing from the lowin’ to the higher frequency, but 

this problem was comparatively simple. With the coming of 

model’ll aii‘])lan(\s a single craft completiis more than a 2,000-mile 

trip and stops only for gasoline and for loading pavssengers and 

cargo. Th(^ neci^ssity for changing radio eipiipment during stops 

is very undesirable because of the .short time available. Modern 

airplanes have also introduced another factor. They often fly 

ov(^r a terminal point because of bad weather and operate into the 

next frequency division. On these occasions it is necessary that 

they be equipped with the appropriate frequencies. As a result 

of these factors, transmitters are being designed for 10 frequencies 

(five sets) and .some of the airlines could well use 12 or 14. 

Because the requirements for low weight and small space are 

always present, this frequency-changing problem has made some 

ingenious solutions necessary. 

_ RaX^s 

- R\ +Jx7^x^^ 
and 

- R^aX, - X^aXs 

r^a + CXa - Xsy^ 
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As has already been discussed, one of the first methods was 
the use of switches. The Boeing-type transmitter was an 
example of this means of providing for two frequencies. This 
method was also used in the Western Electric 13-type which was 
marketed in 1933 and provided three frequencies. Separate 
tuning elements were provided throughout the 13-type, and a 
series of three-point switches selected the appropriate set of 
elements. It can be seen that the necessary leads recpiired to 
select 10 frequencies with this method would make the system 
impractical. One of the next methods evolved was the use of a 
‘‘turret.^’ This method was used in the Western Electric ATR 
transmitter, designed in 1936 and 1937, and it is also incorporated 
in their later models. In this equipment a wheel of rather large 
diameter mounted all the tuning elements. Beginning near the 
hub of the wheel, the crystals were mounted, followed by the 
intermediate stage tuning coils, and with the outj)ut circuits 
near the rim. No wire connections were provided to these 
various circuit elements. As the wheel rotated, pins attached 
to the elements made contact with spring clips connecting to 
the tubes, etc. The Bendix Company used a somewhat similar 
arrangement in some of their transmitters; however, the turret 
is horizontal, and only one set of elements is present in one wheel 
diameter. That is, one wheel has all the outj)ut circuits, the 
next the intermediate stage elements, and the next the crystals, 
etc. These wheels all have the same diameter and are mounted 
on a common rotating shaft. 

A method differing entirely from those described was developed 
by Collins in their Autotunc system. In this system a single 
set of tuning elements is used, and these elements are varied 
by a cam arrangement to the proper setting for each frequency. 
In the turret system there are 10 sets of tuning elements; there¬ 
fore, a weight increase of only 1.6 oz. per set means a weight 
increase of 1 lb. in the transmitter. This is not true of the Collins 
type of control. It is believed that the possibilities of the Auto¬ 
tune method have not been fully explored, and a system based 
on this principle, if the cam mechanism weight can be made low, 
offers the best possibility for the transmitter of the future. 

Other Considerations in Aircraft-transmitter Design.—In 
designing the early transmitters an effort was made to provide 
as much' power as weight limitations would permit. This 
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resulted in a power of 50 watts. With advances in the electronic 

art, however, the modern transmitter has a power output of 

100 watts. A transmitter designed in 1937 utilizing an alternat¬ 

ing-current power supply had an output of 250 watts, and it is 

believed that, in the future, aircraft transmitters with output 

power of 200 to 300 watts will be common. 

Early in the art it was found that only a transmitter with 

crystal-controlled frequency would provide satisfactory com¬ 

munication. This led to much development in crystals, which 

at that time were considered largely as laboratory curiosities 

rather than practical apparatus units. This development 

resulted in a crystal clamped at its extremities by raised edges 

on the crystal-holder plates. Several small temperature- 

controlled oveng for these crystals were also developed but were 

made unnecessary with the later development of the zero- 

temperature coefficient crystal cut. 

Simplicity in the method of intermcdiate^-stage tuning is very 

desirable. Simple tuning elements usually mean low weight and 

also lowered maintenance. The Western Electric 13-type trans¬ 

mitter employing two interstage transformers made use of band¬ 

pass filter (hisign, and no tuning was necessary. One of the 

transmitters used interstage coils adjusted men^ly by manually 

removing turns, thus eliminating tuning adjustments. 

The wcught of aircraft transmitters must bo as low as possible. 

Since their weight will, in general, be higher than that of receivers, 

an effort should be made to divide the transmitters into sections 

so that each s(^ction will not weigh more than 50 lb. This is a 

necessary recpiirement in order that the unit may be easily 

handled by one man in a narrow airplane companionway. 

Although this reciuirernent is very important, it has not alwa3^s 

been adhered to. One transmitter producing 100 watts has a 

weight of 42 lb. exclusive of power supply. The 250-watt 

transmitter previously referred to had a weight of 80 lb. including 

the power supply. One of the modern equipments combining 

transmitter, receiver, and power supply in a single unit has a 

weight of 75 lb. This latter unit is very economical in weight 

but subjects the personnel who must handle the equipment to an 

incoii'^enience. 

The Aircraft Communications Receiver.—As important as 

emitting a satisfactory signal from the aircraft is the ability to 
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read the answer from the ground station. This problem has 

necessitated a receiver of special design. 

Like the transmitter, the modern receiver is also equipped 

with 10 frequencies. The frequency-changing mechanism is 

usually connected directly to the transmitter so that the receiver 

changes frequency whenever the transmitter changes. Since 

component sizes are smaller in the receiver than in the trans¬ 

mitter, the usual method for frequency selection consists of the 

rotary switch; however, in the combined receiver-transmitter 

previously mentioned, the turret system is used. 

The demand for the automatic-gain-control system is unusual. 

When an airplane is about to begin its flight, it is necessary to 

contact the local radio station. During this time the field 

strength will be very great, but as the flight progresses 200 miles, 

the field strengths will be much lower. It is necessary, therefore, 

that the output of tlui radio receiver be constant for input 

voltages of 1 mv to 1 volt. It is very undesirabk^ that the pilot 

manipulate a gain control in order to compemsate^ for changing 

field strengths, because if he turns the control to the low position 

for comfortable reception from a local station, a weakof station 

would not be able to attract his attention. As a corollary, it 

follows that such an excellent automatic gain control must have 

a carrier-controlled output suppressor. This feature is necessary 

because the automatic gain control would serve to greatly 

increase receiver gain during the time that no carrier is present, 

and under conditions of high atmospherics the noise would be 

unbearable. 

The long-range automatic gain control is usually achieved 

by a two-part circuit. One portion of the circuit is more or less 

conventional, whereas the second circuit consists of a gain 

spoiler in the form of a diode connected across the grid circuit 

of the first tube. This diode is biased to some predetermined 

value, so that when the input voltage exceeds a certain value, it 

begins to conduct and lowers the impedance across the grid 

of the first tube, thereby lowering the gain of the first stage. 

There is at present no entirely satisfactory carrier-controlled 

output suppressor incorporated in aircraft receivers. The 

simpler types of control are responsive to static, so it is necessary 

to set them to a predetermined threshold of operation. This 

practice is undesirable because it prevents reception of weak 
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signals. The type employing additional oscillators, filters, etc., 

appears too involved to be satisfactory for aircraft use. 

The receivers are of the superheterodyne type and use crystal- 

controlled oscillators. The use of a crystal in the transmitter 

and receiver gives nearly as much assurance that reception and 

transmission will be on the same channel as if a copper connection 

were used between the telephone instruments. 

Because of the crowded channels it is necessary that the 

selectivity of the receiver be such that the response is down 

40 db for a band width of 12 kc. (Frequencies in this com¬ 

munications band arc allocated with a 6 kc. spacing.) Image- 

frequency responses are specified at between 70 and 80 db down. 

Signal-to-noise ratio must be very good because the receiver 

is often used to receive very weak signals. This value is specified 

as 6 db with input signals as low as 1 juv of carrier modulated 

30 per cent. 

Audio requirements are not high for this receiver because it is 

used for voice work alone. A response that is flat within 4 db 

for freqiumcic^s between 300 and 2,500 cycles is sufficient. The 

total harmonic distortion of the audio systemi should not exceed 

5 to 10 per cent for 30 per cent modulated carriers with values 

up to 0.1 volt and not more than 20 per cent between 0.1 and 

1 volt. 

The complete weight of the receiver and power supply for a 

lO-frecpiency receiver is about 30 lb. This weight is for a receiver 

fully equipped with 10 pre-set frequencies operating in the range 

from 2 to 10 megacycles. 

Characteristics of Ground-station Transmitters.—When the 

first ground-station transmitters were placed in service, they 

were ecpiipped for only single-frequency operation. Later this 

was changed to allow for quickly shifting to any one of four 

frecpiencies. With the coming of newer equipment, means wore 

provided for rapid selection of any one of 10 frequencies. The 

latest (Kpiipment, however, is arranges! for only two or three 

frequencies. The considerations involved in determining the 

correct number of frequencies to be incorporated in ground- 

station transmitters are worthy of study. As has previously 

been stated, two or more frequencies are required because of 

ionosphere characteristics, so this frequency set (two or three) 

is the minimum required. As the number of flights over an 
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airline increases, the point is reached where the traffic cannot 

be handled by a single set of frequencies and so a second set 

is added. A point (usually a major terminal) is selected and 

becomes the frequency-division point; that is, the frequencies 

used on one side of the point belong to one set and those used on 

the other side belong to the second set. The number of contacts 

between ground stations and an airplane on a given frequency is, 

to a first approximation, a function of the length of the fre¬ 

quency division. Thus, the total number of contacts handled by 

a set of frequencies is proportional to the product of frequency- 

division miles and the number of airplanes scheduled to fly 

over those miles. It follows, then, that if one set of frequencies 

will take care of the traffic over a frequency division X miles 

in length over which N airplanes fly then another set of fre¬ 

quencies will take care of the traffic over a division 2X miles 

in length over which N/2 airplanes'fly. -The total time that a 

radio operator is busy, however, is not in proportion to the 

time that a frequency channel is occupied. This is because 

a radio station is responsible for contacts from an airplane 

half way from that station to those adjoining it on l)oth sides. 

Since the distance between radio stations is approximately the 

same, the time of the operators' is utilized in proportion only 

to the number of airplane schedules. That is, a radio operator 

at a terminal station is only half as busy (in so far as his radio¬ 

contact duties are concerned) as an operator at an intermediate 

station. This is because schedules extend to only one side of a 

terminal station, whereas they extend to both sides of an inter¬ 

mediate station. A radio station on a division 2.Y miles in 

length with N/2 schedules is only half as busy as a station 

handling a division of X miles with N airplanes scheduled over 

it. If a frequency-division point is so located that the same 

number of schedules operate over both sections and one operator 

can handle this number of schedules, then the transmitter should 

be equipped with two sets of frequencies. If, however, the 

division is made at a point so that the number of miles to one 

side of the point is 2X with N/2 airplanes and to the other side 

X with N airplanes, then the frequency channels will bo equally 

utilized, but the radio operator should be able to handle another 

frequency division having N/2 schedules, and three sets of 

frequencies may well be included in the transmitter. As the 
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air-traffic business grows and the number of schedules is increased, 

the frequency divisions become shorter. An operator at this 

time can handle only one set, another operator being required 

to handle the additional frequencies. At this time the equip¬ 

ment with more than one set of frequencies is of no value. 

The foregoing discussion, then, serves to explain the change 

in transmitter requirements with time. First, the frequency 

channels became saturated, and when the division was split, time 

became available for the radio operators. Upon further increase 

in schedules, the station time as well as the channel time became 

saturated. Thus, at the intermediate stage a multifrequency 

transmitter was required, but with further increase in business, a 

multimanned station was needed. 

The method of providing multifrequency operation also 

varied with time. The earlier equipment consisted merely in 

providing a series of switches located throughout the transmitter 

and actuated by a number of cams and push rods. The switches 

were connected to taps on inductors or connected various con¬ 

densers to coils, etc. The later type shift did not differ greatly 

in principle but was a tremendous improvement mechanically. 

All the switchers were arranged in an orderly fashion and were 

actuated either by a single rotating rod or a scries of parallel 

push rods. The latest innovation in multichannel transmitters 

is a radical departure from the systems used on aircraft and 

those just described for ground stations. Each channel consists 

of a transmitter complete in all respects except that it is not 

equipped with a power supply or an audio modulator. Switching 

frequencies merely consists in turning on the filament power 

to the desired channel. Such a method is particularly satis¬ 

factory for use with high-powered transmitters because the 

necessity for switching large voltages becomes a difficult problem. 

The solution described is made possible because of the compara¬ 

tively low power-tube complement cost that is in vogue today. 

All the earlier transmitters were operated locally. That is, 

they were usually located adjacent to the radio operator’s posi¬ 

tion, but because of interference to receivers located on the 

airport and the difficulties involved in making suitable antenna 

installations at the airport, the practice of locating transmitters 

at a distance from the point of operation has been introduced. 

An attempt is made to keep the transmitter within 2 miles 
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of the airport, but at some of the larger terminals the trans¬ 

mitters have been located as far as 15 miles away due to the 

difficulties arising in securing proper sites. Control of the 

transmitter is usually accomplished with a telephone-dial system 

over the pair of wires also used for conveying the audio-modulat¬ 

ing frequency. 

The first ground stations in common use had a power output 

of 400 watts. This figure was chosen as a compromise among 

several factors. (3ne of these factors was economy. Airlines 

maintain a comparatively large number of ground stations 

(as many as 40 for large airlines); hence, any tube-complement 

cost must be multiplied by the total number of stations. At the 

time that the early ground stations were dc^signed, a 400-watt 

station constituted peak economy. 

The most desirable power would he that which would allow 

communications between the terminals of the airline and to the 

airplanes at all times. Such a requirement, as was pn^viously 

discussed, cannot be met by power alone; hence sufficiemt power 

is pro\dded (consistent with economical considerations) to 

allow communications when atmospheric noise is high but with 

ionosphere conditions permitting. Experience has shown that 

400 watts was not sufficient to accomplish this at all times. As 

the cost of vacuum-tube complements decreased, transmitters 

were constructed employing 1,000, 2,500, and 5,000 watts. The 

new power figures were chosen because they n'present economical 

designs. The figures of 1,000 and 2,500 watts represent mini¬ 

mum powers that could be secured with minimum large-tube 

complements, whereas 5,000 watts repn^sent a field-strength 

gain of 11 db^ the approximate increase that broadcast (enter¬ 

tainment) stations hav^e always considered the minimum neces¬ 

sary in order to produce a noticeable improvement. The 

transmitters employ crystal control, and, besides an oscillator, 

one or two intermediate stages of power amplification are 

necessary to drive the output tubes. 

One of the problems that must be considered in designing 

ground-station transmitters is that of interference between 

adjacent channels. In the days before the practice of locating 

transmitters remotely came into general use, as many as 10 

transmitters were often locatqd around the airport, with separa¬ 

tions between them of not more than one mile. If these trans- 
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mitters were allowed to overmodulate, they would produce 

spurious frequencies that fall in the adjacent bands. It is 

desirable that the transmitters be allowed to modulate completely 

in order that their efficiencies bo greatest; therefore, it is neces¬ 

sary that a constant-level input amplifier be incorporated 

between the microphone and the transmitter. Such an amplifier 

had best include two sections. One of these sections should 

Fig. 178.—Audio distortion from aeronautical ground-station transmitter causing 
interference on adjacent channels. 

have a slow time constant so that distortion will not occur by 

reason of too rapid gain change, and a second section should be 

rapid in its actions but should act only to cut off excessive audio 

peaks. 

Even though a transmitter has comparatively low audio¬ 

harmonic distortion, the audio-frequency side bands generated 

by this distortion will fall in adjacent channels and will have 

signal intensities sufficient to produce disturbances. This 

phenomenon is picturcd(t4) graphically in Fig. 178. The higher 

the order of the fundamental frequency, the greater will be the 
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disturbance because a lower order harmonic will fall in the 

adjacent channel. As an example, suppose that the distortion 

of a transmitter is the same at all audio frequencies and that the 

second harmonic has a field strength value sufficient to causcj 

disturbances in the adjacent channel, then when a 1,000-cyclo 

note is present in the input, the 2,000-cyclc harmonic will not 

cause a disturbance in a channel separated by 6 kc. The same 

will be true of a 2,000-cycle note producing a second harmonic of 

4,000^cycles, but a 3,000-cycle note will have its second harmonic 

exactly in the adjacent band. The solution to this problem 

consists of connecting a low-pass audio filter in the circuit 

beyond the point where all audio amplification has taken place 

but before the point where modulation occurs. Such a filter 

may have a cutoff frequency of 3,500 cycles and not appn^- 

ciably affect the quality of the transmitted speech, or it may have 

a cutoff frequency as low as 2,500 cycles for severe cases. 

Another unusual phenomenon that has occurred in ground- 

station installations, which also concerns intcrfcrenco, is the 

generation of a single spurious frequency due to cross modulation 

between transmitters located adjacent to each other. Where 

two transmitters are located so that coupling exists between the 

antennas associated with them, and they employ slightly different 

frequencies, the second harmonic of one transinittcjr will modulate 

the second transmitter and produce a high field-strength signal 

of a frequency different from that assigned to either of the 

generating transmitters. The relation between these frequencies 

is such that the spurious frequency often falls in a band assigned 

to another service. Frequencies generated in this manner 

have been kno^ra to cause interference to services located more 

than 500 miles from the generating transmitters. The solution 

lies, of course, in decoupling the transmitters. This can be 

done either by moving the antennas apart or installing suitable 

wave filters. The proper solution is that which is most practical. 

If the frequency spacing is low, the filter may not be practical; 

on the other hand, if property allowing sufficient spacing between 

antennas is not available, filters designed with groat care must 

be incorporated in the equipment. 

The Ground-station Receiver.—The considerations involved 

in determining the proper number of frecpiencies to be incorpo¬ 

rated in a ground-station receiver arc quite different from those 
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involved in making the same determination for a transmitter. 
Although an operator needs to use his transmitter only when his 
station must make a transmission, it is necessary for him to 
know at all times when a channel is being used and, during the 
greater portion of the time, what is being said on the channel. 
It is not possible for him to shift from channel to channel because 
in so doing he may miss a call. If two or more channels are to 
be covered simultaneously, then it is necessary that two or more 
receivers be used. Thus, it is seen that one set of frequencies 
constitutes the most practical receiver design. This conclusion, 
however, requires some modification because of recent traffic 
conditions that have made mandatory the use of frequencies in 
combinations other than a set. Under these conditions, a certain 
number of contacts are made on the fn^quency opposite from 
that in regular use. This does not warrant the use of two single¬ 
frequency receivers, but the frequencies can be covered by 
arranging a receiver^so that it can receive both frequencie^s 
simultaneously. This process is sometimes extended so that 
as many as six frequencies can be received simultaneously, but 
it is to bo emphasized that this kind of operation appears to be 
consistent only with a transition period, after which a more 
regular operation will require reception on only one frequency. 

Like the aircraft receiver, the unit for the ground station 
is of the superheterodyne type and its oscillators are controlled 
by a crystal. The method for accomplishing multifrequency 
operation is different from that used in the aircraft e([uipment 
because weight and space considerations are not of prime impor¬ 
tance. The usual method consists in using separate radio- 
frc(iuency amj^lificirs and separate first detectors and oscillators 
for each channc^l. The outputs from the sc^cond detectors are 
connected in parallel to the input of a common intermediate- 
frequency amplifier system, which in turn connects to a suitable 
second detector, automatic-gain-control system, audio amplifier, 
etc. The selection of the desired frequency (or frequencies) 
is accomplished by merely applying plate power to the proper 
set of radio-frequency amplifiers, oscillators, and first detectors. 

Because of the noise generated by electrically operated main¬ 
tenance cepupment located at the major air terminals, and 
because of the low field-strength signals, it is necessary that 
the ground-station receivers be located at a distance from the 
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operations room. The usual practice consists in finding a quiet 
receiver location after making noise measurements lasting over a 
period of one month. For reasons of economy an attempt is 
made to find such a location as close to the airport as possible. 
The receivers are then installed in this location, and their output 
is brought to the airport over telephone lines rented from the 
local telephone company. This method of receiver installation 
makes it possible to locate the radio operator at the scene of 
operation and still provides for quiet reception. The control 
of the gain of the receiver (if not entirely automatic) and the 
selection of frequencies are accomplished by a telephone dial 
operating a stepping svdtch. 

A local receiver is also provided. This receiver is for use 
in case of failure of the telephone lines or the radio receiver 
associated with them. In order that this receiver may provide 
effective reception in the presence of the transmitters operating 
near the airport, it is sometimes necessary to make special 
provisions in the design of the receiver. One of these precau¬ 
tions is the provision for filters in all the lines that coiiiKict to 
the receiver from external points. Thes(^ filters assure that all 
the radio-frequency energy coming to the reccuvor is via the 
antenna terminals. When this condition has been attained, it 
is possible to connect a quartz-plate r(\sonator between the 
antenna terminal and the antenna and thus assure that high 
field strengths from the near-by transmitters operating on 
adjacent channels will not reach the grid of the first tube in the 
receiver to ca\ise cross modulation. 

Other receiver characteristics are the same as those described 
for the aircraft receiver. The problem of an effective carrier- 
controlled output suppresvsor has been met in one design by the 
use of a separate intermediate-frequency channel employing 
a quartz-plate filter for the purpose of eliminating static side 
bands. The output of this channel serves to control the audio 
stages associated with the normal intermediate-frequency 
amplifier and second detector, so that the receiver output 
terminals have no voltage until a carrier is received. The crystal 
filter serves to render the control free from operation by static. 

Ground-station Antennas.—There has probably been less 
development and improvement in ground-station antennas 
than in any other link in the aircraft-to-ground-station com- 
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munication chain. This is not because the matter has not been 

considered but because of the practical limitations attending the 

erection of such structures. A highly efficient ground-station 

antenna has as its attendant characteristics height, area, and 

directivity. On the other hand, most aeronautical transmitters 

are located at or near airports, thereby making antennas with 

heights of over 35 ft. very undesirable. Although receivers 

associated with major terminals are located away from the 

immediate vicinity of airports where height limitations may not 

exist, these are invariably located on private homesites where 

the available area is limited. Whether the antennas are to 

transmit or receive, they must do so to or from mobile stations 

capable of changing their locations. In case an airplane has 

left its true course, it must still be possible to communicate with 

it, and the high directivity of an antenna must not interfere 

with this function. 

In view of these difficulties the antenna installations at ground 

stations have been erected consistent only with minimuru 

standards. A common transmitting antenna is a half-wave wire 

energized with a single transmission line. This wire is generally 

installed at an angle of about 45 deg. on the theory that both 

vertically and horizontally polarized components were necessary 

for transmissions at all distances. A separate wire of this type 

is used for each transmitter frequency. For receiving, a doublet 

connecting to the receiver by means of a twisted pair from its 

center is commonly used. This antenna is often a half-wave 

long but in many cases serves for two frequencies, and the half 

wave-length relation is not observed at both frequencies. There 

have been some installations of vertical masts as transmitting 

antennas. Some of these have a small amount of top loading. 

At least one receiving antenna was designed which utilized some 

networks in its structure to improve the efficiency of the antenna 

at certain predetermined but widely separated frequencies. 

As the aeronautical industry grows, the demand for long-range 

communication will increase. This increafse can be met with 

additional frequencies in higher spectra, but these tend to 

*‘skip’^ at close distances, and it is desirable that the communi¬ 

cation system cover the entire distance of the airline. This 

can be done with increased power on the ground in order to make 

for stronger signals at the airplane, but the maximum power of 
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the aircraft transmitter is, and probably always will be, subject 

to certain definite limitations. The only remaining solution is 

the directional ground-station receiving antenna which is capable 

of increasing the signal-to-noise ratio and thereby effectively 

increasing the power of the aircraft transmitter. Another totally 

different conditipn pointing to the eventual adoption of direc¬ 

tional ground-station receiving antennas is the quiet” remote 

receiver location previously mentioned. It often happens that 

after such a location has been found the city grows, bringing 

with it either its factories with their noiso-geu(u*ating equip¬ 

ment or residences with their equally noisy vacuum cleaners, 

electric razors, and dozens of other noise-generating home appli¬ 

ances. When this haj)pens, the receiver location is moved 

farther away from the airport; then the process is repeated. At 

each move, the monthly cost of the telephone line between 

receiver and airport increases. The cost of locating quiet 

receiver sites alone amounts to a fair sum since on the average 

they are moved every 5 years, and the increased cost of telephone 

lines may soon justify the renting of adequate ground for direc¬ 

tional antennas. The problem of directivity in relation to 

mobile stations can be answered by arranging a noridirectional 

antenna for emergency use with the thought that when this 

antenna is used reception would be as good as if a nondirec- 

tional antenna were present at all times. With this in mind, the 

characteristics of a directional antenna suitable for aeronautical, 

ground-receiving station use will be discusstid. 

