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Survey of Radio Navigational Aids 

By ROBERT I. COLIN 
Federal Telecommunication Laboratories, Inc., Nutley, New Jersey 

Editor's Note: The.fi:e!d of radio ai�s to air naviftation has become increasingly complex, particularly 
as a result of. wa.r activities. T_hose actively engaged in specialized aspects within the field, as well as new
comers, find it difficult to obtain a broad and up-to-date view of even the major developments and proposals. 
A 1�umbe.r of co-workers suggested to the. author .tha� he prepare a compact survey of the field; the reception 
which this timely paper met prompted its publication in Electrical Communication. 

1. Introduction 
1 . 1  Dead Reckoning Versus Radio Methods 

I. Basic Types of Radio