When a directional antenna is to be used for reception, the 

most important factor is not its gain in the desired direction 

but rather its signal-to-noise ratio(15). This means that it 

should receive from only one direction (direction in this case 

defined by three dimensions) and have no response from signals 

coming from any other direction. That is, the most efficient 

receiving antenna would be one having a very narrow unidirec¬ 

tional pencil as its space characteristic. The first factor that 

must be known when considering the design of a directional 

antenna, then, is the direction of arrival of the radio wave. From 

the previous discussion it seems apparent that waves will arrive 

directly from the airplane when the distance is 40 miles or less 

and from the ionosphere for distances ranging from 40 to 1,000 

miles. When the waves are coming directly from the airplane, 
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it might be flying overhead; hence, the maximum angle from 
which reception is necessary (measured from the surface of the 
earth) will be 90 deg. By assuming transmission from the E 
layer at distances of 1,000 miles, a simple calculation shows 
that the minimum vertical angle of reception will necessarily 
be about 7 deg. This means that practically no directivity 
can be tolerated in the vertical plane. The only directivity 
that can be tolerated is a reduction in absolute gain at angles 
above 70 deg. because of the increased field strength of the direct 
signal. The only improvement that can be expected is from 
directivity in the horizontal plane. This directivity is governed 
by the normal path deviations that an airplane executes in the 
course of its routine flights. This angle can be plus or minus 

15 deg. 
Economics must also be considered in antenna design. From 

the previous discussion, it is obvious that the receiver must be 
capable of rec(^ption on a minimum of two frequencies. The 
coming of the longer range communications will demand opera¬ 
tion on a minimum of three frequencies. Often when the 
antenna is located at a major terminal (and these antennas will 
probably be used only at terminals of this description), it is 
necessary that reception be had from two directions simultane¬ 
ously. In order that this can be accomplished with only one 
structure, it is necessary that the antenna be directional in one 
direction at one frequency and directional in another direction 
at other frequencies. 

There are numerous kinds of directional antennas that can 
be consid(^red. Generally speaking, they can be classed as 
curtain(10) type, vertical(17) radiator type, or rhombic(15) type. 
The curtain type consists of wires arranged both vertically and 
horizontally on a suitable structure. An example of this type 
of antenna is the Sterba curtain. The length of each wire in 
this aiit(uma bears a definite relation to the wave length for 
which the system is designed. This means that at least three 
such structures would have to be constructed. Economically 
then, this type of antenna would be undesirable. 

Single-frequency operation is also a characteristic of directive 
arrays employing vertical elements; however, it is not necessary 
that the elements be a fixed length, and it ma}" be possible to 
provide suitable tuning units that will be satisfactory on the 
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desired frequencies. Supporting structures must be supplied; 
hence the cost will not be low. A typical directivity pattern 
in the vertical plane for a quarter-wave antenna is shown in 
Fig. 179. An examination of this pattern shows that it is 

Fia. 179.—Field pattern of a quarter-wave vertical antenna in the vertical plane 

Fig. 180.—Vertical-plane field pattern of a rhombic antenna at three frequencies. 

consistent with the directional specification previously discussed; 
hence, the vertical antenna is a possible solution to the problem. 

By far the most inexpensive structure is the rhombic antenna 
consisting, of four poles holding two wires to form a diamond 
pattern in the horizontal plane. By properly terminating the 
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rhombic with receivers at both ends, the antenna can be made 
unidirectional in two separate directions and at two different sets 
of frequenci(^s. It is capable of giving satisfactory operation 
over a range of frequencies as great as 3 to 1. This antenna 
has a particularly great front-to-back ratio and, hence, is espe¬ 
cially suitable for receiver work. An examination of its vertical 
plane directivity shown in Fig. 180 indicates that it is not capable 
of reception at angles higher than approximately 20 deg. This 
type of antenna can be used for recciption of aeronautical mobile 
signals, then, only when it is combined with another antenna 
giving close-in reception. 

From this discussion it can be concluded that directional 
antennas for aeronautical ground-station use are not an insur¬ 
mountable problem, but more than usual considerations must be 
employed in order to obtain a successful design. 

Problems 

1. Plot the field strength delivered on the ground by an aircraft trans¬ 

mitter at an elevation of 11,000 ft. (al)oveground). Assume that the terrain 

is fertile land and the transmitting frequency is 8 megacycles. The field 

strength measured \ mile from the station is 30,000 ^uv per meter. 

2. What field strength will l)e d(‘livered at 1 mile by a transmitter the 

output tube of which will d(*liver 1(K) watts into an impedance of 3,000 ohms? 

The output coil has a Q of 200; the transmitter freqiiency is 0 megacycles; 

and the transmitter connects to the ant<*nna, the characteristics of which 

are shown in F^ig. 171. ’^Fhe efliciency of this antenna is assumed to be half 

that of a quart(T-wave antenna. 

3. Assuming th(^ ionosphen‘ characteristics shown in Figs. 103 and 104, 

a choice of either 8 or 12 nn*gacycles is olYered to a communications engineer 

who wishes to communicate at a distance of 1,000 mih's. Which should he 

ehoose? Describe tlu' i)erforinance with time of day expected from the 

frequency of your choice. 

4. What is the shortest distance that communications via the ionosphere 

will exist if the frequency is 5,700 kc. and the ionosphere conditions shown in 

F'igs. 103 and 104 prevail? 

5. Compute the characteristics of an antenna similar to that shown in 

F'ig. 109 at frequencies between 3 and 0 nn'gacycles. This antenna has a 

length of 30 ft. and is attached to a 4-ft. vertical fin. The length of the 

leadin is 2 ft. and has a capacity of 20 /i/uf. 

0. In order to obtain the desired power output, it is necessary to use two 

similar tubes in the output stage of an aircraft transmitter. Would you use 

these in parallel or push-pull? State fully the reasons for your choice. 

7. What circuits can you suggest for a carrier-controlled output sup¬ 

pressor, the operation of which wdll be independent of static? 

8. Develop Eqs. (207) and (208). 
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CHAPTER X 

ULTRA-HIGH-FREQUENCY COMMUNICATION 

In the previous chapter an apparently satisfactory comnnunica- 
tion system operating at medium-high frequencies was discussed, 
so the question naturally arises as to the reason for a communica¬ 
tion system utilizing ultra-high frequencies. The reason lies in 
two weaknesses of the medium-high frequencies. These are (1) the 
scarcity of these frequencies, and (2) their susceptibility to static. 

To elaborate on the first characteristic mentioned above, the 
increase in the number of airplanes in one sector of an airway 
has greatly increased the number of contacts that must be made 
on the frecpiency used in that sector. When this occurs, an 
attempt is made to secure a second frequency; however, the 
freciuencies that were available have all been allocated, and so 
it is necessary to turn to the ultra-high-frequency spectrum in 
order to secure the desired channels. The use of ultra-high 
frequencies as a substitute for the medium-high frequencies has 
been questioned because of their widely different propagation 
characteristics. It is true that tho propagation characteristics 
of the ultra-high frequencies are such as to render them inap¬ 
plicable in the manner in which the medium-high frequencies 
have been used, but a plan has been formulated which, if followed, 
indicates that the ultra-high frequencies will be as useful as 
those of the lower spectrum. 

In the previous chapter communication over long distances was 
discussed, but from what has been said in Chap. Ill, it is appar¬ 
ent that the ultra-high frequencies can be used over short 
distances only; however, an analysis of the communications that 
are necessary for the proper operation of a commercial transport 
airplane shows that they are of the following types: 

1. To the company dispatcher for giving and requesting 
information pertinent to method of procedure 

2. To another airplane in the vicinity for the purpose of 
obtaining direct weather and positional information. Positional 
information is for the prevention of collisions 

307 
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3. To the Airways Traffic Control group (via the company 

station) for permission to proceed to the airport from the airway 

4. To the airport control tower for barometer readings and 

airport clearance 

Of these four types of information interchange, three occur 

when the airplane is near the vicinity of the airport. One 

study made by an airline showed that of the total time that a 

frequency was utilized 60 per cent was for communication 

near the airport. If this is true, the ultra-high frequencies 

will indeed perform a huge task. Although it is very difficult to 

state that one type of communication is more important than 

another, the low(u- fuel supply carried by an airplane when it 

nears its destination and the dangers of collision prevalent at 

the larger air terminals make close-in communication of prime 

importance. Here the fact that ultra-high-frequency waves are 

but slightly susceptible to static would indicate that they can 

be expected to perform a good service, since their use should 

enable this vital information to reach the pilot regardless of 

the atmospheric conditions. Thc^re is another characteristic of 

these frequencies which also contributes to making them ideally 

suited for this particular service. Since all the information 

communicated when an airplane is close in is of interest chiefly 

to the airplane, the limit(»d range of these frecpiencies allows 

their use at any number of terminals separattnl by a distance 

of only about 150 miles without interference, so the same fre¬ 

quency may be used simultaneously over many portions of the 

same airline. 

It can be noticed that the preceding discussion has been 

made on a basis of what is to be rather than on a basis of what 

has been done. The reason for this is that ultra-high-frecpiency 

communication for the airlines is to l)e inaugurated in 1942. 

The work done thus far has been of an experimental or develop¬ 

ment character, and this chapter is more in the nature of a 

laboratory report than a history of an accomplished fact. The 

airlines of the country have conduebid tests on the system for 

communications and believe that it will be practical. They have 

done developmental work on antennas and have set up specifica¬ 

tions for equipment that is desired. Purchase orders have been 

issued for this equipment, but its delivery is now long overdue. 

The system set up contemplates the use of frequencies in a band 
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of 140 to 144 megacycles. It is intended that this system 
will provide a common channel to allow the airplanes of the 
various airlines to communicate with each other. Another pur¬ 
pose is to remove the airport control-tower communications from 
the medium-high and 278-kc. freipiencies and place them on 
the ultra-high-frequency band. The company communications 
on ultra-high frequencies that are contemplated vary with the 
individual airlines. Some that have been hard pressed for addi¬ 
tional frequencies intend to equip their ground stations fully 
with this ultra-high-frequency equipment, whereas others are 
making only partial installations while awaiting further service 
proving of the equipment. 

Wave Polarization for Communications Use.—The type of 
polarization that has been chosen for communications use is 
vertical and is, therefore, in direct contrast with that for range 
use. One of the principal reasons for this choice is that it ]>ermits 
the use of a very sirh})le antenna on the airplane. A further 
reason is that vertically polarized waves are somewhat less 
attenuated during propagation than are horizontally polarized 
waves. Whether or not this s(‘cond factor will prove significant 
in actual j^ractice remains to bo seen. 

Type of Modulation.—Modulation by varying the frequency(1) 
rather than the amplitude has ri^ccmtly been highly publicized 
and has been tlu^ su])j(‘ct of much discussion among radio engi¬ 
neers. The outstanding advantage claimed for this type of 
modulation is that it produces signals that are fnn^ from static, 
and it was necessary for tlu^ airlines to decide wind her to employ 
this type of modulation or the more conventional amplitude 
type. Comparative tc'sts were made w\t\i amplitudes- and fre¬ 
quency-modulated equipments which were as nearh" identical 
as possible. Although these tests showed some excellent 
perfoi-inance for freqiusncy-modulaUsd ecpiipment, the.y failed 
to show tins advantages that had beesn claimed by experimenters 
using freeiuency-modulated equipment at 40 megacycles. It 
is beli(‘ved that the higlusr carrier frequency employed in these 
tests, together with the lower ignition noise level on the modern 
well-shield(sd airplane, probably accounts for this result. Since 
it was very urgent that the ultra-high-frequency program be 
started, and since it was felt that the application of ultra-high 
frequencies to airline communication would alone introduce 
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many new problems, equipment of a type consistent with the 

better known art was chosen with the thought that it will be 

changed at a later time should frequency modulation prove, upon 

further tests, to have outstanding advantages. Amplitude 

Insulator 

(Fuselage 

i- Transmission line 

Fig. 181.—Series-fed vertically polarized 1iltra-high-froq\iency antenna for 
aircraft. 

Fig. 182.—Shunt-excited vertically polarized ultra-high-frequency antenna for 
aircraft. 

modulation is to be used, and, in the meantime, the improve¬ 

ments in the design of frequency-modulated eciuipment will take 

place. 

Ultra-high-frequency Airplane Communications Antenna.—It 

has previously been mentioned that the employment of vertically 
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polarized waves permits the use of a simple antenna. The 
antenna devised is a small vertical rod with a height of about 
20 in. This rod is made of stainless steel, has a base diameter 
of i in., and tapers to a iV-in. section. It may be fed either in 
series or in shunt. If the antenna is fed in series, its base is 
inf5ulated from the airplane and it is connected to the center 

Fig. 183.—Various ultra-high-frequency communications antennas installed 
on airplane for tests. In the text the antenna immediately in front of the vertical 
fin is designated as No. 1, that behind the tail as No. 2, that located farthest 
forward as No. 3, and that mounted on the vertical fin as No. 4. {Courtesy 
United Air Lines.) 

conductor of a coaxial transmission line (see Fig. 181). A 
variable series condenser is used for tuning. The shunt antenna 
has a length equal to that of the series antenna, but its base is 
grounded directly to the skin of the airplane. Coupling to it 
is made by a skew wire transmission line connected at a point 
about 6 in. from the base of the mast. A condenser having a 
capacity of about 15 nyi is used to couple the open-wire trans- 
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mission line to the coaxial line. The coaxial line is brought to 

the outside of the airplane by means of an insulator, and the 

necessary small condenser is formed by a sleeve over the end 

of the insulator lead-in screw (see Fig. 182). The shunt-fed 

antenna(2) has the advantage in that it separates the electrical 

problem from the mechanical problem involved in supporting the 

mast. Masts of this type have at times been broken when their 

Fig. 184.—IlGrizoiiial-pUtiK* field [)attern of the No. 1 jintemui of Fij?. 183. 

mechanical resonance jx^riods hapjx'ii to fall luxir one of the 

frequencies generated by the propf^ller. 

The length of 20 in. is ono-(iuart(d- wav(^ huigth. Longer 

lengths have been tried without noticeable improvement in field 

strengths. 

The tuning of these antennas must be accomplished with a 

field-strength indicator. A vacuum-tube voltmctf^r (^quipped 

with a vertical antenna suitably tuned to the carrier frecjnency 

is placed near the airplane. The antenna is adjustcul until the 

meter reading is maximum. The stray capacities involved in 
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directly attached current-indicating devices have made them 

unsuitable as a means for making adjustments. After the 

antenna is once adjusted, a resonance indicator at the transmitter 

is satisfactory for accomplishing further apparatus tuning. 

Antenna Space Patterns.—Although the antenna has a simple 

structure, the determination of its best location on the aircraft 

Fig. 185.—Antenna mounted behind tail wheel and below fuselage in order 
to minimize the effect of the fin shadow. In the text this antenna is referred 

to as No. 2. 

was a prolilem that reciuired extensive investigation. It was 

found in the early experiments with ultra-high-frequency waves 

that the propellers tended to modulate the transmission and 

reception. This modulation was very complete and took place 

at a frequency that was the product of the speed of the propellers 

and the number of blades on them. It was impossible to under- 



314 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

stand signals so modulated. The discovery of this phenomenon 

was the source of considerable alarm because of the thought 

that it might preclude the use of ultra-high frequencies on air¬ 

craft. Later investigations, however, showed that this was 

purely an effect that existed between propeller and antenna, and 

if the antenna was removed sufficiently from the propeller, this 

effect was minimized. 

Fio. 186.—Horiaontal-planc field pattern of tlie antenna shown on Fig. 185. 

One of the possible locations is .shown at number (1) in Fig. 183. 

This antenna is located on top of the fuselage and at an arbi¬ 

trary distance from the vertical fin. By flying in a circle with 

an airplane equipped with this antenna, the field-strength pattern 

shown in Fig. 184 was obtained by using recording devices. 

It can be seen from this figure that signal is not transmitted in 

the direction toward the rear of the airplane\s vertical fin. 

Clearly, this is a ''shadow'' effect caused by this vertical member. 

Another similar antenna was located below the fuselage and 

to the rear of the tail wheel, as shown in Fig. 185. The 
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thought was that this location would eliminate the vertical- 

fin shadow. As shown in Fig. 186, this shadow is eliminated; 

however, when the airplane is banked, the effects of the wings 

can be noticed. 

Since the fuselage might give a shadow above the airplane, 

the antenna bt^hind the tail wheel was connected in parallel 

with the antenna over the fuselage, without attempting to secure 

Fig. 187.—Horizontal-plane field pattern resulting from the combination of the 
No. 1 and No. 2 antennas. 

optimum phasing. The results are shown in Fig. 187. This 

pattern is not satisfactory because it produced a large number 

of areas in which no signals were present, or rather where the 

signal strength was very low. 

Another antenna location is shown by number (4) in Fig. 183. 

This antenna is located on the highest point on the airplane, that 

is, on top of the vertical fin. This location has the disadvantage 

that it requires a longer transmission line than do other antennas^ 

it is difficult to service, and it may interfere with certain hangar 
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structures. As shown in Fig. 188, however, its field pattern is 

quite good. The slight lobes shown are probably caused by the 

banked attitude of the airplane. 

The field-strength pattern shown in Fig. 189 is for an 

antenna located over the fuselage. It is in front of the 

vertical fin of the airplane as was the number (1) antenna; 

however, Fig. 189 does not show any sharp nulls to be 

Fig. 188.—Horizontal-plane field pattern of the antenna mounted on the vertical 
fin. 

present. The location for this antenna was determined experi¬ 

mentally. A vacuum-tube voltmeter was placed dire(;tly in 

back of the airplane’s vertical fin, and the antenna was moved 

along until a point was found where the signal to the rear was 

maximum. This location was found to be cpiite critical. Mov¬ 

ing the antenna as little as 3 in. greatly changcul the results. The 

exact mechanism that is operating to cause this transmission has 

not yet been analyzed; however, it must be that the various 
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surfaces on the airplane are acting to cause reflection to its rear. 

On a larger airplane two such spots were located. Both of these 

were to the rear of the airplane where propeller modulation was 

not a factor. 

Other Transmission Anomalies.—The field strength produced 

at a ground receiving station by an airplane carrying the vertical 

antenna located at the optimum distance in front of the vertical 

Fio. ISO.—Horizontal-piano field iiattern of the antonna mounted on top of 
the fusolaKo and at a distanee in front of the vertical fin which makes the radia¬ 
tion to the rear of the airplane maximum. 

fin, as the airplane flew toward, over, and away from the station, 

is shown in Figs. 100 and 191. The data on the curve of Fig. 190 

are taken witli the airplane at an altitude of 1,000 ft.; the data 

of Fig. 191 were taken with the airplane at an altitude of 4,500 ft. 

Referring to Fig. 191, a number of dips in the field-strength 

curve may be seen. Although the relation between the data 

of Figs. 190 and 191 is not absolute, it can be seen that the ratio 

between the maximum and minimum field strength is not so 
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great for the lower altitude flight as for the flight at the higher 

altitude. That is, it was found that signals could be heard at 

greater distance with the airplane at the higher altitude, but 

irreguhirities in the transmitted field strength occurred at the 

higher altitude that were not present with the airplane at the 

lower levels. A simple explanation for the deep dip shown at 

the 13-mile point in Fig. 191 may be explained by referring to 

Fig. 192. With the effective height of the aircraft transmitting 

antenna assumed as two thirds of the actual height, the angle of 

Fiq. 190.—Variation of field strength with distance of airplane from roeoiver. 
, Airplane altitude is 1,000 ft. 

transmission (from the antenna to the ground) which just grazed 

the surface of the airplane was calculated to be 3 deg., 15 min. 

(measured between a horizontal line and the transmission path). 

At a distance of 9.8 miles the line of transmission to the airplane 

from the ground makes a zenithal angle of 3 deg., 40 min. with 

the airplane at an altitude of 4,500 ft. These simple calculations, 

then, suggest that the low signal valley is caused by a shadow 

from the fuselage of the airplane. This theory would indicate 

that beyond this point the field strength should remain low or 

perhaps even disappear. This,' however, is not the case. Refer¬ 

ring to Fig. 191, it can be seen that the field strength gradually 
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increases. This increase is explained by assuming that the signal 

heard with the airplane closer to the station than 9.8 miles comes 

to the ground station via refraction around the shadow cast 

^6000 
^ 5000 
^40 

Fig. 101. -Variation of field strengtli with distance of airplane from transmitter. 
Altitude of airplane is 5,000 ft. 

by the airplane structure. CalcAilations with other types of 

antennas have shown this same dip at similarly calculated grazing 

angles. No data are available, however, on transmission from 

other types of airplanes. Not shown on these figures, but found 

Fig. 192.—Illustration of the shadow angle caused by the fuselage of the airplane 
when at certain critical distances from the receiving station. 

in other tests, are variations in signal strengths with close-in 

distances. These variations cannot be explained on the basis 

of the classical theory that they represent interferences between 
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the direct wave and the ground-reflected wave, assuming ground 

to be a plane surface. It has been found, however, that these 

variations are much more prevalent when the airplane is flying 

over heavily, rather than thinly, populated territory. It is 

believed, then, that these variations in intensity are caused by 

interferences between the direct wave and a wave reflected 

from the various buildings in the heavily populated areas. These 

phenomena may, in the future, influence the development of 

ultra-high-frequency communications systems. 

The Airplane Transmitter.—The transmitter that has been 

specified by the airlines, and the delivery of which they are 

anxiously awaiting, is contained in the same case with the 

receiver. It is to operate on four frequencies in the ninge from 

140 to 144 megacycles and deliver hetweim 5 and 10 watts of 

power at any three frequencies with a total s(q>aration not to 

exceed 1 megacycle. The frequency to he used for interairplano 

communication is 140.1 megacycles, and if the thn^e previously 

mentioned frequencies lie close to the 144-megacycle end of the 

spectrum, it is necessary only to deliver 1 watt of power at the 

interairplane frecpiency. 

Since the transmitter, receiver, and power supply are contained 

in a one-ATR unit chassis (see Appendix), the foregoing pro¬ 

visions of the specification are (luite stringtmt, and an elaborate 

frequency-changing mechanism is not ])ossil)le. Fnapuaicic'S 

are changed by the simple expedi(uit of changing tlui oscillator 

crystals. A relay is connected to each of four (*rystals, and 

the.se relays close to select one crystal of the four, and henc() the 

desired frequency results. The oscillator is not common to 

both the transmitter and receiv^er but .serv(\s for the transmittcu* 

alone. The oscillator is followed by three harmonic gemu-ators 

(in order that the crystal frequency may be multipli(Kl to the 

proper value) then by a power output stage. The second 

harmonic of the oscillator is used to excite a frecpiency tripling 

stage. This stage excites another tripling stage which in turn 

excites a doubling stage, making the total freciuency multijflica- 

tion 36. This multiplication allows the use of crystals ground 

to a fundamental frequency of about 4 megacycles. Crystals 

of this frequency are easily produced. 

The output stage con.sists of one of the high-frecpiency tubes 

that have become available in recent years. This tube consists 
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of two screen-grid tetrodes in a single glass envelope. The 

two tetrodes when used together have a plate dissipation rating 

of 50 watts. These two sets of tube elements are operated in 

push-pull, since parallel operation would introduce capacities 

that were too high. A coupling circuit adapts the output for 

operation against ground. The output connection is intended to 

be a 72-ohm coaxial transmission line. There is hardly room 

for the higher efficiency transmission lines to be used as tuning 

elements, so all circuits follow the more conventional condenser 

and coil arrangement. Again bc^caiise of the space problem, no 

variable condensers are used. The comparatively narrow 

frequency band width simplifies this tuning problem. The 

earlier stages utilize powdered iron slugs as tuning elements, and 

the later stages use copper or brass slugs. Some of the coils 

used in the harmonic amplifiers consist menily of ^<4 in. diameter 

Bak(^lite dowels wound with a few turns of bare wire. A brass 

screw threaded through their centers serves as the tuning 

arrangement. 

Other requirements for this transmitter are rather con¬ 

ventional. The last stage is modulated 100 per cent with a 

pair of class B audio tubes. A carbon microphone through a 

suitabh^ transformer operates the class B tubes directly. The 

audio response of the transmitter is si)ecified as flat from 400 to 

3,000 cycle's, with the responses to lower freejuencies reduced 

so that it is at h'ast 12 db below tlu^ normal level at 1,000 cycles. 

Th(^ distortion with 95 per cent modulation is not more than 10 

per cent. 

The Airplane Receiver.—Since it is intended that interairplane 

communication be used as a means for collision prevention, this 

receiver is designed so that reception of the 140.1-megacycle 

chaniK'l is given special consideration. The receiver is, of course, 

of the superheterodyne type, but it has two radio-frequency 

sections connecting in parallel between the antenna and the 

intermediate-frecpiency amplifying system. Although the fre- 

(piencies of the receiver are selected at the same time that the 

transmitter frecpuuicies are chosen, the 140.1-megacycle receiving 

channel remains in operation at all times. That is, if the fre- 

(luency of 140.1 megacycles is chosen, both the receiver and the 

transmitter will o})erate on this frecpiency alone, but if any other 

frequency is selected, the transmitter and receiver will oper- 
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ate on this new frequency, and, in addition, reception of the 

140.1-megacycle channel will continue. This facility, then, will 

allow a pilot to call a near-by airplane with assurance that he 

will be heard regardless of which channel the called airplane has 

selected. In this manner it is expected that a warning may be 

sounded and heard at any time. 

The receiver is to have a sensitivity of 5mv with a signal-to-noise 

ratio of 10 db (measured with a 30 per cent modulated carrier). 

The selectivity is specified as a band width of not more than 

300 kc. with an attenuation of not less than 60 db. An image- 

frequency attenuation and an attenuation to all other responses 

of at least 40 db are specified. 

Although double demodulation is often used in ultra-high- 

frequency receivers, such design would complicate this already 

complex equipment; so, since it has been found })()ssible to obtain 

the specified performance with the more Conventional design 

using a single demodulator, better performance has not been 

attempted. The increased use of these ultra-high frequencies 

may make an increase in selectivity necessary at a later date, in 

which case this equipment will have to be replaced. 

Following the crystal oscillator there are three harmonic 

generators. One section of a double triode tube is used for the 

oscillator and the other for a harmonic generator. Both sec¬ 

tions of a second double triode are also used for harmonic gen¬ 

erators, so the entire beating-frequency generator system 

consists only of two tubes. The fact that there are no scrc^ens in 

these tubes is no cause for regeneration because the input and 

output circuits of each tube are tuned to a different frequency. 

The first tubes connecting to the antenna are the first detectoi's. 

There are two first detectors—one of which is for the 140.1-mega- 

cycle stage and the other for the remaining three freciuencies. 

The output circuits of these tubes are connected together. Th(i 

input of each tube is connected to a separate antenna network for 

image-frequency rejection. These networks have been described 

in Chap. III. All tuning methods used in the harmonic gener¬ 

ators and antenna circuits are of the type previously described 

for the transmitter. 

The image frequency employed is 10,000 kc. Since virtually 

all the receiver selectivity must be attained in the intermediate- 

amplification stages, three such stages are employed. 
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One of the other characteristics specified for this receiver is 

an automatic gain control which holds the gain constant to within 

6 db, with variation in antenna input of 10 to 100,000 /xv. It 

is also specified that the receiver shall not block with input signals 

having a strength of as much as 2 volts. Since the gain of the 

coupling systems before the first detectors is negligible, this latter 

requirement can be met without the addition of special limiting 

devices. 

The audio system is specified as flat to within 3 db. from 

250 to 2,500 cycles. Two audio stagers, each with an output of 

500 mw., are used. A noise limiter and a simple carrier-controlled 

output disabling circuit hav^e been included. This carrier- 

controlled device disables the audio system until a carrier wave 

is received. 

As previously mentioned, the power supply for the receiver 

and transmitter is contained in the same chassis with the receiver 

and the same dynamotor is used for both. The weight of this 

equipment in complete operating condition is 37 lb. A meter 

is supplied which, tog(^ther with a suital)le selector switch, allows 

tuning adjustments to l)e made without external measuring 

apparatus. 

The Ground-station Transmitter.—The transmitter for ground 

station use has a greater frequency range than that of the aircraft 

unit. Its range is specified from 128 to 144 megacycles. It is to 

operate on any thnn^ fixupiencies in this range provided that the 

separation is not more than 1 megacycle betweem each frequency. 

The power output has been chosen as 50 watts. This figure 

was chosen more because it was a convenient value of power 

that could be generated by modern tube types rather than 

because exhaustive tests have shown it to be optimum. Adjust¬ 

ment of this power figure may have to be made after the ec^uip- 

ment is in service for some time. Because of the simplified 

freciuency-channel reepurement, it is possible to use the same 

method of frecpiency shifting that was employed in the trans¬ 

mitter; that is, im^rely changing oscillator quartz crystals. The 

use of modern quartz crystals allows a frequency stability of plus 

or minus 0.01 per cent under changing conditions of temperature, 

humidity, or line voltage. 

This transmitter is to be designed for relay-rack mounting 

and for continuous-duty operation. The conditions of tempera- 
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ture to be met are from minus 10 to plus 50®C. and from 5 to 

95 per cent relative humidity. It is operated from a self-con¬ 

tained power supply connecting to a single-phase power line. 

The transmitter is expected to operate properly when the 

voltage of this line varies from 105 to 125. 

It is specified that parasitic and other spurious oscillations 

shall not be present. 

Other transmitter performance is specified to be similar to 

that previously described for the aircraft transmitter. 

The Grotmd-station Receiver.—^The characteristics specified 

for the ground-station receiver are essentially th(^ same as those 

specified for the aircraft unit. The chief difference between 

the two units lies in their mechanical construction, '^fhe ground- 

station unit is to be relay-rack mounted and so constructed that 

it may be easily serviced from the front of the relay rack. It is 

to operate from alternating current (singlt^phase supply) and 

meet the operating conditions specified above for the ground- 

station transmitter. It has the same frequency range as the 

transmitter (128 to 144 megacycles) but is intended to operate 

only on a single frequency. In order to permit opcu’ation on 

more than one frequency, it is inteiuhd that more than one 

receiver shall be used, so it has been spc^cified that three receivers 

shall connect to the same antenna without intc^raction. This 

requirement will ne(!essitate sp(‘cial design in order that th(^ 

beating-oscillator freciuency in one receiver will not cause a 

disturbance in another rec(iv(*r. This will probably necessitates 

the use of radiot-freeiuency stages before the first detector. This 

is a feature of design that was not incorporated in the aircraft 

receiver. 

The noise limiter, automatic gain control, and carrier-con¬ 

trolled audio-disabling circuit are specifiesd to be much the same 

as those for the aircraft receiver. Tins audio system is not dual, 

since this requirement is usually confined to aircraft equipment. 

Groimd-station Antennas.—Tlusns are two nscpiirements for 

ground-station antennas. It is intend(sd that the aircraft trans¬ 

mitter previously described shall communicate with the airport 

control towers probably on a frequency of 140.1 megacycles 

and the airport tower shall answer on a frequency of 130.4 mega¬ 

cycles. The reception of this tower frequency cannot be accom¬ 

plished with^the equipment just described, so it must be done 
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with the range equipment described in Chap. III. Since the 

range antenna is designed for the exclusive reception of hori¬ 

zontally polarized waves, the airport-tower transmitter must 

use an antenna that transmits e^^sentially horizontally polarized 

waves (for example the Alford loop). The reception of the air¬ 

plane signal must, however, be accomplished with a vertical 

antenna. 

Fig. 19.3.—Wostorn Eloctrir-typo ground-station antenna for ultra-high-fro- 
(luency reception and transmission. 

This same antenna will also bo used for reception and trans¬ 

mission at the airline ground station. That is, although the 

airline station may use the same antenna for both transmission 

and reception, the airport station must use separate antennas. 

Whether it will be necessary to locate receivers remotely from 

the airport because of local noise|<*onditions is not known. If 

it. is necessary to do this, it may be possible to locate antennas 

at considerable heights aboveground. If receivers are located 

locally, the antenna height will be definitely limited because tall 

antennas constitute a hazard to landing airplanes. The ver- 
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tically polarized antenna that is well suited to this work, whether 

for reception or transmission, is one devised by the Bell Tele¬ 

phone Laboratories and shown on the diagram of Fig. 193. As 

can be seen from this figure, the antenna is designed to be con¬ 

nected to a coaxial transmission line. The line enters a large 

tubing but is not connected to it. It is supported in the center 

of this tubing with insulators and terminates in an insulator 

at the top of the tubing. At this point the inner conductor of 

the transmission line connects to a vertical rod of small diameter 

and one-quarter wave length in height. Also at this point the 

outer conductor connects to the large tubing through which it 

has previously passed. The length of this large tubing is one- 

quarter wave. The diameter of this larger tubing is usually 

3 in., and apparently this dimension is not critical. The theory 

of this antenna is that the high impedance between the outer 

sheath and the coaxial cable existing becausi^ of the low imped¬ 

ance at the opposite end of the combination serves virtually to 

cut off electrically the transmission line and in so doing increases 

the efficiency. This antenna may be located at any desired 

height from the ground, but it follows, of course, that if this 

height is too great, the transmission line losses will offset the 

antenna gain. The efficiency of this antenna is high. The field 

strength produced by it at 1 mile has been measured to be very 

nearly 6.14 microvolts per meter per watt of input power, which 

is the theoretical figure for a 100 per cent efficient quarter-wave 

antenna. 

Microwave Communication.—It has been mentioned that one 

of the purposes of the new communication system operating at 

ultra-high frequdneies is the prevention of collision. In many 

respects the proposed system is like a radio-actuated klaxon. 

The pilot of one airplane can transmit a message over the 

140.1-megacycle channel as a warning to any other airplane 

in the vicinity. This collision-warning system must be manually 

operated; therefore, it is not entirely satisfactory. The presence 

of the second airplane can be learned only if a transmission is 

heard from it. If it cannot be sighted, it is necessary to exchange 

positional information, and this process may take too much time. 

An automatic means would be the more satisfactory method. 

It can be seen from the extensive program of communication 

for which the ultra-high-frequency channels are to be used that 
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the time may come when the capacity of these channels will be 

fully occupied. At this time it will be necessary to look to newer 

spectra, and this new band will consist of those waves having a 

frequency higher than 500 megacycles. Since the collision¬ 

warning system will require improvement, it is only logical to 

prophesy that this service will be moved to the microwave bands. 

Besides regular voice communication, a transmitter may be 

connected so that it is transmitting at all times. A receiver 

connected to a directional antenna arranged so that it continually 

scans all the near-by space will, like a three-dimensional auto¬ 

matic direction finder, serve to indicate the location of the near-by 

airplanes. Since an indicating system would give, instantane¬ 

ously, the location of other near-by airplanes without the neces¬ 

sity for any manipulation of communication circuits by either 

pilot, it would be possible for them to concentrate on avoiding 

the other airplane. 

The system described represents the discussions of communica¬ 

tions m(ui attempting to foretell the equipment that will fill the 

requirement of the nel>ulous future. The system that will 

actually be installed may not in any way resemble this plan, but 

whatever system is evolved, it is clear that the use of the ultra- 

high fre(iuencics is destined to play an important part in aero¬ 

nautical communication systems of the future. 

Problems 

1. Why does atmosphorio static give less interference at 140 than at 40 

megacycles? Explain fully. 

2. Refer to technical literature, and write an explanation of the principles 

underlying the operation of the velocity-modulated tubes such as the Kly¬ 

stron. How will these devices affect the ultra-high-frequem^y communica¬ 

tions program? 
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CHAPTER XI 

AIRCRAFT POWER SUPPLY SYSTEMS 

The systems for producing electrical energy aboard aircraft 

are linked inseparably with the radio apparatus used. These 

systems determine the power that is available and, hence, have 

a direct bearing on the number of radio units that it is practical 

to install. The instantan(H)us power that can be supplied 

Ye a rs 
Fig. 194. --Inc*nt*ii80 in elertrioal power <leiiuin<l on commereial aircraft. 

governs the design of the transrnitt(»rs. The reliability of these 

supplies must be considennl when the additional emergency 

radio units to be installed are detc^rmined. The interf(‘r(*nc(^ 

generated in the radio apparatus by thes(‘ systems must be con¬ 

sidered when the radio installation is planned. Of course, the 

voltage supplied by them governs directly cculain radio-set com¬ 

ponents such as vacuum-tube filaments, relays, and dynamotors. 

Growth of Aircraft Electrical Demand.— During the first World 

War it was found difficult to obtain satisfactory magnetos, so 

the makers of certain airplane engines resorted to battery 

ignition systems. This mark(»d- the installation of the first 

battery power on aircraft. This battery had as its sole purpose 

328 
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the operating of the airplane engine, but later, since a convenient 

source of electrical power was available, a few instrument lights 

were added. It is to be noted that although many sources of 

auxiliary power, such as hydraulic and pneumatic, can supply 

mechanical power, only the electrical power can supply effective 

light. The magneto was at a later time again placed on the 

airplane to supply ignition, but night flying had come into use, 

bringing with it the first landing lights; so the electrical system 

had attained a permanent place on the airplane and to it was 

connected the first radio. As the air-transport industry expanded 

and the complexity of the airplane grew, more and more items 

were added to the electrical rystem. The growth of the electrical 

demand is pictured in Fig. 194. It can be seen that between 

1929 and 1938 the demand grew from 2 to 15 kw. This does not 

mean that the total connected load was 15 kw., but if all appli¬ 

ances on an aircraft v)^ere connected to the electrical system 

simultaneously, the drain would be 15 kw. 

Electricity on a Modem Airplane.—There are several reasons 

for the growth of the (electrical demand. One of the most 

important of these is flight by instruments. The process of 

avigation bctw(H>n two points with the use of instruments alone 

has brought aboutp a large demand for electricity by the many 

radio units discussed in other chapters. Aside from the radio 

demands, how(*V(*r, electricity is reciuired for lights, pitot heaters, 

deicer valve motors, and instruments. In the large airplane 

the simsitive ek'iiK'nt of an instrunumt is placed at a distance 

from the cockpit and the indications are transmitted to the 

cockpit by means of miniature selsyu motors. 

Nearly all the electrical loads rec^uired for avigating the 

airplane are relatively constant. That is, they are turned on 

at the beginning of a flight and are in nearly continuous use 

throughout the flight. 

Another demand for electrical power comes from facilities 

for passengers. The electrical loads, in the main, consist 

of a large number of miscellaneous lights. Some of these are for 

the calkin coiling, and others are for reading and for calling the 

cabin attendants. A certain amount of power is required for 

heating food. Electricity for heating water, as well as food, 

will be required in the larger airplanes of the future. These 

passenger-facility loads are more or less constant. 
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It has been stated that the first electrical power supply placed 

aboard an airplane was for the purpose of operating it. The 

demand for power for this purpose has also grown. In certain 

cases it was possible to meet this demand by hydraulic and 

pneumatic power, and certain designers have chosen these 

methods, thereby reducing the electrical demand. Electricity 

for operating the airplane consists of power for starting the 

engines, for certain warning lights, and for ignition booster coils. 

Certain airplanes use electrical motors for retracting the 

landing gear. Many airplanes 

also feather the propellers by 

hydraulic pumps that are elec¬ 

trically driven. Plans for large 

airplanes include the use of elec¬ 

trically driven - hydraulic and 

vacuum pumps. The simplicity 

of installing electrical wiring as 

compared with large hydraulic 

lines is a decid(^d advantage 

when the added weight can be 

justified. All the loads used for 

operating the airplane are at 

present characterized by their 

very high momentary demands 

and short periods of operation, 

demands on a modern airplane 

are shown in Tables V, \T, and 

VII. These tables arc the results of measurements made after 

the airplane was tin service for a period of about 2 years and do 

not necessarily represent the loads that were pnisent when the 

airplane was first in service nor the loads in use today. The 

power taken is expressed in ampere-minutes based on an esti¬ 

mated requirement for a 5-hr. flight made at night under instru¬ 

ment conditions. The percentage of the power used for each 

class of service is shown(l) in Fig. 195. It can be seen that the 

largest portion of the total power is consumed by avigational 

devices. 

The Common Electrical System.—The power demanded by 

the first airplanes was low, so it was possible to supply it with a 

light S-^olt battery; however, when the demand for landing 

Fui. 195.—Classification of elec¬ 
trical power demand on a Douglas 
Model DC-3 airplane based on a 
5-hr. flight. 

Data showing the electrical 

(the Douglas DC-3 Transix>rt) 
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lights arose, this voltage was increased in order to minimize the 

weight of the conductors necessary to carry the high current. 

All subsequent aircraft accessories were designed for 12 volts; 

therefore, it was natural for the industry to adhere to this 12-volt 

standard. The electrical demand of the modern type low-wing 

twin-engined airplane that made its appearance in 1932, and 

carried but three radio units, was met by the use of a single 

65-amp.-hr. battery and a 50-amp. generator. The larger twin- 

motored airplane of 1936, carrying four radio units but destined 

to carry nine by 1942, had installed in it two of the systems 

used in the lighter airplanes. This step was the logical procedure 

since by so doing no new equipment had to be developed. 

In this system the storage battery acts as a reservoir that 

can be used to meet the momentary large power demands. This 

statement may be illustrated by noticing that in Table V the 

starter requires 260 amp., or more than hve times the capacity 

of the generator. 

Table V.—Opekation Ei.ectricity—Douglas DC-3 Airplane 

Facility Amp. Amp.-min. 

Warning: lights. 1.2 3G0 

Landing-gear warning lights. 0.7 210 

Engine starters. 2r)0 520 

Fuel and oil-pressure warning lights.. . . 1.1 66 

Booster coils. 3 6 

Total. 1. 

Without considering how a generator with sufRcient capacity 

would be driven, and assuming that such a recpiirement would be 

supplied by the generator, it would be necessary to install a unit 

weighing at least five times that of the usual generator. By 

installing a battery, this requirement is met with lower weight. 

True, the generators, after being installed, would continue to 

supply the 260 amp. for as long a period as the prime mover 

driving it continued to operate; whereas, the battery is capable 

of delivering this high power output for only a short period of 

time. This period is sufficient, however, to be consistent with 

the demands, for it can be seen in Table V that the starters are 

operated for only 2 min. The total drain listed in Tables V, VI, 
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and VII is 16,071 amp-min., or an average of only 53.5 amp. per 

flight minute. 

Table VI.—Avigation Electricity—Dour,[.as DC-3 Airpt.ane 

Facility Amp. Amp.-min. 

Windshield defroster fan. 1.0 300 

Argon dynamotor and/or instrumc'nt 

spotlight. 1.5 450 

Pitot heater. 14.0 4,200 

Running lights. 2.5 750 

Compass, gyro, and radio panel lights. . 1.0 300 

Instrument-panel lights. 1.0 300 

Radio-receiving dynamotor and receiver 

filament. 7.3 2,190 

Electrical instruments. 1.0 300 

Wing deicer.^ 1.5 450 

Transmitting dynamotor. ()0, 900 

Transmitting filaments. 15 4.50 
I.anding lights. .^ 70 1 ,050 

Baggage pits. 2 90 . 

278-kc. relay. 0.4 2 

Total. 11,732 ^ 

• Table VII.—Service Electricity—Dougi.as DC-3 Aiupi.ane 

Facility Amp. .\nip.-min. 

Cabin side lights. 6 .2 1,960 

Buffet lights. 1 .0 300 
Cabin warning lights. 2 5 100 

Seat-belt warning. 1 2 360 

Companionway dome light. 1 ,0 45 

Stewardess call light. 1 .0 .5 

Cabin-light relay. 0 .5 30 

Cabin dome lights. 6 .2 372 

Entrance-door light. 1 .7 105 

Total. 3,177 

This demand i.s easily met by the two 50-amp. generators and 

the two 65-amp.-hr. batteries, with sufficient spare capacity to 

allow for the radio loads later added, yet the sum of all the loads 

listed is 335 amp. 

In order to meet the high demands it is necessary that the 

battery employed be of the lead-acid type. Naturally, batteries 
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of this type are heavy and, although efforts have been made to 

reduce the size of plates, 65-amp.-hr. batteries weigh 65 lb. 

This ampere-hour rating is based on a 5-hr. duty cycle. The 

tops of the plates of these batteries are located a considerable 

distance below the top of the battery cases in order to provide a 

nonspillable feature. Charging occurs during the time that the 

total current drawn is less than the generator capacity. The 

charging rate varies with the state of discharge of the battery. 

With a battery that has been heavily used, the rate may be 

as high as 50 amp. The charging voltage is generally set at 

approximately 14.2 volts. 

The generators used are of the shunt type. By means of 

suitable gearing incorporated in the main engines, they operate 

at one and onc-haK times engine spo(*d. They have a continuous 

rating of 50 amp. and can, at full engine speed, generate a 

voltage as high as 30., Each weighs 30 lb. The voltage is 

maintained at a constant value by a Tirrell-type regulator. This 

regulator consists, in the main, of a set of contacts that open 

and close with the pull of an electromagnet. This electro¬ 

magnet is connected across the generator terminals and, hence, 

is sensitive to voltage variations. As the contacts open and 

close, they short- or open-circuit a resistor in series with the 

shunt field and, consequently, raise or lower the voltage. Since 

the generator voltage with the contacts closed would be too 

high and with the contacts open, too low, the correct voltage is 

maintained by the contacts vibrating rapidly between the closed 

and open positions. This voltage regulator is located in a box 

with two other generator controlling elements, and the entire 

unit is designated as a generator control box. 

One of the other units is a regulator not unlike that described 

for voltage control except that the coil of the electromagnet is 

connected in series with the line and, hence, the operating 

r(4ay is sensitive to the current drawn. This device, then, is a 

current regulator limiting the maximum amperage to be drawn 

from the generators to 50. 

The third control-box element is an inverse current relay. 

When the generator voltage drops below that of the battery 

(caused, perhaps, by the engine speed being reduced to a low 

value), the battery would tend to discharge itself through the 

generator were it not for this relay. It allows current to flow 
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from the generator to the battery but not from the battery to 
the generator. 

Generators were formerly connected to independent buses 
and arranged with switches so that either battery or either gener¬ 
ator could be connected to either bus, but it has been demon¬ 
strated that successful parallel operation from this equipment 
can be obtained, and many of the systems have been converted 
to this type of operation. 

Other Features of the Common Electrical System.—Common 
wiring practice makes use of tinned, stranded copper covered 
with two layers of varnished cambric and an over-all covering 
of varnished cotton braid. Stranded wire is used because 
experience has shown that it is better able to withstand vibration. 
Recently, wire insulated with fireproof covering has come into 
use. The insulation used is artificial rubber, asbestos, or spun 
glass, or a combination of several of these materials. Consider¬ 
ation has been given by various groups to the possible use of 
aluminum conductors in order to reduce weight. As is well 
known, the resistance of a length of wire L, with an area Ay is 
given by(2) 

where p is the specific resistivity of the material from which 
the wire is n\ade. The relative resistance of two conductors— 
one made of copper and the other of aluminum but both of the 
same length—is 

_ Pc A a 
PqAc 

(210) 

The subscripts a and c refer to the constants of the aluminum 
and copper wires, respectively. If the resistance of the aluminum 
and the copper conductors is to be the same, then the relative 
areas of these conductors will be 

Aa = 1.63Ae (211) 

since tables(3) show c to be 1.6 and a to be 2.6. That is, in 
order that an aluminum conductor may have the same resistance 
as a copper conductor, it must have 63 per cent more area 
than the coppier conductor or approximately 28 per cent greater 
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circumference. However, since the weight of copper is 3.36 times 

that of aluminum, it would appear that aluminum conductors 

would be practical, but there are other considerations. 

With an increase in the circumference of the conductor, the 

weight of insulation is increased by 28 per cent. Further, the 

diameter of the conduit in which this wire is installed increases 

28 per cent, which means that if the wall thickness is not changed, 

the weight also increases in this same proportion. Thus, it is 

s()en that the weight advantage of the aluminum conductor is 

not decisive. Considering the difficulty of attaching terminals 

to the ends of the aluminum conductors (it is difficult to solder 

aluminum), they have been used only for the very large cables. 

In commercial transport airplanes all the wiring is installed 

in aluminum-alloy conduits. The^e conduits serve primarily 

as protection for the condu(*tors, but they were originally installed 

with the thought that they would be significant in shielding radio 

equipment from noises generated by the electrical system. The 

conduits are terminated in various aluminum boxes. Some of 

these boxes contain terminal strips, some servo as connecting 

links joining rigid to flexible conduit which in turn connects to 

the apparatus units, and some are merely “piilF’ boxes installed 

to facilitate the drawing of wire into the conduits. 

Fuses of the automotive ty])e are used extensively. The most 

common sizes are the 4AG for currents less than 50 amp. and the 

5AG for fuses that must carry larger currents. Failure of these 

fuses in considerable number has been experienced due to the 

crystallizing of the fuse links when subjected to vibration. 

Special fuse construction lias been used to correct this situation. 

One of the methods employed consisted in adding a web to the 

link so that its rigidity was increased. Another method con¬ 

sisted in supporting the fusible links with strips of mica. Some 

thermal-type circuit breakers have recently been introduced. 

These have a diameter of about 1.25 in. and are about 1 in. deep. 

Tests thus far indicate that they are successful, but the extent 

to which they will replace the smaller and lighter fuse remains 

to be seen. 

Small toggle switches are usually employed for controlling 

the electrical circuits. These switches are about 2 in. long, 

I in. wide, and 1^ in. deep. Currents in excess of 25 amp. are 

successfully carried by switches of this type. Relays are used 
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to advantage when currents in excess of this value are to be 

controlled. 

The weakest point in the system described has been the 

generator control box. The vibrating elements used have not 

been successful. Some attempts have been made to design 

better units, but most of the equipment of this type has been 

designed for the new generators. 

The generators have been satisfactory for the most part, and 

the only trouble that has been experienced with them has been 

brush wear. The newer generators are being designed with a 

field winding that is distributed along the face of the field poles. 

This winding is connected in series and serves as a very effective 

compound field. With this field, it no longer is necessary for 

the voltage regulator to take care of voltage variations caused 

by load changing since such variations have btnm n^duced 

substantially to zero. It was possible, therefore, to d(\sign a 

slower operating regulator consisting of a voltage-siuisitive 

element and a voltage-controlling element. The former is a 

small relay and the latter a rheostat controlled by a motor. 

There have been no extensive service tests of this equipment, 

but laboratory tests are v'ery promising. For the pr(\sent genera¬ 

tors, regulators consisting of carbon ])il(\s coinpr(\ssed by the 

action of solenoids have just be^en introduced and have given 

satisfactory results under limited tests. f]fi’orts to (diminate 

the current, limiter are being made. No sul)stitute is offered, 

but it is thought that, with sufficient capacity, short-circuit 

protection is all that is required for .satisfactory operation. A 

substitute for the inverse-current relay has b(Hn tri(‘d in the 

form of a selenium rectifier. This rectifi(*r, becau.se it allows 

current to flow in only one direction, succe.ssfully accomplishes 

the same purpose for which the inverse-current relay is intended. 

This, however, is done only witli a wcught penalty. 

Assuming complete discharge in 5 hr., the storage batteries 

on a DC-3 airplane would furnish 156 watts, but during this 

same period the generators would furnish 1,200 watts (approxi¬ 

mately). The total power supplied is 1,356 watts. The weight 

for this supply is 190 lb., or the^weight of this .system is approxi¬ 

mately 140 lb. per kilowatt. 

The new generators have been designed to operate at higher 

speeds. An increase in gear ratio to 3 to 1 is contemplated. 
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Thi‘^ allows generators for developing 24 volts at 100 amp. to be 

designed, which will weigh 28 lb. It is intended that four of 

these generators, but only a single 65-amp.-hr., 24-volt battery, 

be carried on the larger airplanes. With this system the weight 

(on a 5-hr. discharge basis) will be about 19.8 lb. per kilowatt. 

This is a noteworthy decrease in weight. 

Optimum Voltage for Aircraft.—The voltage of the present-day 

aircraft electrical systems was not selected because studies 

indicated that 12 was the best value, but rather because of a 

scries of circumstances that attended the development of the 

aircraft. Considerable thought has been given to this subject 

in recent years, and a classical paper(4) on this subject has been 

published by Grant and Peters. Naturally, one of the prime 

recpiisites of the optimum voltage for an aircraft electrical system 

is that it produce the lowest possible weight. As is well known, 

the higher the voltage, the lower will be the weight of the wires 

employed in the distributing system up to the point where it is 

necessary to add insulation. With tlui insulation provided on a 

wire in order that it will be capable of withstanding the abrasion 

attending its installation, voltages as high as 500 could con¬ 

ceivably be used without exceeding the insulation limit. The 

lowest voltage that would provide minimum weight is that 

which would reduce the theoretical size of all conductors to 

No. 20 A.W.G. or smaller. This is because it has been found 

that mechanical considerations make impractical the installation 

of smaller wires, so when all wires need not hi) larger than No. 20, 

the wiring syst(‘m has reaclu'd its lowest practical weight. 

Studies of the weight of wiring systenns can be made on a 

theoretical basis or by making actual calculations for a certain 

airplane. Grant and Pesters determined formulas based on 

three assumi)tions, as follows: 

la. The weight of a conductor varies inversely as the square 

of the voltage, except for that portion given under Ic. 
b. The weight of conduit and insulation varitjs inversely as 

the voltage. 

c. A certain weight of cabl(‘ and conduit is independent of 

voltage. 

2a. The weight of conductor varies inversely as the square 

of the voltage. 



338 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

b. The weight of conduit and insulation varies inversely as 
the voltage. 

3. The weight of cable and conduit varies inversely as the 
square of the voltage. 

By using the foregoing assumptions, several different formulas 

were derived. Each gave differing answers, but all the functions 

had the same shape, and all the answers were sufficiently close 
to serve as practical guides. 

The results of a study for a large airplane (gross weight 

about 50,000 lb.) are shown in Fig. 196. This figure shows 

Volts 
1*10. 196.—Variation in airplane electrical .system wirijiK weight ns a function 

of the supply voltage. 

that the wiring weight can l)e nHluced by 40 per cent by using 

24 rather than 12 volts. It also shows that for this particular 

airplane the wiring w(!ight can be reduced nearly 90 per cent by 
using 120 volts. 

The preceding statements hold tnie when only the distributing 

system is considered, but there are other considerations involved 

in the weight of the over-all system. The w(!ight of load equip¬ 

ment such as motors and lights is practically independent of 

voltage, however, thi.s is not true of the battery associated with 

direct current .systems. The weight of a storage battery for a 

given watt-hour capacity is a function of a constant plus the 

number of cells. Since the number of cells is a function of the 

voltage employed, to a first approximation it can be stated that 
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the weight of a battery is 

= Ko + K2E (212) 

If it is assumed that the amount of capacity is the same regard¬ 

less of the system voltage employed, it is evident that the 

battery weight will increasi;^ with voltage. If a curve similar 

to that shown in Fig. 196 is plotted showing change of system 

(including battery) weight with voltage, the curve will show a 

rise at the higher voltages, and one value of voltage will be 

present which makes the system weight a minimum. 

In their study, Grant and Peters investigated the problem 

of the optimum voltage for airplanes of various classes ranging 

from the small sport type to a large twin-motored craft. Their 

conclusion was that 24 volts would be optimum for direct- 

current electrical systems for airplan(\s in this range of classifica¬ 

tion. Data substantiating this conclusion are shown in Table 

VIII. 

Table VIII.—Comparative Weights of Electrical Systems 

Sport 
type 

Single¬ 
seat 
type 

4'wo- 
seat 
type 

'Phrec-seat 
type 

Small 
twin-engine 

type 

Large 
twill- 

engine type 

Weight of 
and roTuiuit of 
12-V .systoiTi, 
pounds. 

I 

U) 20 50 
1 

70 100 150 200 300 400 500 
Incroasc in weight 

if 24-V is used 
inst(‘ad of opti¬ 
mum voltage 
given, pounds . 5 2 0 0 3 10 15 30 50 70 

Inerease in weight 
if 12-V is used 
instead of opti¬ 
mum voltage 
given, pounds. 1 5 25 40 65 110 155 245 340 

• 
435 

In this table it is seen that a 24-volt system is 5 lb. heavier 

than the optimum-voltage system for the smallest airplane 

listed; whereas, a 12-volt system would be only 1 lb. heavier 

than the optimum-voltage system. For the two-seat type 
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airplane, the weight of a 24-volt system is the same as that 
of the optimum-voltage system, and for this airplane a 12-volt 
system would be 25 lb. heavier than if the optimum voltage were 
used. For the largest airplane shown in Table VIII, the 24-volt 
system is 70 lb. heavier than the optimum-voltage system, but a 
12-volt system would be 435 lb. heavier than the optimum 
system. 

It can thus be seen that for large airplanes a 24-volt system 
has a great weight advantage over a 12-volt system, and that 
over a large range of airplane types it is probably the optimum. 
For this reason it is expected that 12 volts will not be employed 
in newer designs, and eventually this standard will entirely 
disappear for the aircraft power supply. For the very small 
airplane, however, 6-volt systems will probably be used. 

By using the method of Grant and Peters, for the DC-4 system, 
it may be calculated that 24 volts will bring about a system 
weighing 170 lb. more than the optimum system, but this 
system will be 740 lb. lighter than a 12-volt system. This 
24-volt wsystem is not a very radical dei)artiire as far as voltage 
is concerned from the present system, so few problems that can 
be classed as strictly new will arise in using it. Attention to the 
weight figures quoted above, however, indicates that 24-volt 
systems will be too great a departure from the optimum when 
airplanes larger than the DC-4 are designed. 

Alternating Current for Aircraft.—All direct-current systems, 
particularly those employing low voltage, have a distinct dis¬ 
advantage inherently associated with them—they are veuy 
inflexible. The equipment used on present-day airplanes 
requires voltage ranging from 1.5 to 1,000, and higher values 
would have been used were it not for the difficulties encountered 
in obtaining voltages with such magnitudes. With direct 
current as the primary supply, voltages with magnitudes differing 
from that of the supply can be secured only by either power¬ 
consuming resistors or heavy, and often inefficient, rotating 
machinery. As the demand grows for more and more voltages 
of diverse values, the more advantageous becomes alternating 
current because of the ease with which it can be converted to 
any desired voltage value. The highly developed electronic 
devices readily permit the conversion of this power to direct 
current or they provide for its flexible and easy control, yet 
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they cannot be used with low-voltage direct current. For 
several years, alternating current has been provided in small 
quantities on board aircraft, and it is evident that the future 
aircraft can avoid the use of alternating current only at a dis¬ 
advantage in both facilities and weight. 

Beginning about 1934, both military and commercial interests 
considered the use of alternating current for aircraft power 
supplies. Apparatus was designed and installed on certain 
military crafts as well as on the experimental model DC-4 air- 
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Frequency,cycles per second 

FuJ. 197.— Rolativo weights of transformers eonstrvicted for various supply 
frequencies. 

plane, so a comparatively large amount of information dealing 
with this subject is available(5). 

In considering the use of alternating current for aircraft, 
one of the first considerations is the choice of frequency. Fre¬ 
quency has a direct bearing on the weight of transformers. 
Referring to Fig. 197, the ^xu'centage weight of transformers is 
plotted as a function of frc(iuency for transformers having equal 
output ratings. If the weight of a 60-cycle transformer is 
considered as being 100 per cent, the w(‘ight of a similar trans-* 
former at 400 cycles will be only 59 per cent, at 800 cycles 
27 per cent, and at 1,000 cycles 18 per cent. Within practical 
limitations this law remains continuous to very high frequencies. 
It has further been shown that transformers at higher frequencies 
can be constructed so that their efficiencies are greater than lower 
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frequency transformors(6). As far as transformers are con¬ 
cerned, the higher the frequency, the greater is the weight 
advantage. 

Frequency does not directly affect the weight of motors. For 

a given speed, similar motors will have the same weight regard¬ 

less of frequency. High-frequency motors, however, have higher 

synchronous speeds than low-frequency motors, and if this factor 

can be utilized, lighter motors for a given horsepower rating 

can be produced. If the motors are to be of the split-phase type, 

securing the additional phase from a capacitor, the weight of the 

capacitor will be a function of frequency. Low-reactance 

capacitors are required for high-torque split-phase motors, and, 

naturally, the higher the frequency, the lower is the reactance 

for a given size of capacitor. 

Radio-equipment weight is affected only by the weight of 

the rectifier supply. The weight of the reactors used to filter 

out alternating-current ripple from the power supply is reduced 

for higher frequencies. It has been found entirely feasible to 

prevent any frequency (regardless of its value) from creating a 

disturbance in the output of the radio receivers or transmitters. 

A number of radio units utilizing alternating current with 

frequencies in that portion of the audio spectrum to which the 

ear is particularly sensitive have been constructed, and the 

elimination of this high alternating-voltage disturbance from 

the audio system has been found to be (‘iitirely practical. Its 

removal was not extremely difficult and did not require any 

unusual procedure. 

Frecpiency affects the weight of a conventional three-phase 

alternator. If an alternator has been previously designed at a 

lower frequency to have the lowest practical tooth width, the 

diameter, and hence the weight of the machine, must be increased 

for higher frequencies. If, however, the inductor-type alternator 

is employed, this limitation is not present. 

^ The weight of wiring is not affected by frequency. The 

question of reactance of conductors has been raised, but this 

reactance is not appreciable (at least for single wires in conduits 

used as returns). This reactance would become a factor only at 

extremely high frequencies. Th(i matter of conduit heating by 

eddy currents at high frequencies has also been investigated, and 

this effect was found to be negligible. 



AIRCRAFT POWER SUPPLY SYSTEMS 343 

If conventional squirrel-cage motors are used, the power factor 
may be low, and it will, consequently, be necessary to provide 
alternators with larger current capacities for a given power out¬ 
put. This would mean heavier weight. This effect may be 
corrected by utilizing power-correction condensers. The higher 
the frecpiency, the lower will be the weight of these condensers 
for a given reactance. 

Another factor that must be considered in selecting the best 
alternating-current powx'r supply for use on aircraft is the phase. 
The greatest effect of phase is on the distributing system. The 
greater the number of phases, the greater will be the number of 
conductors, switches, and fuses required. Although the fotal 
wxight of copper is ecpial for the same distance of transmission; 
same amount of pow(^r transmitted; a given per cent loss; and 
the same voltage to neutral for a twx-wire single-phase, a four- 
wire two-phase, or a tliTce-wire three-phase system, the total 
weight of conductors for a multiphase system will be greater 
because of the greater amount of in.sulation and larger diameter 
conduits rec^uired. For example, the weight of insulation on a 
three-phavse system will be about 22.5 per cent greater than 
that on a single-phase system. With a single-phase system 
it is convenient to use the airplane structure for a ground return, 
thus making for a lighter distribution system, but the necessity 
for keeping a three-phase system properly balanced dictates the 
\isc of three conductors. 

The Army developed equipment operating on three-pha.se, 
400 cycles, whereas the commercial operators developed equip¬ 
ment for a single-phase 800-cycle .system. Both .systems utilized 
120 volts. Tests indicated that except for certain difficulties 
encountered in all new eciuipmont the developments were 
successful. Motors weighing as little as 3 lb. per horsepower 
were produced. 

The i)rime mover for aircraft alternators requires careful 
consideration. In the experimental developments previously 
referred to, separate gasoline engines equipped with constant- 
speed governors were uscid to drive the alternators as wxll as 
some other accessories such as hydraulic and vacuum pumps. 
Two gasoline engines were used, each driving a separate alter¬ 
nator. These alternators each supplied 15 kva. to two individual 
distribution systems. These systems were so arranged that 
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they could be operated in parallel in event of the failure of one 
system. The tests conducted with this system were successful 
in spite of the cramped installation of the small auxiliary gasoline 
engines (behind the nacelles of two of the main engines). These 
engines weighed approximately 200 lb. and developed 30 hp. 

After these tests were made, it became apparent that 
1. It was unreasonable to use 3, four-motored airplane for safety 

in flight and then to predicate its safety of travel between two 
points on only two gasoline engines. 

2. The cost of maintaining a small high-speed gasoline engine 
equipped with the necessary automatic mixture control, speed 
controls, and supercharger is almost as much as the cost of 
maintaining a large 1,400-hp. main engine. 

From the foregoing discussion it can be seen that although the 
cost of maintaining a four-motored airplane equipped with two 
auxiliary engines is nearly the same as that for maintaining a 
six-motored airplane, the safety of travel between points was 
only equivalent to a two-motored craft. 

As a solution to the problem of a satisfactory prime mover 
for driving alternators, the Douglas Company developed a 
constant-speed hydraulic system. This system consisted of four 
variable-displacement hydraulic pumps, one located on each 
engine. The output of these pumps drove hydraulic turbines 
equipped with constant-sp<?ed governors. These turbines then 
drove the alternators. Such a systcmi might be successful; 
however, it is complicated, and considerable development will 
be necessary in order that it reach a state where it can be regarded 
as entirely trouble-free. 

From the experience gained in the past years, the following 
conclusions can be drawn regarding alternating-current systems 
for aircraft: 

1. Such systems have definite advantages both in weight and 
facilities offered and will be required for future airplanes. 

2. The equipment used with such high-freciuency systems can 
successfully be designed to give good performance. 

3. Constant-frequency systems for airplanes of the size now 
visualized, if the power must be derived entirely from auxiliary 
power sources, are not practical. 

Variable-frequency Alternating-current Systems.—The use of 
constant-frequency alternating currents for commercial applica¬ 
tions on the ground is easily understood. If a transformer is 
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operated at any frequency lower than that for which it is designed, 
the exciting currents will be too high, and it will burn up. If it 
is designed for a lower frequency and operated at a higher 
frequency, the cost will be higher than necessary. The speed 
of an alternating-current motor is also a function of frequency, 
and the extensive use of such equipment would be impossible 
without a constant-frequency supply. 

With the long-established practices of the commercial power 
industry with which engineers are thoroughly familiar dictating 
the use of constant frequency, it was not surprising that the 
men associated with the design of alternating-current systems 
for aircraft use proceeded on the same basis. The enthusiasm 
for a system which, for the first time, would supply the facilities 
so badly needed on aircraft helped to blind these men to the 
prime-mover problem, and it was not until equipment had been 
constructed and operated.that the problems confronting constant- 
frequency supplies aboard aircraft were fully realized and the 
difference between the requirements of aircraft and ground-power 
systems were entirely appreciated. To the engineer dealing 
with commercial power, the questions of efficiency and costs are 
foremost. However, the aeronautical power engineer, although 
not entirely disregarding economy, has safety and the law of 
gravity iis his most prominent design considerations. 

There are other considerations that serve to differentiate 
the aircraft from the ground-power problem. If the use of 
power on future aircraft is comparable to that shown in Fig. 194, 
the greatest ])ortion of this power will be used for transformers 
and lights. The frequency of the power system has no bearing 
(within very wide limits) on the operation of lights and other 
resistive loads; therefore, in so far as tluj “service’’ portion of the 
load is concerned, it can readily be handled by a variable- 
frequency system. Trausformei's also can be operated over a 
large range of frequencies if efficiency is not of primary impor¬ 
tance. Motors, however, can hardly be expected to give good 
operation with this power-supply system. Moreover, the direct- 
current motor has a very high torque performance, and with the 
rectifiers that are now available, it is possible to operate all 
motors from direct current. 

Direct-current systems have one feature that cannot be 
provided with alternating-current systems. It is possible to use 
a storage battery for a power reservoir. This is a safety feature 
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of considerable importance from the standpoint of aircraft 

operation. 

The system proposed would consist of a separate alternator 

driven from each main engine. These machines would have a 

power rating of about 7.5 kw. and would be designed to operate 

at frequencies* from 300 to 900 cycles and at 120 volts. It is 

difficult to synchronize alternating voltages when they are gen¬ 

erated by alternators driven by various gasoline engines, par¬ 

ticularly when the alternator uses only one two-hundredth of the 

total power output of the engine. This problem is difficult to 

solve even though the engines operate at relatively constant 

speeds. This proposed variable-freciuency system, therefore, 

would not deliver all power to a single bus. The loads would be 

divided into five groups. The loads to be supplied by alternating 

current would be connected to one of four buses. Associated 

with each bus and with each alternator w6uld be a high-pass 

relay. If the frequency of the alternator connected to that 

particular bus failed or its frecpiency dropped below 300 cycles, 

the bus would be immediately disconnected from the faulty 

alternator and connected in parallel with one of the other buses. 

This process would be continuous so that in wont of failure of 

three alternators all buses would be piirall(4(‘(l and connected 

to the remaining operating alternator. Kach of these buses 

would supply one group of loads and, in addition, connect to a 

rectifier that would supply a fifth bus and charge a battery. 

To this fifth bus would be connected the loads n^presentcal by the 

7.2 per cent in Fig. 195. In addition, one radio unit might be 

connected to this bus. Such a system should provide adequate 

power and a ver^ high margin of safety. 

All the facilities that could possibly be desired are provided 

with this system. Thermionic devices can be used for regulators, 

and in this manner the use of the mechanical voltage regulators 

can be avoided. Voltages of any magnitude whatsoevc^r would 

be available. All motors would give good performance since they 

would operate from direct current. Since this direct current is 

low voltage, small switches could be used for controlling it. 

The higher voltage alternating current, by virtue of its passing 

through zero every cycle, could be controlled by similar switches. 

It is estimated that the poWer-generating system should 

weigh only 1*5 lb. per kilowatt as compared with the 19.8 lb. 
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per kilowatt for the 24-volt system previously discussed. Power 

for the radio units would be supplied by rectifiers deriving their 

power from transformers having about 70 per cent of the weight 

of 60-cycle transformers. The saving in wiring weight would be 

great. It is estimated that for an airplami having a gross weight 

of 100,000 lb. the wiring system would weigh 350 lb. less than 

that of a 24-volt system. 

No work is in progress on the system just described. Since 

the necessity for alternating current on large future aircraft 

seems evident, the discussion of the variable-frequency system 

was presented as one possible solution to the problem. 
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CHAPTER XII 

CONSIDERATIONS IN 
AERONAUTICAL-RADIO-SYSTEMS DESIGN 

The term ^^systems engineering^^ is used to describe the 

problem involved in obtaining a desired operation from a group 

of apparatus when each unit of the group is, in itself, a satis¬ 

factory operating unit. This term originated with telephone 

engineers who first realized the difference existing between 

individual units operating satisfactorily and,a group of units so 

connected that they gave the desired results. A simple example 

to illustrate this problem is a group of apparatus consisting of 

a radio transmitter and receiver operating on the same frequency. 

If the transmitter is turn(‘d on, the receiver cannot receive, yet 

transmission and reception is desired. A ^^system’^ must then 

be devised by which the transmitter will transmit when the time 

to impart information arrives and the receiver will receive when 

information is being transmitted from another source. 

If the apparatus consists of a single receiver, the total systems 

problem would be about as follows: 

1. How shall power be applied to place the unit in operation? 

2. How shall the necessary radio-frequency power be supplied 

to the receiver? , 

3. By what means shall the audio waves of the receiver be 

converted to sound waves, from which the operator can secure 

the necessary intelligence? 

The first question may be answered by installing a switch 

on the panel of the receiver, but it is necessary to determine 

w^hether the switch should be of the single-pole, double-pole, or 

other type. Perhaps, however, the switch should be located 

at the radio operator’s position, which is some distance from the 

receiver. This now involves the question of whether to place 

the switch in the primary or secondary of the power system 

(assuming that a primary and secondary exists). Still another 

solution, if the operator is separated from the apparatus by a 

348 
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greater distance, is to use a relay and locate a switch to supply 

power to the relay which will in turn close the proper receiver 

power circuit. In order to do this it is necessary to supply 

primary power to the relay, and the question of the power source 

to be utilized for this application arises. If the receiver is 

located over a long telephone line and it is necessary to accom¬ 

plish other switching functions over the line, the problem of 

turning on the receiver is more complex, and the operation must 

now be considered in relation to what other functions the line 

must perform. 

Thus, it can be seen that then; may be numerous sys¬ 

tems considerations attending the operation of even a single 

radio unit. It is believed, however, that the three questions 

above form the skeleton for practically all radio systems con¬ 

siderations. The greater the number of units involved and the 

greater the numl^er of apparatus users, the more complex will be 

the systems problem. All systems problems relate specifically 

to a given set of apparatus units and conditions. This chapter, 

th(*refor(', can servci only to discuss some of the considerations 

and give examples of how past ])roblcms have been solved, with 

lh(‘ thought that the principles involved are applicable to 

problems that may present themselves in the future. 

Another way of defining systems problems is that they are 

those problems involved in the installation and operation of the 

equipment. One of the finst of the.^e problems encountered on 

airciraft is that of reducing the disturbancetj in the radio and audio 

(iquipment resulting from the use of other electrical apparatus on 

the airplane. 

Aircraft Noise Suppression.—^Fhese electromagnetic dis¬ 

turbance's are generatcid by the following sources: 

1. Ignition system 

2. Electrical system 

3. Intermittent contact bc^tween various portions of the air- 

j)lane’s structure 

These classifications do not include atmospheric or precipita¬ 

tion static. 

Airplane-engine ignition is usually accomplished by two mag¬ 

netos per engine, each attached to an independent set of spark 

plugs. These magnetos are generators having permanent mag¬ 

net fields and two armature windings. A breaker point in 
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series with the primary operates to set up a high voltage in the 
secondary. The magneto also includes a means for delivering 

the secondary voltage to the spark plug on the proper engine 

cylinder. The high ignition voltage generated by the method 

described will have a very steep wave form; hence, it will have 

harmonics over a very wide frequency spectrum. Measure¬ 

ments have indicated energy with imperceptible diminution 

throughout the range from 100 kc. to 300 megacycles. 

To stop the generation of this noise would mean the destruction 

of effective ignition; hence, this noise must be allowed to be 

generated but prevented from interfering with radio reception. 

In order to do this, the ignition system is ^\shielded,^’ that is, it 

is housed as completely as possible in a metal container. Th.e 

theory of shielding is well known(1). Briefly stated, the electro¬ 

magnetic wave (of interfering energy inlhis case) sets up currents 

in the shields. The currents flowing in the shield in turn set up 

a magnetic field having a direction opposite to that of the field 

inducing the shield current. If the resistance of the shield is 

zero, the magnitude of the field set up by the shield currents will 

be equal to the field that induced this current; hence complete 

cancellation results. Making the shield resistance zeVo, particu¬ 

larly at radio frequencies, is not possible, so one shield seldom 

serves to completely obliterate all traces of interference; how¬ 

ever, the attenuation must be sufficient to reduce the noise to an 

unnoticeable level. 

The metal containqi’ for the ignition system consists of a 

partial form which fits over each magneto, a metallic hose 

which fits over each wire from magneto to spark f)lug, and a 

special shielding 'cap which fits ov(‘r each spark plug. Kach 

magneto has a wire that connects from the ])rimary winding 

to a switch in the cockpit. By grounding this wire, the primary 

is short-circuited and hence the magneto fails to function, thereby 

stopping engine operation. Measurement with an alternating- 

current voltmeter betw^etm this wire and ground will show about 

150 volts (r.m.s.). This wire is one of the most prolific sources 

of ignition noise. It apparently carriers the radio-frequency 

currents generated at the magneto to the remainder of the air- 

plane^s electrical system where it is radiated. A good precaution 

against ignition noise consists in running this wire in a conduit 

separate from those that carry other electric currents. At 
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ultra-high frequencies it has been found advisable to include a 

filter consisting of a series choke of about 6 microhenrys and two 

0.005-iuf condensers in each of these magneto leads. The 

condensers are connected to ground from either side of the choke 

coil. 

Under electrical-system noise can be included the noise 

caused by vibrating voltage-regulator contacts and by the various 

direct-current motors on board the airplane. In general, these 

noises, although they originate from transient sources, are not so 

intense as those from the ignition system bc^cause tlu^y have, as a 

source voltage, only 12 to 24 volts, whereas the ignition system 

has as its source voltage, 150 volts. Further, the ignition-supply 

system has as its purposes tlui generation of these high voltages; 

whereas, in the case of other electrical units, the generation 

of theses transient voltages is incidental to th(4r operation. It 

can be shown(2) that for transients to be generated, the following 

equation must be satisfied: 

ip < ic ‘2'^) 

In this equation, R is the resistance, L the imhictance, and C 
the capacity of the circuit. If C is made very large by the 

addition of a condenscu* across the terminals of the electrical 

unit, 1 /LC can be d(‘creased to a value where it is smaller than 

R'^f4L'^] hence, the transient geruTation will be stopped. Small 

radio-fr(Hpiency filters located in the radio units in series with 

each wire (power, volume control, audio output, etc.) leading 

out of the radio units sometimes aid in the reduction of this 

noise. 

The electrical systems used on commercial airplanes are sur¬ 

rounded by a large amount of metal shielding which helps to 

reduce the interfering noises described above; but this shielding 

is installed larg(4y for convenience in the construction of a 

permanent electrical system rather than for the purpose of 

eliminating electrical interference. 

Bonding had its origin with the fabric-covered airplane. 

These airplanes were constructed with various metallic members 

(many of them steel), and good electrical contact seldom existed 

among all members. Because of this poor contact, various 

voltages developed on thes<; members, which equalized during 
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certain airplane movements to produce annoying clicks in the 

radio receivers. Bonding consisted of securing copper braiding 

between the various members so that they assumed a common 

potential and formed a plane of neutral voltage. With the 

coming of the all-metal airplane many of these bonding practices 

continued to be used although their necessity is subject to 

question. Good bonding, however, must still exist between the 

tail surfaces and the fuselage, between the engine ring cowls 

and the engines, and between the gas tanks and the fuselage. 

The gas tanks are mounted to the airplane by means of leather 

straps, and bonding is necessary to prevent sparks which might 

cause an explosion of the gasoline fumes. The tail surfaces 

are large and arc prone to take on high charges which can dis¬ 

charge to the fuselage and cause an interfering wave train. 

Because the ring cowls are located over the spark plugs, if not 

bonded, they will act as antennas for the ignition system. 

Antenna Facilities for Aircraft.—The antenna requirement of 

the various apparatus units on aircraft has, in general, been so 

different that the best solution seems to be individual antennas 

for each facility. This process has simplified the antenna- 

systems problem. 

The single exception has been the antenna used for communi¬ 

cations. This antenna has always been used for both the trans¬ 

mitter and the receiver; however, the switching problem involved 

in this application will be covered in the next heading. As the 

number of antennas has grown, the more incentive thiire has 

been for utilizing the same antenna for several purposes. 

One of the firj^t applications of antenna switching, other 

than the transmitter-receiver switching previously mentioned, 

was used when a fourth unit was added to the complement of 

aircraft radio equipment. This was the so-called ‘^emergency 

receiver which came to be known later by the more appropriate 

name of “auxiliary” receiver. The receiver was a two or more 

band device intended for use either as a range or a communica¬ 

tions receiver (in event of failure of either receiver). In order 

not to increase the number of antennas, this receiver was arranged 

with a relay so that it would ojxirate from the range antenna. 

The switching was accomplished by means of a single relay oper¬ 

ated from a {^witch in the cockpit (see Fig. 198). This relay 

transferred the range antenna to either receiver in accordance 
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with the wishes of the pilot. This system, however, did not pro¬ 
vide a full emergency arrangement, because if the range antenna 
were lost, both receivers were disabled. The next step was the 
inclusion of a hand-operated switch that allowed the operation 
of the emergency receiver from either the transmitting or 
range antenna. 

It was very desirable that this receiver should be capable of 
operating from the transmitting antenna because its sensitivity 
was rather low, and the added pickup from the long transmitting 
antenna was helpful. Another consideration, however, entered 
when this was done. As mentioned in Chap. II, an antenna 
must have proper characteristics or the range courses will be 
distorted. The transmitting antenna was satisfactory for range 
flying only when at a distance from the range transmitter, but 

Fig. 19S.—Simple antenna system for emergency and range receiver. 

when close to the transmitter, its characteristics were not 
satisfactory. At about this period the advantage of operating 
this receiver simultant^ously with the range or communications 
receiver, rather than as a substitute for these, became apparent, 
so a second antenna similar to the range antenna was added. 
The operation of this receiver from either the communication or 
its own antenna wiis still desirable; however, since the communi¬ 
cations receiver had to remain in operation at all times, it was 
not possible to transfer the antenna, and connection was made 
in parallel. A switch operated by a remote control acted to 
introduce a small condensin' across the antenna which served as a 
substitute for the capacity of the auxiliary receiver when this 
receiver was removed. The switching now involved the transfer 
of the auxiliary receiver between its own and the communica¬ 
tions antenna. 

•The next step in the systems development was caused by the 
introduction of a loop antenna to normally connect to the range 
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receiver. This antenna is, of course, very necessary when 
attempting to receive under precipitation static conditions. If 
precipitation static prevailed and the range receiver had failed, 
the auxiliary receiver could not serve a useful purpose unless it 
was possible to connect it with the loop antenna. The necessary 
antenna connections, then, were as follows for the auxiliary 
receiver: 

1. On auxiliary antenna 
2. On communications antenna 
3. On loop antenna 

For the range receiver the connections w(ue as follows: 
1. On the range antenna 
2. On the loop antenna 
It can be seen that the numl>er of combinations of the various 

connections mentioned above is great. Switches had been 
added as the demand for the new connections increased, and their 
use was very confusing. After they had been operated, some 
thought was necessary before the connections prevailing could bo 
determined. The total combinations were as follows: 

1. Range receiver on range antenna, auxiliary receiver on 
auxiliary antenna 

2. Range receiver on loop antenna, auxiliary receiver on 
auxiliary antenna 

3. Range receiver on range antenna, auxiliary receiver on 
communications antenna 

4. Range receiver on loop antenna, auxiliary n^ceiver on com¬ 
munications antenna 

5. Range receiver on range antenna, auxiliary receiver on loop 

antenna 
The best solution to this problem was the use of a rotary-typo 

switch having five positions labeled in accordance with the five 
combinations listed above. It is necessary that various elements 
be switched during a portion of the selections and that they not 
be switched during other portions. In addition to the switching 
of the antennas, it is also necessary that unused antennas be 
grounded when the receiver is used with the loop. The rotary 
switches available are capable of having added to them any 
number of independent contact blades accomplishing various 
switching functions; hence, they make ideal switches when 
operated in conjunction with a series of relays. The use of 
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relays in aircraft installations is to be avoided, but in much 
systems work they become the sole solution, and the problem 
then involves the design or selection of a chatter-free unit. A 
schematic outlining the various connections for the antenna 
switching discussed is shown in Figs. 198, 199, and 200. 

A method to be preferred to the use of switches and relays 
above described when multiple antenna operation is desired 
is the use of radio-frequency filters and networks. The use of 
this principle with an ultra-high-frequency loop antenna has 
already been described in Chap. III. Naturally, the greater the 

Loop 
antenna 

1 ui, I'Jl). Antenna system allowing choice of two antennas for the auxiliary 
and two for the range receiver. 

fretiuency separation existing betwetm tlic various receivers to be 
used with this antenna, the simpler is the problem involved. A 
method for using tin antenna with both the range and marker 
receivers is shown in Fig. 201. In this figure, the antenna used 
was of the T tyi^e. This antenna consisted of a horizontal 
member susixmdcd below the fuselage of the airplane. In the 
center of this momlxu’, there was attached a leadin which con¬ 
nected to the range receiver. In applying this antenna to the 
mark(ir rec(‘iver also, the antenna was cut in half and an insulator 
supplied to complete the necessary mechanical support. Two 
leadins in the form of a twisted wire pair were connected. The 
other end of this pair connected to a special coupling transformer. 
This transformer was designed for 75 megacycles; hence, the 
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Communicaiions 

Fig. 200.—Antenna system for range and auxiliary receiver providing five 
antenna combinations. The numl3era on the rotary switch refer to combinations 

listed in the text. 

7Smc. 

Fig. 201.—Antenna arrangement allowing the use of two receivers with a single 

antenna. 
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impedance of its windings was inappreciable at frequencies of the 
order of 200 to 400 kc. The center tap of the transformer 
primary was connected to the range receiver; hence, the connec¬ 
tion was, as far as the operation of this antenna at range fre¬ 
quencies is concerned, the same as before modification. To this 
transformer was coupled the marker receiver. The suitability 
of the range antenna for marker reception is still a matter of 
debate, but in so far as its ability to provide energy at 75 mega¬ 
cycles is concerned, the method is successful. 

Operating the Aircraft Transmitter.—The operation of the 
transmitter involves a number of interesting systems considera¬ 
tions. These may be outlined as follows: 

1. Applying power to filaments 
2. Connecting antenna to transmitter 
3. Silencing receiver 
4. Applying plate powCr* 
5. Supplying audio freciuencies from the operator 
6. Returning monitor signals to the operator 
7. Stopping transmission 
Applying Filament Power.—Since the transmitter is used for 

only a few minutes during an entire trip, it would be a waste of 
power and filament life to keep power applied at all times. 
Except for indirectly heated cathode-type tubes, then, the 
filament is turned on just previous to its actual use. The 
equipment involved in performing this operation may be a 
simple switch or a switch with a relay. In providing a large 
number of switches on a small central control panel, the use of a 
switch large enough to take care of the filament current (which 
may be as much as 25 amp.) is often impractical, therefore a 
small switch is used together with a relay. The use of this relay 
has the further advantage that the necessity for connecting 
heavy wire between the transmitter and the switch is eliminated. 

It is necessary to introduce another problem connected with 
filament switching at this time. During the time that the 
high-voltage supply for the transmitter is not in operation, the 
voltage of 14.2 prevails from the supply line, but when in opera¬ 
tion, the high drain of the transmitter plate-voltage dynamotor 
may cause the line voltage to drop to a value as low as 10. If 
the filament circuit is adjusted so that the voltage is correct 
when the line voltage is 10, then the filament voltage will be 
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excessive during the stand-by period. A means for eliminating 
this variation is often desirable and will bo discussed later, 
although the necessity for this provision has been minimized by 
the use of parallel generators (see Chap. XI). To summarize, 
previous to the time that a transmission is to be made, the pilot 
operates a switch, thus applying power to the filaments of the 
transmitter. 

Connecting the Antenna to the Transmitter.—The antenna used 
with this transmitter is shared jointly with the receiver. In 
order that any calls to the airplane from the ground may be 
heard, it is necessary that this receiver be in almost continuous 
operation. This, in turn, requires that the antenna be con¬ 
nected to the receiver at all times except when a transmission is 
actually being made. In order to expedite the process of making 
a communication, it is necessary that, the antenna connection 
be restored to the receiver immediately upon the completion 
of the transmission. This recpiirement can be met only with a 
relay to be operated by the pilot just prior to making the trans¬ 
mission. The relay employed, if connected directly to the 
antenna, has two strict requirements to meet. The first of 
these is that it be capable of withstanding very high radio¬ 
frequency voltages. This requirement is a function of the 
antenna impedance. At very low frequencies (see Cyhap. IX), 
the impedance is very high and voltages of over 5,000 are (mcoun- 
tered. At very low frequencies, such as those used by lOuropeans, 
the problem I>ecomes more severe. The second recpiirement is 
that it be equipped with chatter-free back contacts. These back 
contacts are used ^with the receiver, and slight changes in their 
resistance under Vibration conditions cause objectionable noises 
in the receiver. The cure for this difficulty consists in using 
a heavy return spring on the relay, thereby greatly increasing 
the constant pressure. When this is done, it becomes necessary 
to increase the ampere-tums in the relay. Ordinarily, this means 
a large relay. In order to avoid this large size, relays are 
designed with overloaded coils. An extra set of contacts is then 
added to the relays so that in the period following the pull-in 
a suitable resistor reduces the relay current to a value consistent 
with good design. Often an additional requirement is made of 
the relay. In order that power from the transmitter will not be 
applied to the receiver, arrangements are made whereby a set of 
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contacts on the transmitting relay actually turns on the plate 
power. Thus, no plate power is applied until the relay is closed; 
that is, until the antenna connection has been transferred. 
Another precaution taken to eliminate the energy from the trans¬ 
mitter entering the receiver consists of grounding the receiver- 
antenna terminal with this same antenna-transfer relay. 

The previously discussed adjustment for filament voltage is 
also compensated.for by the use of contacts on the transmitter 

Fit}. 202. -Typical antenna transfer relay system used in aircraft transmitter. 

relay which short out a resistor in the filament circuit. The 
transmitter-ant('nna relay performs the following tasks: 

1. Transfers the communications antenna from receiver to 
transmitter 

2. Grounds the receiver-antenna connection 
3. Reduces its own current after closing 
4. Increases the filament voltage 
5. Suppliers primary power to the transmitting dynamotor 

The complete system is shown in Fig. 202. 
A revised form of antenna-relay system applicable where 

the receiver is always operating on the same freciuency as the 
transmitter and where the input impedance of the receiver is low 
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is shown in Fig. 203. In this figure the antenna relay is not 
connected directly in series with the antenna but is actually 
associated with the terminal of the transmitter's antenna coil 
which normally would connect to ground through a suitable 
by-pass condenser. This ground connection is broken and 
attached to the receiver. The input circuit of the receiver is 
then connected in series with the output circuit of the transmitter. 
Since this circuit is series resonant, the impedance presented to 
the receiver is merely the series resistance of the coil and antenna. 

Fig. 203.—Anten^ia relay system which eliminates the necessity for hack contacts 
to accomplish receiver switchin#?. 

The relay does not transfer the antenna when transmitting. 
When the transmitter button is operated, the lead to tht^ receiver 
is grounded, and! upon further closing of the contacts, this 
ground is applied to the primary of the transmitting dynamotor. 
The other terminal of the dynamotor has ham connected to the 
primary power. This sequence of connections assures that the 
receiver is grounded before transmission can begin. Since there 
are no back contacts on the relay, the necessity for a high-pres¬ 
sure spring is eliminated. This, in turn, eliminates the necessity 
for an overloaded relay coil with a resistor. The filament- 
voltage compensating resistor can, of course, be added to this 
device in a manner similar to that shown in Fig. 202. 

Silencing the Receiver.—The provision made for grounding the 
receiver-antenna connection in order to silence the receiver has 
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already been described; however, merely grounding the receiver 

lead at the transmitting relay is insufficient to prevent the 

receiver from responding to the strong signals generated by the 

transmitter, since the transmitter invariably if^ operating on 

the same frequency as the receiver. This response would be dis¬ 

turbing to the pilot and might cause regeneration in the trans¬ 

mitter. In order to prevent this, the audio output circuit of the 

receiver is often silenced. This silencing must be accomplished 

by some means that does not deliver an acoustical shock to the 

pilot. 

One of the reasons for grounding the input circuit of the 

receiver is to prevent a voltage from accumulating at the grid 

of the first receiving tube, which would keep the receiver blocked 

for a period of time after the transmission has ceased. In spite 

of the ground supplied at the antenna relay, it is often necessary 

to add a relay directly at the receiver terminal if the lead between 

the receiver and antenna relay is of an appreciable length. 

With the older type range receiver employing range antennas 

installed parallel to the transmitting antennas, it was necessary 

to silence the range receiver as well as the communication receiver. 

With a modern antemna installation, however, the transmitting 

antenna is usually located above the airplane whereas the range 

antenna is below the airplane, and it is possible to make a trans¬ 

mission without interrupting the rece])tion of range signals. 

Applying Plate Power,—The application of the high voltage 

is usually done by an auxiliary relay opc^rating a large solenoid. 

This solenoid is necessary because of the high current required 

(see Chap. XI). The solenoid requires a high current so it is 

operated from an auxiliary relay which also performs several 

other functions and hence is designated as a systems relay. 

Power to one terminal of the solenoid is often supplied via the 

filament connection, so the high voltage cannot be turned on 

until filament power has been applied. The operation of the 

systems relay is usually accomplished by means of a small 

momentary contact button located directly on the pilot’s micro¬ 

phone. In some airplanes, i)rovision for this button was made 

in the wheel. Although the newer systems use a separate set of 

contacts on this button, the older systems made use of the 

schematic diagram of Fig. 204 in order to etYect a weight 

saving. 



362 PRINCIPLES OF AERONAUTICAL RADIO ENGINEERING 

Figure 204 shows a carbon microphone in series with a trans¬ 

mitting button. This button, when depressed, causes current 

to flow through the microphone and the relay coil which is in 

series with the microphone and the power supply. This relay 

coil, when energized with the microphone exciting current, closes 

a set of contacts which performs the function of supplying power 

to the dynamotor solenoid. The relay coil also acted as a high 

impedance to audio frequencies, so across it was developed the 

audio voltage which was connected to the audio-input terminals 

of the transmitter. The opening of the button also stopped 

current flow in the microphone. This procedure is necessary in 

order to prevent the degeneration of the granules in the micro- 

Microphone 
buUon 

Fio. 204.—Systems relay operated from microphone current. 

j)hone button, This system had the advantage of retpiiring only 

one wire and ground; however, the current through the relay 

and, hence, its operation was a function of the microphone 

resistance. It often happens that a microphone will develop a 

high resistance t« direct currents and yet will generate audio 

voltages having a magnitude sufficient to successfully modulate 

the transmitter. With the system of Fig. 204, the transmitter 

would not operate, whereas a separate copper connection for the 

systems relay would make transmissions possible. 

Audio for the Transmitter,—The usual source of audio-input 

power for an aircraft transmitter is a carbon microphone. This 

is because the output of this microphone! is high. There have 

been some uses of a dynamic microphone, and it is believed that 

the demand for better operation and quality will eventually 

see the replacement of all carbon .microphones with those of the 

dynamic type. When dynamic microphones are used, it is 

necessary to supply an additional audio amplifier. It is necessary 
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to open the circuit of the carbon microphone in order to stop 

deterioration of the carbon, but this is unnecessary with the 

dynamic unit. 

Monitoring the Transmission.—An important requirement of a 

transmitter system is the monitor signal usually referred to as 

^^side tone.” This monitor signal is merely the audio signal 

from the microphone connected back to the headphones of 

the speaker. It acts as an automatic volume control. Since the 

ears of the pilot are covered and cockpit noises are present, the 

sounds made by him are masked and consequently do not make 

a strong aural impression on him. Under such conditions a 

person tends to shout. By returning a certain amount of this 

audio power to the headphones, the speaker lowers his v^oice until 

the amount of signal heard is comfortable to his ears. This 

system, then, acts iis an automatic input-level control. There 

are several ways in which this audio power has been secured. 

Th(^ simplest method was the use of a resistor attache^d to the 

microphone circuit. This method is illustrated in Fig. 205. 

It has the disadvantage that the amount of audio power supplied 

is limited, so the second method involved the use of the last 

audio stage of the communication receiver as a side-tone ampli¬ 

fier. This mcithod is shown in Fig. 206. When the systems 

r(day closed to make a transmission, a relay in the receiver 

sihmeed the next to the last audio stage, and the microphone 

introduced a voltage to the last audio stage. This stage was 

connected to the headphones and so delivered the desired audio 

power. This system was satisfactory in so far as its ability to 

produce sufficient audio power was concerned; however, the func¬ 

tions of the receiver and transmitter became more interrelated. 
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Fig. 206.—System utilizing lust stage of communications receiver for amplifying 
side tone. 

Fio. 207.—System for obtaining side-tone from rectified transmitter output. 



AERONA UTICAL-RADIO-SYSTEMS DESIGN 365 

Some of the newest systems secure side tone from an audio- 

ampiifier stage in the transmitter or by means of a separate 

amplifier which is a part of the interphone system to be discussed 

later. 

One of the systems for producing side tone and intended also 

as a criterion of transmitter performance consists of a rectifier 

associated with the output circuit of the transmitter. The 

output of this rectifier (which may be of the dry-disk type) 

is connected to the headphones. Such a system is shown in 

Fig. 207. This system produces no signal unless the transmitter 

is actually producing properly modulated radio-frequency output. 

Associating the radio-frequency output of the transmitter with 

an audio sysUm is not preferred by many designing engineers. 

Stopping the Transmission.—It would seem that the process 

of stopping transmission would consist merely in restoring to 

normal the press-to-talk "button on the microphone or wheel; 

however, this is not the case. It is true that the act of restoring 

this button to normal is one portion of the process; however, it 

is necessary that the transmission stop instantly and that the 

receiver be immediately ready to receive. These requirements 

are necessary in order that the conversation between the two 

parties involved may take place without an ai)preciablc break. 

In order to meet the demands outlined, several circuit elements 

must be considered. As the power is remov(^d from the systems 

relay and the transrnitting-dynamotor primary solenoid opens, 

the transmitting dynamotor coasts to a stop. This means 

that the secondary voltage from this dynamotor does not 

immediately return to zero, but it gradually decreases from 

normal value to zero. So long as this voltage has an appreciable 

value, the transmitter will continue to have output that can 

be heard in the receiver and that will produce interference. 

One solution to this problem consists in opening the field circuit 

of the dynamotor with an additional contact on the solenoid. 

This, however, is not ahvays a sufficient solution. Filter con¬ 

densers often store sufficient energy to provide a troublesome 

after-transmission. A satisfactory solution consists of ground¬ 

ing the transmitter crystal or disabling the oscillator by some 

other method. The actual mechanism consists of an additional 

relay associated with the oscillator circuit, or an additional 

contact on the antenna relay. 
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Audio-output Systems.—The first installation of radio aboard 

commercial transport aircraft consisted of a range receiver, a 

communications receiver, and a transmitter; therefore, the 

choice of receiving equipment available to the pilots was limited. 

One pilot could listen to the range receiver while the other listened 

to the communications receiver. In working an avigational 

problem, it was possible to disregard the communications 

receiver and listen only to the range receiver. Soon, however, 

the importance of information concerning momentary changes 

in the ceiling during landing procedures became evident, so 

it was desired that a facility be available that would allow one 

pilot to listen to both receivers while the other listened to only a 

single receiver. Naturally it was not possible to do this without 

both receivers being heard by both pilots. This was because 

the receivers were equipped with a single audio-output system, 

and the selection of a receiver consisted in paralleling its output 

with the headphones. During this process, if the second pilot 

had previously selected a receiver now chosen by the first, the 

headset of the second pilot w'ould be paralleled with whatever 

facility the first now^ chooses. This was not desirable because as 

the number of receivers was increased the number of possible 

receiver combinations increased, and it became very necessary 

that independent selection of the receivers by the pilots be 

possible without any interaction being caused by their choices. 

Although it was realized that the requirements outlined w^ould 

necessitate separate audio amplifiers, the necessity for providing 

a solution that could be readily applied to the then existing 

equipment brought forth several makeshift solutions. One of 

these solutions is shown in Fig. 208. This system consists 

merely in adding resistors in series with the audio output of the 

receivers. The voltage from the receiver is attenuated by one 

of these resistors before it reaches one headphone, but the 

voltage appearing across the headphone from a second receiver is 

attenuated by both resistors. In this manner a measure of output 

segregation is obtained. The amount of segregation possible is 

contingent on the magnitude of the'various impedances involved, 

but an inspection of the circuit would lead to the conclusion 

that six decibels would be a reasonable value to expect. 

A method sold commercially for application to receivers is 

the system well known in telephone practice. This is the use 
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of a balanced bridge circuit known as a hybrid coil(3). The 

arrangement of this circuit is shown in Fig. 209. The theory 

of this system will not be discussed; however, elimination of 

Fk;. 208.—Method for obtaining a eortain amount of isolation between head¬ 
phone connections. 

No.} Pilot No.2 Pilot 
headphones headphones 

Fia. 209.—Dual audio-output system using a hybrid coil. 

reaction depends on the accuracy with which the bridge balance 

can be maintained. This balance can be made very accurate 

for a single load, and discrimination of the order of 30 db is 

possible. Under conditions of changing loads, however, an 
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accurate balance is impossible, and discrimination of the order 

of 15 to 20 db is the figure usually measured in practice. 

The simplest method to apply to a new receiver is the inclusion 

of two output-audio stages. This method is depicted in Fig. 210. 

The output of one of these audio stages is associated with a 

switch available to the first pilot, and the second output is 

associated with a switch available to the second pilot. Each 

To adoUHona! 
switches 

Fia. 210.—Dual audift-output system iisiiiK a separate amplifier for each chann. 1. 

receiver is equipped with these dual stages; consequently each 

pilot may choose whatever group of receivers he d(;sir(\s with¬ 

out in any way disturbing the choice of the second pilot. Th(^ 

discrimination between channels for this type of system is from 

40 to 60 db. 

A necessary requirement of the switching system is that 

the level of the audio from any receiver aln^ady connected to 

the headphones will not change as additional receivers are added. 

This requirement is met with the arrangement shown in Fig. 210 

by making e^ch selector switch a double-pole, double-throw unit. 

The receiver output is connected to one set of terminals and a 
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resistor to the other set. The headphones are connected to the 

movable blades. With this arrangement a load of approximately 

the same magnitude will always appear across the headphones. 

This is because either the receiver or the resistor is connected 

across the headphones at all times as there is no ^^off” position 

on the switch. 

There are several considerations involved in the design of 

these output systems. Two common systems have been evolved 

and are known as the “high-lever^ and “low-leveP^ systems. 

High-level and low-level refer to the amount of output power 

available, although the criterion used in determining whether a 

system is high-level or low-level is not the amount of power 

that the receiver will deliver, but whether or not an amplifier 

is used with the system. To explain this statement it is neces¬ 

sary to remiunber the discussion regarding the compensation 

reciuired to maintain constant the output of a receiver at a 

headphone. This nHiuirement dcunands the dissipation of power 

approximately proportional to the number of receivers in the 

system. This statement can ))e !)etter explained by the following 

example. Suppose thut the requin^l output for one pair of 

headphones were 500 mw., and a n^ceiver were designed with 

this as its maximum audio-])ower output, then when a second 

receiver was added, either its output circuit or the compensating 

resistor would absorb one half of the power; hence, additional 

amplification would be required to bring the audio level to its 

previous 500-mw. value. To continue with this example, the 

receiver in the first case cited would be considered as having a 

high-level system, but if an amplifier common to both receivers 

were now added, it would be considered a low-level system. 

If, instead of adding an additional amplifier, the added amplifica¬ 

tion were secured by merely increasing the power of each of the 

individual audio stages in the receiver, thereby dispensing with 

a separate common amplifier, the system would again bo referred 

to as high-level. 

From the foregoing discussion, characteristics of dual audio 

systems may be deduced as follows: 

1. The audio-power output required is a function not only 

of the power desired at the headphones, but is also a function 

of the number of receivers that arc incorporated in the total 

system. 
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2. This desired quantity of audio power may be supplied by 

the individual amplifiers in each receiver, or a common amplifier 

may be used for amplifying the audio level just before it reaches 

the headphones. This latter system is shown in Fig. 211. 

The last mentioned characteristic of audio-output systems 

indicates that a choice of two methods for performing a desired 

result exists, and it is necessary, therefore, that the facts having 

a pertinent bearing on this decision be discussed. It has been 

NoJPilof No.2Pilof 
switches switches 

Fio. 211.—Low-level dual audio-output system. 

said that the required power output of a receiver is a function 

of the total number of receivers used in the circuit; hence, it 

follows that when too many receivers are used the demand for 

audio power becomes exorbitant. It would not be practical to 

have each individual amplifier supply this power; therefore, a 

separate common amplifier is justified. On the other hand, if 

only a few receivers are to be used, the separate amplifier is 

uneconomical. The principles involved are clear; however, the 

point where the powerful individual amplifiers cease to be 

economical and the separate amplifier is justified may be subject 

to debate. 
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An example of the application of the principles cited above 

is the proposed installation in a ^arge airplane that is intended 

to be equipped with the following audio-output producing units: 

1. Medium-high-frequency communications receiver 

2. Range receiver 

3. Automatic direction-finder receiver 

4. Interphone amplifier 

5. Two ultra-high-frequency range receivers 

6. Two marker receivers 

7. Ultra-high-frequency communications receiver 

The units in this list total nine. In addition to the two pilots, 

this large airplane will carry a third crow member. Audio 

facilities for this member will be provided by a resistor-com¬ 

pensated switch, which will allow the connection of his headphone 

in parallel with either pilot’s headset. In addition to supplying 

audio power for this third crew member, it is customary to 

provider a paralleling switch for supplying audio power to a dis¬ 

patcher or anotluu’ pilot who may be riding in the cockpit for 

observational purposc^s. This practice is already follow’cd on 

the airplanes with two momlxTs of the crew. If the high-level 

system is employed and full compensation for level change is 

incorporated in the circuit, each receivc^r channel must supply 

power to 11 power sinks. The older standards demanded that 

500 mw. be available for each headphone so that adequate powder 

would be available in event of weak tubes, faulty dynamotors, 

etc. If this practice w’ere followed, it would be necessary that 

each individual audio stage supply 5.5 watts. This would be 

an impractical requirement. 

Common practice in high-level audio-circuit design is the use 

of a 6F6 tube or its equivalent. Such tubes in the previously 

mentioned nine audio-producing units will consume a total of 

88 watts of filament power and 175 watts of plate power. If 

the compensating resistors used have a resistance value equal 

to the headphone impedance, the power delivered to each of 

the three parallel-connected headsets will be 10.2 mw. This 

is scarcely enough powder. If, based on the principle that 

pentode-type tubes (such as the 6F6) have output impedances 

three times those into which they actually operate, compensating 

resistors having values three times those of the headphones are 

used, the power delivered to the headphones will be 42 mw. 
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This power may be sufficient, but it is jjiarginal. If the indi¬ 

vidual amplifier tubes arc of the 6F8G type and intended to be 

used with low-level systems employing a separate amplifier 

utilizing 6F6 tubes, the total filament power consumed will bo 

46.4 watts for the filament and 33.5 watts for the plate. This 

gives, as a total, 71.1 watts compared with the high-level power 

consumption of 263 watts. This system will produce up to 

500 mw. of audio power into each of three head sets. In this 

system it would appear that the low-level system had an advan¬ 

tage over the high-level method. The low-level system is of 

particular benefit to receivers that must occupy small chassis. 

Auct/o 
input 

Fig. 212.—Simplified dual audio-output switching system. 

In this type of construction, space is at a premium, and it is 

often not possible to provide room for two individual tubes and a 

large dynamotor. ' In order to guard against the failure of the 

individual amplifier producing a loss of all the receiving facilities, 

a switch is provided which removes the amplifier from the 

circuit and connects the headphones directly to the receivers. 

In such cases it is necessary that a minimum of audio power 

suffice. It is also possible to remove the compensating resistors 

from the circuit during such emergency operation. 

Figure 211 shows one method of switching when using dual 

output. The connections from the receiver are brought to 

the switches with two wires. These wires are in twisted pairs 

connected to ^transformer windings, each of which has equal 

impedances with respect to ground. By this method the cross 
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talk between the individual circuits is minimized; therefore, this 

type of wiring is very desirable when large numbers of audio 

units are used. Connecting to the panel controls the necessary 

four wires from each receiver becomes cumbersome and is a 

definite problem in the design of consolidated control panels. 

The alternate system consists in biasing the individual audio¬ 

output tubes (or sections) to the plate-current cutoff point with 

a switch. This system, which is shown in Fig. 212, reduces 

the number of wires that must be brought to the switching panel 

to one per switch. This reduction in the number of conductors 

requinid in this panel is important, and the system has the 

further advantage that the audio wires are confined to the receiver 

mounting racks and headset jackboxes, thereby assisting in the 

reduction of wiring system cross talk. 

Interphone in the Airplane.—In the early airplane utilizing 

a multiman crew, the necessity for an effective means of com¬ 

munication between the two pilots dc'inanded the use of an inter¬ 

phone system. As the newer airplanes with their quieter 

cockpits w(U‘o introdiU!()d, this reejuirement was no longer of 

paramount importance; liowever, th€\se new airplanes added a 

third ennv memb(u* in the form of a steward or stewardess, and 

communications to this third person in the cabin again made an 

interphone system necessary. With those larger airplanes came 

the n<*ed for inoi*e efficient handling on the ground, and their 

large over-all dimensions brought about the requinmient for a 

means of communication betw(‘en the pilots in the cockpit and 

mechanics on the ground. With the coming of the still larger 

airplaiK's, a communication system is envisioned that will allow 

the pilot wh(‘n on the ground to hav(^ a direct wire connection 

to th(^ dispatch(*r nt the company hangars or to the personnel 

handling pass(*ngers. 

Th(i early interphone systems were no more than the side- 

tone systems. The transmitter filament switch was so connected 

that it supplied power to the contacts of the systems relay. 

This power s(‘rved to operate the antenna relay which in turn 

operated the transmitting dynamotor via a solenoid. If the 

microphone button was de])resscd while the filament switch 

was on, th(^ transmitter operated, but if this switch was not on, 

the side tone could be used as a means of communication between 

the pilots. The first interphone system, then, was supplied by a 
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resistor from the microphone circuit, as has previously been 

explained, and later by an audio amplifier in the receiver. 

When these simpler interphone systems were extended to 

the cabin and to the mechanic on the ground, it became possible 

for the communications transmitter to be operated by otlu^rs than 

the pilot. This transmission was, of course, unintentional, being 

caused by the inherent relation existing between the side-tone 

and interphone circuits. It became a requirement that one 

pilot be able to transmit without interfering with the reception 

of the second pilot, and this was not possible with the earlier 

interphone systems. With the addition of the second trans¬ 

mitter, it became essential that one pilot be able to transmit on one 

transmitter while the second pilot transmitted with the second 

unit. All these developments pointed to an interphone system 

apart from the radio units. Such systems cmployitig a separate 

amplifier (which may be the amplifier aho used for amplifying 

the output of the receivers) have been designed. These systems 

have an inherent advantage in that, although they provide 

elaborate facilities, their operation can be effected with simplified 

controls, 

Plgure 213 shows a separate amplifier system in considerable 

detail for the purpose of illustrating a typical solution to one 

of these interphone problems. The syst(‘m shown on this 

figure is intended for u.se by two pilots and a st(nvard()ss. There 

are no switches for the stewardess, but each pilot has two switches 

in addition to the microphone button. One of these is a rotary 

switch with four sections and the other a two-1 )lad(;d ganged 

switch. The gaqged switch po.sitions are marked “ Transmit 

and ‘%Jff.’’ The rotary switch has only two positions and the.se 

are marked ‘‘Interphone” and “Off.” With all switches in the 

“Off” position, the microphones of the two pilots are connected 

through the single-pole double-throw switch section of the 

ganged switches. Each of these microphones connects to 

separate amplifiers which, in turn, connect to i\u) receiver* ampli¬ 

fiers. The outputs of the receiver amplifiers are connected to 

the headphones worn by the pilots. Whenev(*r one pilot pre.sses 

liis microphone button and speaks into the microphone, voltage is 

delivered to the grids of both receiver amplifiers, and both 

pilots hear the voice. If the ganged switch is thrown to the 

“Transmit” position, the filaments in the transmitter and the 
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other necessary circuits are energized. When the microphone 

button is pressed, the transmitter-control nilay operates, con¬ 

necting plate power to the transmitter, and when the pilot 

talks, audio power is supplied to the transmitter audio-input 

PfbfNoJ 

circuit. The microphone remains connected to the input of the 

receiver amplifier (via its microphone amplifit^); lu'nce, side tone 

is supplied to the pilot that is speaking. The connection form¬ 

erly existing between the two pilot microphones is broken when 

the ganged switch is thrown to the “Tran.smit” position; hence, 

the reception of the second pilot is not disturbed by the transmis- 
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sion. If the second pilot wishes to hear the transmission, it is 

only necessary for him also to throw his ganged switch to “ Trans¬ 

mit,’^ and the parallel connection between the microphones is 

reestablished. 

To talk to the stewardess or to reply to her call (made with a 

light signal circuit not shown in Fig. 213), the pilot interested 

throws his rotary switch to the ^^Stewardess’’ position. When 

this is done, the single-pole double-throw section of the rotary 

switch connects to the stewardess microphone. This same 

switch opens the circuit between the two pilot microphones so 

that the conversation will not disturb the reception by the other 

pilot. The single-pole normally open switch of the rotary gang 

closes to connect the stewardess handset earphone to the output 

of the interested pilot’s receiver amplifier (which is in parallel 

with his headphones). One of the normally closed sections 

of the rotary switch opens, thus preventing the application of 

transmitter power. This is very necessary in order to prevent 

the conversation between the pilot and stewardess from being 

transmitted. Another normally closed section of the rotary 

switch opens the connection between the receiver-input amplifier 

and the receiver-selecting switches. This precaution is impor¬ 

tant in order to prenent the radio reception from being heard 

in the cabin of the airplane. If the second pilot wishcjs to join 

conversation, he merely throws his rotary switch to the “Inter¬ 

phone” position. Notice that it is possible for one pilot to 

transmit while the other converses with the stewardcivss. 

Interphone between the pilot and the mechanic is achievcKl 

by having the mechanic's telephone jack in ])arallel with the 

stewardess position. This jack is located on the e.xterior of the 

airplane. When the mechanic plugs his handset into tin? jack, 

the stewardess hands(;t is disconmjcted from the circuit. The 

mechanic signals with a switch button controlling a separate 

cockpit signal light. 

The addition of more men to the airplane’s crew further 

increases the demand for interphone facilities. The system just 

discussed was designed on the basis that instant communication 

must be possible between the two men in the cockpit and that 

conversation to the cabin was of secondary importance, taking 

place only when other duties were not pressing. With the addi¬ 

tion of a third man to the regular crew, it is possible that two 
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of the men might be interested in a conversation in which the 

third was not concerned, yet the feature of the circuit discussed, 

which allows one man instantly and without the manipulation of 

connector switches to transmit information to the other members 

of the crew, is still considered important. 

A system capable of performing this task has been designed. 

This system incorporates, in addition to the circuits previously 

Receiver Receiver 
selector selector 

Fiu. 214. - Interplione system providiiiK two circuits. One of these is a confer¬ 
ence circuit while the otlier i)rovides auxiliary facilities. 

described, a separate and normally unused amplifier. To this 

amplifier any membt^r of the crew may switch his headset and 

microphone and conduct a conversation without interfering 

with the primary inttu’fthone circuit. The stewardess and 

mechanic interphone circuits arc made a permanent part of the 

auxiliary interphone circuit. Signaling is accomplished by a 

switch that selects the correct signaling circuit and a button that 

flashes a light. This circuit is shown diagrammatically in 
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Fig. 214. Reference has previously been made to the method of 

receiver selection employed by the observer and third crew 

member. This method is shown in Fig. 214. In order to avoid 

the confusion that would occur if the third crew member had a 

separate set of receiver-selecting switches and the receivers had 

only a dual output system, he is provided only with means for 

paralleling his headset and microphone across cither the first or 

second pilot's separate audio amplifier. The principle behind 

Fig. 215.—Airplane interphone system providing? external telephone eonnection. 

this system is that one of the pilots will have selected the facility 

to which the tliird memlier wish(*s to list(*n, and if this is not the 

case, perhaps he will be willing to make the sel(K*tion desired by 

the third party. This same system is also appli(^d in Fig. 214 

to the observers' facilities. 

An interphone system that allows th(^ various members of 

the airplane's crew' to converse with control-tower p(^rsonnel, 

passenger agents, dispatchers, and \irways Traffic Control per¬ 

sonnel is shown in Fig. 215. This .system utilizers a dial-type 

private branch exchange betw'een various stations about the air¬ 

port, a relay system located on the fence near the airjilanc, and 

the airplane's interphone system. A multi-wire cable was 
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attached to the fence box and connected to the airplane by means 

of a vsuitable multi-contact plug. Referring to Fig. 215, when 

a ringing tone was placed on the telephone line by a party wish¬ 

ing to contact the airplane, relay 1 (an alternating-current oper¬ 

ated relay) closed and operated buzzer 9 in the airplane. In 

answering, the pilot operated switch 13. This switch closed relay 

2 in the fence box so that the circuit between the airplane^s inter¬ 

phone system and the telephone* lino was completed. It also 

closed a circuit to light 10. Tjiis light was in parallel with 

other similar lights at the various airplane stations and served 

to indicate that the telex)hope line was in use. During the con¬ 

versation, handset button 5 was dej)ressed to make a transmis¬ 

sion, and this served to connect the Kilephono line from the input 

to the output of the airplanc^s interphone amplifier by operating 

relay 4 jn the fence box. To initiate a call, the crew member 

operated switch 13, then diahnl the desired number on dial 12. 

This dial .produced line pulses by means of relay 2. Push 

button 11 was used to signal other crew members that they were 

wanted on the telephone. This service was provided for all 

the crew members as well as for the mechanic outside of the air¬ 

plane. This was done by paralleling a number of airplane units 

somewhat similar in construction to that shown in Fig. 215. 

One experimental installation of the system shown in Fig. 215 

was made, but no further action was taken. This system, how¬ 

ever, must be considered in planning the interphone systems for 

future airplanes. 

Aircraft-radio Power Systems.—Throughout this book refer¬ 

ence has been made to dynamotors as the source of high-voltage 

power recpiired for all radio units. There are, or have been, a 

number of different units that can be used for supplying this 

high voltage, and since these are not sources of primary power, 

they do not belong to the subject discussed in Chap. XI. Their 

methods of use have a number of ramifications; hence, this 

subject is properly a systems problem. 

The first high-voltage power-supply system employed on 

aircraft consisted of two or more generators mounted externally 

to the airplane’s structure. These were driven by constant- 

speed ])ropellers energized by the airplane’s slip stream. These 

propellers had a single blade which tended to rotate about its 

major axis but was restrained by a spring. This spring arrange- 
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merit acted as a governor and maintained constant speed. 

Control of the output of the lower voltage generators was 

accomplished by a switch connected directly in the output circuit. 

For the transmitting generators the output control was placed 

in the field. One method consisted of a solenoid-actuated brusTi- 

lifting mechanism. The wind-driven generators did not long 

remain in service on commercial airplanes. Since they were 

exposed, the propellers were subject to icing, which hampered 

their operation. Also, extensive use of this device was pi ecluded 

because when the airplane was on the ground and its engines 

were not revolving at a high rate of speed, power was not pro¬ 

duced to allow the operation of the radio. The power supplierl 

by these generators was not obtained gratis. The aerodynamic 

drag caused by them is more than the ecpial of the power taken 

by directly connecting the generators to the airplane’s engine. 

A generator directly geared to the main (mgine would have 

the disadvantage common to the wind-driven machine; that is, 

it cannot produce power when the engines are idle. One direct- 

driven high-voltage generator system was, however, devedoped, 

which circumvented the above-mentioned difficulty. This system 

consisted of a generator having thre(^ windings. One of these 

was a 1,050-volt generator for the transmitter, and the other 

two delivered 7.5 volts each. When the airplane was on the 

ground, a switch connected the two low-voltage windings in 

parallel and ct)nnected them to the airplane’s battery. A free¬ 

wheeling clutch permitted the di.sengagement of the armature 

from the main engine and, h(mce, the machine operated as a 

dynamotor. After the main engines were operating at high 

speed, the two low-voltage windings were (!onnected in seri(\s and 

served to charge the battery. Control of the high voltage from 

this machine was obtained by a brush-raising solenoid. 

The vibrating-reed type converters have been employed in a 

few aircraft radio units. Where they have been judiciously 

used, their life has been moderately long. Their weight is low 

compared with that of a dynamotor. In using them in a radio 

system, it is not only necessary that they be carefully shielded 

and filtered, but it is often necessary that iron-core chokes 

and large condensers be used to prevent noises from entering the 

audio circuits of adjacent radio units. Because of this filter¬ 

ing difficulty and the maintenance problem involved, the trend 
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has been away from the use of th(;se vibrators in multi-unit air¬ 

plane radio installations. 

The battery-driven dynamotor is by far the most popular 

source of radio high voltage for aircraft use. The early high- 

voltage systems employed a single dynamotor for supplying 

power to two receivers, and another machine to supply high 

voltage for the transmitter. Tlu' switching of the high-voltage 

dynamotor has already been dih* uss^id. In recent years many 

radio units have included a dynamotor as part of their standard 

equipment. That is, the dynamotor is mounted internally in the 

case of the unit as contrasted with th(^ earlier practice of external 

machines. This practice i)rovides an individual machine for 

each unit. The safety factor (in so far as high-voltage supply is 

concerned) is low per radio unit since the failure of the integral 

dynamotor disabk^s it; ho weaver, the failure of this unit affects 

only one piece of radio eciuipmcmt. Sinc(5 a safety factor for the 

radio equi])meut is provided by additional eciuipments, it can be 

argued that this factor is high from the standpoint of the over-all 

system. It is as high as th(^ total number of units. The use of 

individual machini's has th(^ further advantage that design of the 

radio apparatus is not contingcuit on the method of using the 

common dynamotor. It is possible to obtain bias by grounding 

the negative t(‘rminal through a I’esistor in one unit and to ground 

it directly in another unit. 

^he use of external dynamotors in a new system has recently 

been proposed, and with good reason. Ten small dynamotors 

supplying 25 watts each will weigh approximately 50 lb. and 

consume 462 watts. A single machine producing the same 

output power will weigh approximately 13.1 lb. and consume 

306 watts. It is th(M’efore possil)le to carry two machines— 

one running and one spare and still save 23.8 lb. and 156 watts. 

The safety factor would be high, and all radio units would remain 

in operation if one dynamotor should fail. This latter system 

has th(i further advantage that it will make necessary the 

maintenance of only 2 armatures, 2 sets of bearings, and 4 sets 

of brushes, rather than 10 armatunis, 10 sets of bearings, and 

20 sets of brushes. However, if this new system is used, it will 

be necessary to provide protection against individual radio unit 

high-voltag(^ short circuits. Since the high-voltage drain of 

these receivers is low (maximum 100 ma.) and a low-current fuse 
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does not successfully withstand vibration, the development of 

adequate circuit protection must be undertaken before this 

proposed dynamotor system can be applied. 

In using high-voltage dynamotors in receivers it is common 

practice to provide a single primary switch which simultaneously 

starts all units. This is in contrast to the early practice that 

made possible the shutting off of unused radio units. A switch 

is provided on each radio unit in order to remove it from service 

only in case it becomes disabled. Normally these switches are 

tied to the “on” position with a piece of wire forming a seal. 

Fiq. 216.—Top view of consolidated airplane control panel showing auto¬ 
matic direction finder, azimuth indicator, ultra*high-frequoncy range station 
selectors, and tuning controls, {("ourtesy of United Air Lines.) 

Aircraft Control Units.—Units in the cockpit must be provided 

for accomplishing the following functions: 

1. Tuning receivers 

2. Selecting frequency of pretuned units 

3. Choosing receiver functions 

4. Controlling gain and volume 

5. Selecting receiver-output circuits 

Besides these function controls, certain indicators such as the 

azimuth for direction finders, lights for markers, and visual 

course for ranges are also grouped with radio control units. 

The tuning of receivers is accomplished with a pair of gear 

trains—one located in the cockpit and the other at the receiver. 

A tachometer flexible shaft connects between them. The speed 

of the shaft is greatly in excess of the speed of receiver-control 

rotation in order that backla.sh caused by the flexible shaft 

may be eliminated. Early equipments employed medianical 
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frequency selectors operated by pull wires from the cockpit; 

however, the multifrequoncy units have employed electric 

drives. The employment of electric drives places the control of 

frequency in the same category as any other electrical function 

in so far as control equipment is concerned. 

There are several receivcir functions that may be selected 

at will. The range receiver may he tuned or it may be shifted 

to a fixed tuned frequency of 27^ kc. Many of these receivers 

may be used as a direction finder by manipulating a switch 

which connects a loop antenna to them. The automatic direc¬ 

tion finders also may be used as either manual direction finders 

or as auxiliary receivers. The selecting of the voice or the 

range signals with the range filter must be done by a suitable 

function switch in a control unit. The control of gain or volume 

is done with a variable resistor unit or ganged units. For con¬ 

trolling volume alone, where gain is not a factor, a resistor 

switch with taps has been employed. The selecting of receiver 

output circuits has already been discussed at some length. 

Units for performing the above-mentioned functions have 

in the past been designed l)y manufactunu-s and considered as a 

part of a radio unit. This practice has not been very satisfactory 

when a large number of radio units are employed. The indi¬ 

vidual control units are not economical of space and often cannot 

be locat(Hl wlu^re they are convenient to the pilots. Modern 

practice has Ikh'ii toward common control units housing all 

controls and grouping them di a manner most convenient to the 

users. Where a single unit is not possible, the various controls 

have becui grouped in units as follows: 

1. On the ceiling, all tuning and frecpiency selecting controls 

2. In the center (at tlu' airplane control j)edestal), the receiver 

output and gain controls 

3. On the cockpit walls near each pilot, the jackboxes contain¬ 

ing individual audio controls 

Receiven* functions are g(uierally divided between the ceil¬ 

ing boxes and the pedestal box. Quick-disconnect plugs are 

employed wlumever possible in order to facilitate changing these 

boxes. Mechanical plugs for quick disengagement of the 

tachometer shafts are employed. Often the recpiired number of 

plug contracts is high, and one unit employs as many as 180 con¬ 

tacts. With this type of unit a jack-screw arrangement is 
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required in order to effect disengagement. The audio-control 
system employing a single wire and ground was developed because 
of the large number of wires required for the control box. 

Although the earlier control units have been designed for the 
radio equipment, newer units are being designed for the airplane. 
This is logical and follows the practice that has always been 
used for other mechanical devi(;es on board an airplane. The 
manufacturers of aircraft engines do not design the throttle 
handles or their location in an airplane, so by the same reasoning, 
the manufacturers of radio equipment should not design the 
radio-control units. 

Fio. 217.—Front view of consolidated control panel showing audio selection 
switching, etc. {('ourUsy of United Air Lines.) 

Systems for Small Ground Stations.—This discussion will 
apply principally to ground communication stations, and not to 
range, marker, or ^^imilar types of installations. 

Since all ground stations are not alike, they may roughly 
be placed in two categories. The first of these is the station 
employed at the majority of the airports where a transport 
airplane stops. In general, this station is equipped with the 
following apparatus: 

1. A transmitter located locally and usually operating on only 
two radio frequencies (but not simultaneously) 

2. A local radio receiver operating on two frequencies 
3. A tunable receiver used to obtain weather information 

and also to monitor the local radio .range 
4. Speech amplifier for the transmitter 
5. Control panel for all facilities 
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It can be seen that with only the foregoing apparatus involved, 

the system problem is comparatively simple. In addition to 

being able to control the transmitter from the room in which 

it is located, it is necessary to control it from one or more remote 

positions. A handset is employed for this purpose. The 

earpiece of this handset is connected across the receiver output 

and the microphone to the speech amplifier for the transmitter. 

The transmitter-control problems are (piite similar to those 

described for the aircraft unit, except tliat instead of operating a 

starting sohmoid to supply plate power, the control is obtained 

by a primary contactor in the rectifier primary or an oscillator 

grid blocking relay. The filamcmts of the transmitting tubes are 

generally energiz(‘d throughout the entire 24-hr. period. The 

speech ampliner is ('m])loyed mainly to keep the input to the 

transmitter constant without the necessity for monitoring. Since 

the acoustical noise problem is not so trou})I(‘some on the ground 

as it is in tlu^ airplane, it is not lu'cessary that a monitor ampli¬ 

fier l)e used; henc(‘, side tone is usually obtained directly from 

the microphone. With the coming of the dynamic microphone, 

this is no longer tru(‘, and a separate monitor amplifier used in 

about tlu‘ sam(‘ manner as has been described for the aircraft 

amplifier has conu' into use. 

Transmitter freepumey selection is nu'chanical and is generally 

operated with a simple hand h'ver. It has sometimes been 

necessary to locate these transmit tin s a short distance from the 

control office. When this is doin', a motor- or relay-operated 

unit serves to shift fre([uency. 

One of the additional ramifications attending a ground-station 

system for a small station concerns the use of a miniature radio- 

range' transmitter. This small transmitter (or localizer as it is 

termc'd) is employe'd as a connecting link between an airport 

and an adjacent radio airway. This localizer generally has a 

power output of from 10 to 100 watts and is turned on only when 

an airplane* is kneiwn to be in the vicinity. Since identifying 

signals are not empleiyeel with this facility, it is generally neces¬ 

sary te) ceindiu't some conversation with it. When this is 

done, the heaelphone anel microphone are switched to the tunable 

receiver and the localizer transmitter, respective*ly. Arrange¬ 

ments arei provieie^d \vhie*h alleiw listening to both the tunable 

and fixed receivers simultaneously; however, since it is unneces- 
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sary to arrange for two men to listen on different facilities 

simultaneously, dual output is not required in the receivers. It 

is often essential that one operator located in the station copy 

the conversation that the second operator is conducting over the 

radio while listening outside the station for the sound of an 

airplane’s motor. 

Systems at Major Air Terminals.—In going from the airline’s 

small communication station to the major radio station, the 

scene changes from a station operated by a single man to a 

station with as many as eight operators. Whereas in the 

smaller station all the radio equipment is within the reach 

of the operator, the largest portion of the equipment at a 

major station is located at distances up to 15 miles from the 

operator. In the same room with the radio operators there 

may be a large number of teletype machines operating over 

wire circuits. 

From this description it can be seen that the systems problem 

is greatly different for these two types of stations. At these 

major stations there are two general types of controls employed. 

One of these is the plug and jack switchboard, and the other is 

the console control panel. In the plug and jack board all 

facilities come to a central board and are switched to the desired 

operator’s positions with plugs and jacks similar to those used in 

telephone exchanges. This type of control is best suited to 

stations with more than four operators. This system has 

the disadvantage that an operator must rise from his seat and go 

to the board before he can make a selection. In the second type 

of system, the controls are condensed on a panel, and each opera¬ 

tor may choose at will those facilities which he desires. In 

these control consoles are a number of amplifiers. There must be 

one amplifier for each facility available. The operator can con¬ 

nect his headset to any or all of these amplifiers. The input 

circuits to all these amplifiers are paralleled by similar amplifiers 

in the other operators’ con.soles. One of the peculiar require¬ 

ments for the audio-output system is the necessity for splitting 

the headphones so that one circuit may be connected to one 

earpiece and another to the other earpiece. This is done to 

enable the operator to cover two .circuits simultaneously. By 

having the messages come in via different ears, he can concentrate 

on only the message desired at the time. 
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The number of receivers available varies. ,At all major 

stations the most important receiver of the circuit is located 

remotely from the airport, but in order to provide a safety factor, 

another similar receiver is located locally. This means a 

minimum of two receivers. A local tunable receiver is also 

provided for monitoring the long-wave control tower and other 

transmission not directly connected with the regular com- 

Fig. 218.—Ground-station system utilizing separate eonsole amplifiers for each 
operator. 

munications circuit. Often more than one pair of frequencies is 

used, so facilities may be provided for as many as four local 

and four remote receivers as well as the interphone circuit. 

When more facilities than these are used in one station, the plug 

and jack board are employed. In addition to providing for the 

features described above, arrangements are made for switching 

the receivers to a loud-speaker. A simplified schematic diagram 

of such a control console is shown in Fig. 218. 
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The control of remote receivers has been described in Chap. IX. 

A dial system for changing gain and frequencies is the common 

method of control. Some of the newer receivers employing 

very effective automatic-gain-control circuits and carrier-con- 

trolled output no longer reciuire manual gain controls. 

The problem of controlling transmitters is usually more 

complex than that of receivers. Controls for performing the 

following functions are desirable: 

1. Connecting power to place transmitter in ready position 

2. Selecting frequency 

3. Turning on carrier 

4. Applying audio power 

5. Reducing power 

6. Resetting circuit breakers 

Connecting power to the transmitter is sometimes possi})le 

only at the transmitter it.self, but it is usually desirable if this 

function can be accomplished at the op(‘rations terminal. In 

the high-powered transmitters common to the major airline 

terminals, frequency is selected merely by applying power to the 

tlaments. Turning on the carrier is often accomplished by 

changing the bias on one of the low-powered radio-frecpiency 

stages. The bias is normal during the carrier “on’’ period and 

is increased far beyond the cutoff point during the “off” period. 

This function must be accompli.sluHl at the same time that the 

audio power is applied. The reduction of powiT is necessary in 

order to make transmissions to airplanes located on the near-by 

ramp. This reducing of power is generally accomplished by 

disconnecting the ,high-voltage supply to the last stage and 

modulating one of' the earlier stages. The rcvsetting of circuit 

breakers is necessary because there are periods wh(m momentary 

voltage fluctuations may cause overloading in the transmitter, 

which overloading causes the circuit breakers to open. Monitor¬ 

ing of remote transmitters is usually done with the remote 

receiver, so cessation of transmission is immediately noticed 

by the operator. 

An examination of the above functions indicates that all of 

them except the application of audio and turning on th(^ carrier 

may be accomplished with a dial (step-by-step system). The 

carrier must be turned on instantaneously at the time of making a 

transmission and turned off directly after it is made; so a dial 
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system is too slow for this purpose. An extra set of telephone 

lines (one set for the voice and the other for the carrier control) 

would be an added expense. One of the methods used consists 

of a simplex circuit. This circuit is pictured in Fig. 219. It 

consists briefly of two center-tapped transformers, carrying 

the audio frequencies to the transmitter. Power applied 

between the center tap and ground at the operating end of thv^ 

circuit serves to operate a relay connected between the center tap 

and ground at the transmitting end of the circuit. This circuit 

should allow the use of alternating current for control; however, 

in order that no other transfonnc^rs will be inserted in the line, it 

Microphone 
button 

Fig. 210.—Simplex system for porformiuK t wo functions with one pair of telephone 

wires. 

is necessary to makt^ special arrangements wijth the telephone 

company. When this is done, a direct copper circuit exists and 

direct curnuit can be used for the control. The provision for 

this direct copper circuit involves an additional line cost. In 

order to eliminate this cost, a tone-actuated device is applied at 

the transmitter end of the line. In brief, this apparatus consists 

of filters, amplifiers, and rectifiers. A tone is applied at the 

operating end of the line, together with the audio voltage from 

th(^ op(M*ator’s speech amplifier. When the voltages arrive at the 

transmitter end of the circuit, the}^ are separated with filters, 

and the control tone oiierates the relays that remove the exces¬ 

sive transmitter bias. This tone is chosen so that it has a 

frequency below or above the desired speech spectrum. This 

system is shown in Fig. 220. 
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At the operating positions, provisions must be made so that 

all operators can control all the receivers. This can be accom¬ 

plished by switches that connect the controlling dial to various 

lines. This same switching process can be applied to the micro- 

phone-control buttons and speech-amplifier circuits; however, 

indicator lights must be used so that all operators know which 

circuits are in use. 

Microphone 
hufk>n 

Fio. 220.—Remote transmitter-control system using a tone-operated reme>tc- 
apparatus controller. 

Microphones.—An important systems unit is the microphone. 

The carbon microphone has been very popular in the past, both 

for use in airplanes and at ground stations. The chief reason 

for its popularity was its high output which eliminated the use of 

high-gain amplifiers. This output is generally considered to be 

0.006 watt (zero level) with an output impedance of 1(X) ohms. 

The carbon microphone is, however, a square-law device(4) and 

is prone to distort. Since it is a nonlinear device, it also is prone 

to overload, and beyond a certain value of input, it does not 

produce further output. 

Another serious objection to the carbon microphone is its 

maintenance. Since the device is in almost constant use in 
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ground stations, it tends to wear out and the carbon chamber 

must be overhauled at frequent intervals. The aircraft-micro- 

phone packing problem is more serious than that of the ground- 

station unit. The vibration to which the aircraft unit is subjected 

seems to cause packing, and aircraft microphones must be 

checked at intervals of 1 to 3 months. For these reasons the 

carbon microphone has been largely replaced in all aeronautical 

ground stations with dynamic or crystal units. In the airplane 

10 20 30 4050 80100 200 300 500 1000 
Frequency,cycles per second 

Fig. 221.—Fre<iuency characteristic of airplane noise, {('ourtesy of Aviation.) 

the carbon microphone is still in common use; however, the 

installation of amplifiers will also see it replaced. 

In both aircraft and ground stations the specifications for the 

microphones are similar. The ground stations are noisj’ because 

of the activiti(»s about them, and the aircraft cockpits are noisy 

because of propeller and engine. The problem of making trans¬ 

missions in th(^se noisy locations has called for a microphone 

with limited sensitivity and response. The limited sensitivity 

makes necessary the use of the microphone close to the mouth, 

and then the head of the person speaking acts as a noise baffle. 

The sound impressed by the speakers on the microphone dia- 
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phragm is considerably more intense than the external sound. The 

sound present in the cockpit of an airplane is shown in Fig. 221(5). 

It will be noticed that considerable noise is present below 600 

cycles. Since the frequencies making for the greatest intelligi¬ 

bility (6) lie in the range around 1,000 cycles, it is possible to 

remove all low frequencies and thereby (‘liminate much of the 

noise and but little of the intelligibility. The responses of a 

typical aircraft microphone is shown in Fig. 222. The limiting 

of the response is accomplished by suitable acoustical filters and 

Frequenev, hundreds of cycles per second 

Fio. 222.—^Frequency characteristic of aircraft carbon inicrophoue. 

resonant diaphragms at the microphones. The acoustical (‘limina- 

tion of these extfaneous fre(iU(UK*i(*s h(*lps to prevent the micro¬ 

phone from being overloaded with unwant(‘d fre(iuenci(‘s. Some 

of the unidirectional microphon(*s have betai tried in place 

of the close-talking type, but it has been found that close-talking 

gives the best results. 

Headphones.—It has been common practice to use h(‘adphones 

rather than loud-speakers ((‘xce[)t as calling (h‘vic(‘s) in the; cock¬ 

pit and on the ground for the following two reasons: 

1. Headphones help (‘liminate external noi.s(‘s. 

2. They assist the operator in concentrating on the informa¬ 

tion carried over them. 

In the cockpit the noisy conditions demand(‘d the use of large 

amounts of pqwer output from thcise headplumc's. B(‘cause of 

this requirement, headphone construction has been rugged. 
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These headphones are, in fact, small loud-speakers. The 

operators on the ground, not faced with such noisy conditions, 

but faced with having to wear the headphones for longer periods, 

often wear them forward of the ears for comfort and move them 

into place when it is necessary to listen to a weak transmission. 

This method of operation necessitates the use of more headphone 

power than normal, and again the necessity for rugged construc¬ 

tion is evident. 

Headphones arc also designed for the limited response dis¬ 

cussed previously for the microphones, but, in addition, they 

1 5 10 15 20 25 30 35 40 45 50 55’ 60 65 
Frequency, hundreds of cycles per second 

Fk;. —Fro<ivioiu*y charact(*iistic of aoronautirul hoadi)h()ne. 

have a novel acoustical filter for another reason. When listen¬ 

ing to the usual aeronautical signals, the signal-to-noise ratio 

is often very low. This nu'ans that static is often very high. In 

order to ('liniinate th(» effects of this static on the ear drums, 

an acoustical filter is constructcMl around the diaphragm, which 

limits its output when sul)j(H*t(‘d to shar]) wave fronts of the typo 

produced by static. Characteristics of typical headphones of the 

type (h'scribed are shown in Fig. 223. The usual aeronautical 

headphones are d(\signed for an input impedance of 250 or 

500 ohms. 

Problems 

1. Draw a schematic diagram similar to that shown in Fig. 213 but for 

the control of two transmitters. This system must also include suitable 

side tone and provisions for interphone to mechanic and stewardess. 
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2. Draw a complete interphone, side tone, and transmitter control 

diagram based on the schematic diagram shown in Fig. 214. 

3. Devise a method for protecting the common dynamotor power supply 

described under Aircraft Radio Power Systems. 
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APPENDIX 

MECHANICAL REQUIREMENTS FOR 
AIRCRAFT RADIO EQUIPMENT 

A. WIRING 

1. All low-levol audio-frequency wiring shall be run in twisted two- 

conductor shielded cable where necessary. All microphone and 

headphone circuits shall be two-wire, balanced to ground. It is not 

permissible to ground one side of any headphone or microphone 

circuit. 

2. All wiring shall be color coded. The (*olor-coding scheme shall 

conform to the standards of the R.M.A. in so far as they apply. 

3. All connections to parts inside shielding cans should be so arranged 

that the can may be removed for inspection of the parts inside, 

without the necessity of threading connecting leads through holes 

in the can. It is permissible to umsolder a lead from a stud in order 

to accomplish this. Receiver-tube grid leads may be threaded 

through a hole in a can. 

4. S()lid wnre may be used provided that it is supported at intervals 

not to exceed 1 \ in. Wherever flexing will be encountered, stranded, 

tinned, pushback wire made of at least five strands and having a 

cornbim'd area not smaller than No. 20 R. S. gauge shall be used. 

r>. All wire carrying less than 3(X) volts shall withstand a 500-volt 

insulation breakdown test, after being subjected to moisture, bend¬ 

ing and vibration. It shall be capable of giving 5 years of service in 

aircraft. Wire for higher voltages shall be approved by the buyer. 

C. Where wiring passes through metal, it shall be fully protected by use 

of fiber grommets. Rubber grommets of the highest quality may be 

used only with tlu* buyer’s approval. 

7. Wiring cabh‘s shall b(‘ supported by clamps at intervjils of not less 

than 0 in. \inless otherwise .secured by soldered ends, grommets, etc. 

8. (Irid wire and all high-impedance leads, unless rigidly supported 

to the structure, shall be covered with two layers of varnished cambric 

tubing which shall ('xtend ov(‘r the solder lugs of both ends of the wire. 

9. Fireproof wire sliall b<» u.sed wherever practical. 

B. RESISTORS 

1. All fixed resistors shall ]>e mounted on terminal boards. 

2. No resistors shall be supported by pigtails, except when the pigtails 

hold down the resistors flat on a board. 

395 
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3. The maximum wattage dissipated in any resistor shall not be more 

than three fourths of the manufacturer’s rating. In any case, the 

maximum wattage dissipated in the resistor shall not be more than 

three-fourths that wattage which will give normal resistor life. 

4. Resistors that dissipate a substantial amount of heat shall be spaced 

adequately from other parts to prevent damage. 

5. In the case of large resistors, mounting shall be provided which will 

adequately protect the resistors from breakage due to mechanical 

shock. 

C. CAPACITORS 

1. All paper by-pass condensers subjected to 250 volts or less shall 

carry a manufacturer’s working voltage rating of 400 volts. Where 

subject to greater than 250 volts, the condenser shall be test rated 

to 50 per cent higher than the greatest voltage that will appear. 

2. All paper condensers shall be metal ciised and seah'd from moisture 

and shall have soldering lugs. 

3. The wax used in condensers shall not How at any temperature up to 

160°F. 

4. All mica condensers shall be of 500 volts test rating when the com¬ 

bined peak alternating and direct voltage is not more than 250 volts. 

When the combined alternating- and direct-current peak potential to 

which such condensers are subjected exceeds 250 volts, the manu¬ 

facturer’s test rating shall be at least twice the voltage tluit is actually 

applied to the condenser. 

5. Condensers shall be mounted securely. They shall not be mounted 

by means of their leads, ex(‘ept in the case of mica condensers of the 

“postage-stamp” size, which may be lead supported when the con¬ 

denser is held Hat against a terminal board. In this case, the length 

of lead from the condenser to the terminal-board securing hole shall 

not exce('d J in. 

6. A self-cleaning, noiseh’ss method of making contact between the 

rotor and thp case of variabh* conden.s(*rs shall be used. \o pigtails 

shall be used'on variable conden.sers. 

7. Microphoni(! noise from condenser plat(‘s shall not be detectable 

in the headphones or visual indicator with the receivers adjusted 

to maximum .sensitivity and subjected to vibration in an airplane. 

It is estimated that the equipment rack shock mounting will attenu¬ 

ate the airplane vibration amplitiule by 20 db. 

8. Microphonic noise shall not be detf‘ctabh* in the modulat(*d or 

unmodulated output of transmitters when subjected to vibration in 

an airplane. 

9. Trimming condensers shall be of the air dielectric type and shall be 

provided with suitable and positive locking device's. The locking 

devices shall be so arranged that they will automatically indicate 

whether they are in the locked or unlocked position. No mica 

padders of any type shall be used in receiver-tuned radio-frequency 
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circuits unless they are fixed and sufficiently temperature compen¬ 

sated to prevent receiver output voltage changing more than 50 per 

cent under —40 to -|-160"F. temperature changes. P'riction locks 

may be used only on very small air condensers. 

10. Variable condensers that normally are not adjusted in flight shall be 

equipped with a positive locking means, as well as a pointer, to indi¬ 

cate approximate position. The means adopted shall be such that a 

quick visual inspection will reveal whether or not the condenser is 

locked. 

11. No electrolytic or other type condensers shall be used where the 

lowering of capacitance, due to temperatures as low as — 40°F., will 

noticeably affect the operation of any part of the equipment. Elec- 

tmlytic condensers shall be; rated for a 50 per cent higher voltage 

than appears in th(‘ circuit in which they are used. 

12. Liquid or semili(|uid filled condensers shall not l:)e used in an inverted 

position unless their manufacturer specifies that the condensers have 

no jx)sitional limitations. This limitation does not apply to so-called 

dry electrolytic condens(*r^. 

13. C'ondensers carrying radio-frequency currents shall not exhibit more 

than a 40^C\ rise when operated on a 15-min. on, 30-min. off basis. 

The ambient temperature shall be 160°F. first cycle and 132°F. for 

the remaining cycles. 

D. MECHANICAL 

1. The chassis may be made of simple lightweight castings, extruded 

shapes, or bent aluminum shapes with strength and stiffness factors 

equal to castings, (’hassis parts, where practical, shall he used in a 

mann(*r that will permit easy di.sa.ssembly so as to allow access to 

parts for major rewiring, etc. 

2. The distance from (he bottom of any main equipment unit to the 

s\ibpanel on which e(piipment is mounted shall not exceed 4 in. 

3. Where possible, all (ajuipment should be mounted on the subpanel, 

and no efpiipment shovdd b(‘ mounted on the sides of the chassis. 

4. Parts shall not be stacked one ujxm the other. F^ach part shall be 

removable without disturbing any other part. 

5. The chassis shall be dust-tight with respect to units affected by dust. 

It is permissible to have high-temperature units such as resistors in 

exposed places of impn)ved ventilation. 

6. Wherever machine screws are used to hold parts together, they shall 

work into metal of ample thickness to ensure permanency of the 

threads. 

7. All nuts Knd bolts shall use standard threads (4-40, 6-32, 8-32, 10-32). 

No self-tapping screws shall be used. Aluminum and duralumin 

screws and nuts shall not be used without specific approval. 

8. The insulating material of the sockets shall be sufficient to prevent 

any appreciable leakage in moist air conditions and shall not be sub¬ 

ject to cold flow. 
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9. The socket contacts shall he attached to the socket in a manner that 

will make it impossible for the contact to turn from its normal position 

directly below the prong hole. 

10. Positive locks shall be provided for tube sockets carrying tubes of 

the physical size of the type 210 or larger. All tubes with composition 

bases, except receiver tubes, shall be locked into the socket by some 

means other than their bayonet pins. 

11. No ground connections shall be made through rivets. 

12. All parts shall be held together with machine screws in such a manner 

that any part may be removed without the removal of other near-by 

parts. 

13. The rivet-head type of nut shall be used so that machine screws niay 

be removed without holding the nut. 

14. Nuts shall be sold(‘red to their machine sen^ws on those assemblies 

which are replaced as a unit and parts of which are not salvaged. 

15. No soldering point shall be crossed by wires so that thcTe is danger 

of burning the in.sulation from such wires when soldering the joint. 

16. No part shall be .so placed that it will harm adjacent parts or wiring 

due to overheating or chafing. 

17. Itadio manufacturers shall provide suitabh' test limits and instnic- 

tions .so that the buyer may know when and how to replace dry-disk 

rectifiers and other units that age considerably. 

18. Ceramic insulating material shall be mounted so that destructive 

strain cannot b(? placed on the material during normal assembly or 

service. 

19. Whenever possible, standard, nationally known and distributed 

parts shall be used. The number or kinds of parts and the number 

of part types and ratings shall be kept to a minimum. 

20. Plug and relay contacts shall be (*a.sy to inspect and readily acce.ssibh; 

for cleaning. 

21. It shall be easy to .solder wiring at the back of plugs without movifig 

other wires. 

22. Wiring diagrams shall show the symbol for each part, the manu¬ 

facturer andliis type de.signation of that part, and the rating of the 

part. 

23. A parts list shall be provided for each major equipment unit, which 

shows the function of the part in the circuit and ordering information. 

24. A blueprint clearly showing the position of all tubes by type number 

shall be fastened in the cover of all major equipment units. 

25. The function of all tuning adjustments shall be suitably marked. 

Arrangements shall be made for sealing these adjustments. 

26. The plugs chosen by the seller shall be submitted to the buyer for 

approval. Power plugs mounted on front panels shall be equipped 

with extraction locking rings. 

27. Telephone type relays are undesirable and, if used, shall operate at 

twice ngrmal contact pressure. All relays used shall be approved 

by the buyer. 
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28. Cadmium plating shall be used on all metal parts except aluminum 

and duralumin and except those subject to wear from handling. 

Nickel plating shall be used on items subject to wear due to handling. 

No bearing surface shall be plated. 

29. Mechanical-shift mechanism bearings shall be sufficiently large so 

that they will not allow undue slack after 5 years of use. Steel or 

bronze bearings are preferable. 

30. With the exception of bearings such as those that occur on variable 

condensers and roller contact coils, all bearings shall be of dissimilar 

metals. 

31. All antenna trimmers shall be accessible from the front of the unit. 

32. All soldering shall be done with rosin flux only. 

33. The manufacturer shall supply one copy of instruction books per set 

of e(iuipinent. 

34. The manufac4ur(*r shall provide each unit with a serial number 

stamped directly into the metal of the chassis or on a name plate 

permanently affixed thereto. The manufacturer shall also provide a 

suitable patent plate. The name plate and patent plate may be 

combined. The serial number must b(^ capable of being easily read 

when the ecpiipmcmt is in its mounting rack. 

35. Th(* d(‘sired serial numbers to be stamped on the plates shall be in 

accordance with the buyer’s designation. 

36. Wherever metal parts are fastened together, they shall be clean and 

bright and make; good (dectrical contact. 

37. Units such as sockets, condensers, and transformers, which are 

replaceable on failure, shall not be held to the chassis by means of 

rivets. 

38. The rear of the chassis shall be provided with adequate protection 

against scuffing such as that which occurs when it is dragged over 

concrete. 

39. The chassis cover shall bo provided with a means for preventing 

scuffing of its edges when the receiver is inserted in a mounting rack. 

40. If crystals are to be used, the holder shall be provided with a retaining 

clamp. This crystal clamp shall be approved by the buyer. 

E. GENERAL TEST REQUIREMENTS 

1. The equipment shall bear a (’AA approved-type certificate. 

2. Misadjustment of circuits occurring during service procedure shall 

not result in damage to any parts (other than tubes) due to overheat¬ 

ing or excessive voltage when operated in such condition for a period 

up to 15 min. 

3. All equipment shall be thoroughly stable in operation regardless of 

the condition of the tubes used, provided that tubes are neither 

defective nor have dropped below their normal rejection point. 

4. The performance of the equipment shall not vary appreciably upon 

substituting any good tube of the type used. 
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5. Tubes need not be operated within their published ratings; however, 

if manufacturers intend to operate tubes above published ratings, they 

shall so state. 

6. Transformer windings shall not be damaged by A.I.E.E. standard 

transformer test procedure. 

7. The tuning of transmitters and the alignment of receivcTS shall be 

made as simple as possible. Special credit will be attached to a reduc¬ 

tion in the number of adjustment controls. 

F. IMPREGNATION 

1. Samples of each general type of fixed condensers, resistors, and 

impregnated coils (outside of their own container) shall not be 

affected materially by submersion in sea water for 24 hr. at 132'"F., 

and power transformers and wiring cabh's shall not lx* affected 

materially by being subjected for 72 hr. to 95 p(‘r cent humidity at 

132°F. Before making the tests after submersion, their exteriors 

may be dried. 

2. Audio transformers, chokes, coils, and similar parts shall be mount('d 

in metal containers. Impregnation compound shall be used in these 

containers to exclude all moisture. This nxpiin'inent may b(‘ waivi'd 

if sufficient weight saving can be shown. 

3. Impregnation compound, wherev(‘r used, shall not l)e subjc'ct to (low 

at ambient temperatures as high as IbO^'F. 'bhis naiuinumait shall 

not be interpreted as applying to cold flow. In no cas(‘ shall com¬ 

pound drip at 132^F. ambient with e(iuii)ment opc'rating. 

G. MAINTENANCE PROVISIONS 

1. When a time for the removal of a chassis from a mounting rack is 

specified, the time shall start whim tlu* nna hanic is in place in the 

airplane at the ecpiipment, ready to start nunoval. Wlnm the time 

for the replacement of parts in a cha.ssis is specified, the time' shall start 

when the cha.^sis is on tin* workbench and shall includ(‘ the time for 

dust-cover removal and reattachinent. 

2. Any cha.s.sis shSill be removable from a mounting rack in the airplane 

within \ min. Xo tools shall be reejuired for such removal. 

3. The dust cover on any chassis shall be nanovable in 1 min. 

4. It shall be possible to replace any fixed resistor or fixi'd coiUlenst'r 

within 7 min. 

5. It shall be possible to replace any tube socket within 10 min. 

6. It shall be po.ssible to replace any other part within 15 min. 

7. The alignment of trimmers shall be made simph*, and it shall be 

possible for trained personnel with adequate test equipment to com¬ 

pletely align any receiver within 10 min. 

8. Except for plugs, it shall be necessary to nunove only two thumb¬ 

screws or their t^quivalent in order to remove* any receiver chassis 

from a mounting rack. 

9. All main f4^uipment units shall be designed so that they can be laid 

on the bench on either end, front or back, or top or bottom without 
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damage to the equipment, their weight to be supported by amply 

heavy structure. 

10. All trimmers except those for the antenna should be adjustable from 

the top of the chassis. In any case, it shall not be necessary to invert 

the unit to reach trimmers. 

H. MOUNTINGS 

1. The dimensions of the units shall be in accordance with Figs. 224, 

225, and 226 or approved multiples of the dimensions shown on these 

figures. 

2. The mechanical design of all major equipment units shall be such as 

to permit the mounting of all units in one or more compact racks. 

It shall also be possible to mount each unit in an individual rack. 

The racks, whether used for individual units or a number of units, 

will be shock mounted and will normally remain in the airplane. No 

major equipment unit itself will be shock mounted. 

3. The sizes of units, wiring hose, and attaching plugs, as well as a 

system for securing apparatus units in the racks, shall be as shown in 

h^igs. 227 and 228. 

4. The apparatus for securing the equiprmmt in the rack shall be so 

constructed that it will not rattle under airplane vibration. 
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Fig. 227.—Standard mounting for transport aircraft radio equipment. {CourtBsy 
Aeronautical Radio, Inc.) 
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Abnormal polarization, definition, 

229 
effect, on Adcock direction finders, 

240 

on loop direction finders, 234 

on spaced loops, 243 
Absolute altimeters, capacity, 208 

definition, 198 

need for, 199 
radio, 211 

sonic, 199 

Accessiliility of radio equipment, 10 

Adcock direction finder, error caused 

by abnormal jiolarization, 241 

minimum sii^nal error, 249 

principle of, 236 

unbalanced current effects, 246 
Adjacent chaniud interference, 296 

Aircraft (‘ommunications antennas, 

275 

calculating^ characteristics of, 277 

electrical characteristics of, 281 
fixed-wire, 277 

short trailing wire, 276 
shunt-excited, 277 
trailin^:-wire, 275 

Aircraft direction finders, automatic, 
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Busijruios, 134 

errors, qiiadrantal, 142 

when usiiiK range stations, 137 

simple type*, 127 

Aircraft generators, common type, 

333 

newer type's, 336 

Aircraft indicators, 9, 382 

Aircraft power supply systems, alter¬ 

nating current, 340 

Aircraft power supply systems, com¬ 
mon type, 330 

growth of electrical demand, 328 

how related to radio systems, 328 

variable frequency, 344 

Aircraft systems, introdue^tion to, 8 

Aire'aft transmitter, frequency¬ 

changing methods, 289 

other elesign considerations, 290 

output-circuit design, 285 

Alford loe)p, 85 

as an ultra-high-frequency range 
receiving antenna, 100 

use with aural ultra-high-fre- 

quency range, 87 

Aneroid altimeter, 198 

Antenna, receiving, for Bendix- 

Tnited instrument landing 

system, 182 

effect on cone of silence, 147 

effect on fan and Z markers, 157 

Antenna systems, 352 

Antennas, for aircraft communica¬ 

tions, 275 

(See also Aircraft communica¬ 

tions antennas) 

for Bendix-United instrument 

landing transmitter, 177 

for Bureau of Standards glide 

path, 174 

for fan markers, 156 

for ground-station communica¬ 

tion, 300 

(See rt7«o G rou nd-st a t ion 

antennas) 

for low-frequency range receiving, 
66 

for receiving microwave markers, 
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Antennas, for receiving ultra-high- 

frequency markers, 157 
for simple horizontally polarized 

ultra-high-frequency range, 83 

for simple vertically polarized 

ultra-high-frequency range, 84 

for ultra-high-frequency airplane 

communications, 310 

for ultra-high-frequency ground 

station, 324 

for ultra-high-frequency range re¬ 

ceiving, 100 

for Western Electric Company 

altimeter, 222 

for Z marker, 152 

Attenuation factor for plane earth, 

260 

Audio characteristics of range re¬ 

ceiver, 65 

Audio output, level, 369 

systems, 366 
Audio switching, 372 

B 

Bearing errors, of aircraft direction 

finders, 137, 142 

of ground-station direction finders 

{see Source of errors in ground- 

station direc^tion finders) 

Bendix-United instrument-landing 

system, 176 

Bonding {see Noise suppression) 

Bureau of Standards instrument¬ 

landing system, 174 

C 

Capacity altimeter, 208 

Gunn type, 209 

magnitude of capacity, 209 

results of development, 211 

Cardioid field pattern, of a loop and 

vertical antenna, 126 

of an omnidirectional range, 93 

Communications {see Medium-high 

frequency; Ultra-high fre¬ 

quency) 

between ground stations, 269 

Communications, receiver, 5 

systems, 5 
transmitter, 5 

Compass, magnetic, as an aviga- 

tional device, 1 

Conduits for electrical systems, 335 

Cone of silence, 146, 147 

objections as a marker, 149 

Cone-of-silence pattern, 147 

effect, of near-by/objects, 148 

of receiving antenna, 148 

Control units, cockpit, 382 

Course, rotation, 36 

shifting and bending, 40 

Course aberrations, bending, 72 

caused by loop antennas, 107 

multiples, 75 

Critical frequency, 268 

Current-limiting relay, 333 

D 

Deviation of airplane from true 

course, 2 

Dielectrics, effect of moisture on, 13 

Direction finders {see Aircraft direc¬ 

tion finders; Ground-station 

direction finders) 

Drop test, 17 

effect on radio equipment, 17 

E 

Effective height, of low-frequency 

receiving loop antennas, 119 

of low-frequency transmitting loop 
antennas, 31 

Equipment failure, 7 

design considerations, 9 

F 

Fading, causes of, 231 

of communications signals, 269 

effect on accuracy of ground- 

station direction finders, 245 

Fan markers, 153 

need for, 154 
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Field pattern, of Alford loop on air¬ 
plane, 101 

of aural ultra-high-frequency 
range, 87 

of communications antenna, 283 
definition of, 25 
equation for low-frequency loop, 

25 
of low-frequency aural radio 

range, 29 
of low-frequency visual radio 

range, 57 
of visual ultra-high-frequer'!y 

range, 90 
Field strength, calculation, for air¬ 

plane signals, 259 
for low-frequency range, 59 

from low-frequency range loop, 36 
minimum for satisfactory com¬ 

munication, 265 
of an ultra-high-frequency range, 

95 
Filters, for simultaneous range re¬ 

ception, 56 
for suppressing image frequency, 

99 
Fix, 128 
Forced draft for radio equipment, 14 
Frequencies, for alternating-current 

electrical systems, 341 
for communications, 275 
for markers, 151 
for radio altimeter, 217 
for radio range, 31 
for ultra-high-frequency commu¬ 

nications, 308 
for ultra-high-frequency range, 90 

Frequency channels, utilization of, 
for communications, 293 

Frequency selector units, 382 
Fuses, 335 

G 

Generators {see Aircraft generators) 
Geographical coverage, of low-fre¬ 

quency radio range, 59 
of ultra-high-frequency radio 

range, 95 

Glide path, 169 
Bureau of Standards, 169 
C.A.A.-I.T.D., 186 
C.A.A.-M.I.T., 192 
calculation of, 170 
control of shape, 184 
shape of, 172 

Goniometer, adjustment for maxi¬ 
mum course stability, 52 

installation in aural range station, 
57 

use, for range course rotation, 36 
with ground-station direction 

finder, 238 
Gn und-station antennas, common 

types, 300 
directionals, 302 
practical limitations, 301 

Ground-statioti communications re¬ 
ceivers, local type, 300 

number of frequencies, 298 
remote operation of, 299 

Ground-station direction finders, 
Adcock, 236 

Pan-American system, 253 
spaced loop, 242 
Ignited Air Lines system, 255 
Western Electric system, 254 

Ground-station direction finding, 
need for, 225 

problems of, 226 
requirements, 226 

Ground-station installations, char¬ 
acteristics of, 22 

considerations in, 22 
Ground-station transmitter, adja¬ 

cent channel interference, 296 
location of, 295 
method of providing multifre¬ 

quency operation, 295 
number of frequencies, 293 
power of, 296 

H 

Handles on aircraft radio equipment, 
10 

Headphones, 392 
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High-impedance loops, comparison 

with low-impedance loops, 126 

Humidity, from wet- and dry-bulb 

thermometers, 13 

Humidity test, 11 

I 

Indicators, for automatic direction 

finder, 132 

for Bureau of Standards invStru- 

ment-landing system, 175 

for C.A.A.-M.LT. instrument¬ 
landing system, 195 

for low-frequency visual radio 

range, 58 

for radio compass, 129 

Installation of aircraft direction 

finders, 142 

Instrument landing, history of, 168 

need for, 168 

principles of all systems, 169 

Instrument-landing systems, Bendix- 

United, 176 

Bureau of Standards, 174 
C.A.A.-I.T.D., 186 

C.A.A.-M.LT., 192 

Interphone sy.stems, 373 

Inverse current relay, 333, 336 

Ionosphere, in aircraft communica¬ 

tions, 269 

characteristics of, 266 

Ionosphere waves, characteristics 

of, 227 

fading of, 230 

path deviation, 231 

polarization, 228 

predicting behavior of, 270 

scattering, 232 

L 

Localizer, 385 

Loop, low-frequency transmitting, 

dimensions of range type, 31 

effective height of, 31 

field pattern ^f radio range, 24 

inductance of, 32 

Loop, low-frequency transmitting, 
resistance of, 35 

ultra-high frequency (see Alford 

loop) 

Loop antennas, high impedance, 120 

low-frequency receiving type, 

effect on precipitation static, 

107, 108 

low impedance, 122 

principles, 110 

shielded, 118 

M 

Markers, for Bcndix-United instru¬ 

ment-landing system, 180 

for Bureau of Standards instru¬ 

ment-landing system, 174 

for C.A.A,-1.T.D. instrument¬ 

landing system, 191 

for C.A.A.-M.LT. instrument¬ 
landing system, 194 

cone, 146 

fan, 153 

microwave, 164 

other 75 megacycles, 156 
2-typo, 150 

Mediurn-high-frequency communi¬ 

cations, history, 257 

need for, 257 

practices, 258 

Mediuin-high-fre(|uency direction 

find(*rs, 253 

{See also (Iround-station direc¬ 

tion finders) 

Microphones, 390 

Modulation, control for aircraft 
transmitter, 363 

control for ground-station trans¬ 

mitter, 297 

of transrni.ssion by propellers, 313 

type of for ultra-high-fre(iuency 

communications, 309 

Moisture, effect on ultra-high-fre¬ 

quency range antenna, 89 

effect on ultra-high-frequency re¬ 

ceiving antenna, 102 

Monitor for C.A.A.-I.T.D. instru¬ 

ment-landing system, 191 
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N 

Network for Alford loop, 102 

Night effect with radio ranges, 43 

Noise in cockpit, 391 

Noise suppression, 349 

O 

Omnidirectional range, principle of 

operation, 92 

RCA type, 93 

Optical path of radio waves, 96 

Output-circuit design for, aircraft 

transmitter, 285 

TL range, 48 

Overloading of radio range receiver, 

66 

P 

Path deviation, effect on direction- 

finding accuracy, 231 

magnitude of, 232 

Phase, alternating-current system, 

343 

Polarization of radio waves, in 

Rendix-Unit(*d instrument-land¬ 

ing system, 178 

effect on direction finding, 228 

{See also Abnormal j)olariza- 

tion) 

effect on ultra-high-frequency 

range, 82 

for ultra-high-fre(]uency commu¬ 

nications, 309 

Power output of transmitter under 

humidity test, 12 

Power supply systems, 328 

{See also Aircraft power supply 

systems; Systems for aircraft 

radio power) 

Power unit for Western Electric 

(k)mpany altimeter, 222 

Precipitation static, 106 

causes of, 107 

Pressure, effect on radio apparatus, 

19 

Pressure, effect on sonic altimeter 
accuracy, 205 

test, 18 

Prime movers, 343 

Q 

Q of coils, effect of moisture, 12 
Quadrantal error, 143 

correction for, 143 

R 

Radio altimeters, 211 

Alexanderson, 212 

early types, 211 

Western Electric, 214 

Radio compass, 128 

Radio echoes, types of, 234 

Radio range, aural low frequency, 

characteristics of, 29 

course, 30 

history, 24 

installation, 7 

principles of, 29 

as road, 3 

simultaneous type, 53 

TL type, 45 

I'.S. system, 31 

{See also Omnidirectional radio 

range; I'ltra-high-froquency 

range; Visual radio range) 

Radio range course, 30 

intersection as marker, 146 

R^idio road, 3 

{See also Riidio range) 

Range filter, characteristics of, for 

low-frequency simultaneous use, 

55 

Receivers, aircraft communications, 

291 

Bendix-United instrument land¬ 

ing, 180 

Bureau of Standards glide path, 

175 

C.A.A.-I.T.D. glide path, 187 

C.A.A.-I.T.D. localizer, 191 
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Receivers, C.A.A.-M.I.T. instru¬ 

ment landing, 194 

ground-station communications, 

298 

(See also Ground-station re¬ 

ceiver) 

low-frequency radio range, 62 

radio compass, 138 

75-inegacyle marker, 160 

ultra-high-frequency communica¬ 

tions, 321 

ultra-high-frequency ground sta¬ 

tion, 324 

ultra-high-frequency range, 97 

Western Electric Company altim¬ 

eter, 219 

Relays, antenna, switching, 354 

transmitting, 359 

brush lifting, 380 

high voltage, 361 

system, 361 

S 

Scattering, 232 

causes of, 234 

effect on bearings, 232 

Sensitivity of receivers under hu¬ 

midity tests,. 12 

Service, equipment, 21 

organization, 19 

[personnel for aircraft equipment, 

20 

procedure for aircraft radio, 19 

shops, 21 

Shielding, 350 

(See also Noise suppression) 

Shock mounting, 10 

Signals from airplanes, character¬ 

istics of, 264 

Sonic altimeters, commercial avail¬ 

ability, 208 

distance indicators, 202 

errors in, 205 

limitations of, 206 

performance of, 207 

sound detectorsy 201 

sound generators, 199 

Sound power for sonic altimeter, 207 

Source of errors in ground-station 

direction finders, diversity, 246 

instrument, 252 

minimum signal, 249 

other ionosphere-propagated wave 

characteristics, 244 

polarization, 240 

terrain, 250 

unbalanced currents, 246 

Space patterns of antennas (see 
Field pattern) 

Spaced-loop direction finder, 242 

effect of abnormally polarized 

Waves on, 243 

minimum signal errors, 249 

unbalanced-current effects, 246 

Split headphones, 386 

Stability of receivers, C.A.A.-I.T.D. 

glide path, 187 

marker, 163 

Switches for aircraft electrical sys¬ 

tems, 335 

Systems for aircraft radio power, 

direct-driven generator, 380 

dynamotor, 381 

individual and common dyna¬ 

mo tors, 381 

vibrator converter, 381 

wind-driven generator, 379 

Systems for aircraft transmitters, 

357 

applying filament power, 357 

applying plate power, 361 

audio for the transmitter, 362 

connecting antenna, 358 

silencing the receiver, 360 

stopping the transmission, 365 

Systems for audio output, dual 

stages, 368 

high level, 369 

hybrid coil, 366 

low level, 369 

segregation by resistors, 366 

Systems at major air terminals, 386 

Systems for remote carrier control, 

simplex, 389 

tone, 389 
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Systems for small ground stations, 

384 

Systems engineering, 348 

T 

Telephony, radio, use of, 5 

Temperature, effect, on circuit ele¬ 

ments, 14 

on crystals, 14 

on tuning, 13 

specification, for glide-path re¬ 

ceiver, 187 
for ultra-high-frequency ground- 

station transmitter, 323 

test, 12 

Terrain, electrical characteristics of, 

62 

Test, C.A.A., aircraft radio equip¬ 

ment, 10 

Testing marker receivers, 162 

Testing radio compasses and direc¬ 

tion finders, I.U.K. standards, 

140 

r.S. Army method, 140 

Towers, range, characteristics of, 46 

construction, 47 

ctfoctive heiglit, 47 

resistance, 47 

Trailing-wire discharger, 108, 109 

Transformers, for coupling h)W- 

impedance loop, 122 

for low-frequency range receiving 

antennas, 69 

Transmitters, aircraft, 289 

{See also Aircraft transmitter) 

aural loop-type ultra-high-fre¬ 

quency range, 87 

Bendix-United instrument land¬ 

ing, 179 

Bureau of Standards glide path, 

174 

C.A.A.-I.T.D. glide path, 186 

C.A.A.-I.T.D. localizer, 191 

C.A.A.-M.I.T. instrument land¬ 

ing, 194 

fan marker, 155 

Transmitters, ground communica¬ 

tions, 293 

{See also Ground-station 

transmitter) 

simple ultra-high-frequency range, 

85 

simultaneous range, 56 

ultra-high-frequency airpraft, 320 

ultra-high-frequency ground sta¬ 

tion, 323 

Z marker, 151 

U 

Iltra-high-frequcncy airplane com¬ 

munications antenna, series 

type, 310 

shunt type, 311 

space patterns of, 313 

Ultra-high-frequency communica¬ 

tions, airplane antenna, 310 

airplane receiver, 321 

airplane transmitter, 320 

ground-station antenna, 324 

ground-station receiver, 324 

ground-station transmitter, 323 

microwave communication, 326 

need for, 307 

transmission anomalies, 317 

use of, 308 

Ultra-high-frequency range, aural 

type, using loop, 87 

simple type, 83 

tests in mountainous country, 78 

visual two-course ultra-high-fre- 

quency, 90 

l^nhalanced-current effects, in a low- 
frequency receiving loop, 116 

method of compensation, 117 

V 

Vertical antenna, ultra-high-fre- 

quency range array, 84 

use to shift range courses, 42 

Vibration, effect, on radio apparatus, 

15 

on relays, 15 

test, 14 
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Visual radio range, principle of, 56 

two-course ultra-high-frequency, 

90 

Voltage, aircraft electrical system, 

alternating current, 343 

common, 330 

optimum, 337 

variable frequency, 346 

induced in loop antenna, 112 

output of loop antennas, 119 

phase of, induced in a loop, 115 

Voltage regulator, common type, 333 

new type, 336 

Volume controls, 383 

\V 

Weight, aircraft communications re¬ 

ceiver, 293 

aircraft communications trans¬ 

mitter, 291 

automatic direction finder, 140 

C.A.A.-I.T.D. glide-path receiver, 

188 

capacity altimeter, 211 

common aircraft generator, 333 

DC^3 electrical system, 336 

limit, 10 

low-frequency range receiver, 65 

marker receiver, 164 

prime movers, 344 

Weight, requirements of aircraft 

radio equipment, 10 

sonic altimeter, 207 

storage battery, 333 

transformers, 341 

24-volt ele(?trical system, 337 

ultra-high-frequency aircraft-com¬ 

munications unit, 323 

ultra-high-frequem^y range re¬ 

ceiver, 100 

varial)le-frequency system, 346 

Western Electric Company altim¬ 

eter, 223 

Western Electric Company altimeter, 

antennas, 221 

description, 217 

history, 214 

performance, 222 

power unit, 221 

principle, 215 

receiver, 219 

testing, 222 

transmitter, 218 

Wire, common type, 334 

effect of humidity on, 11 

Z 

Z marker, 150 

effect of atmospherics on, 151 

Z marker pattern, 150 

change with sensitivity, 151 
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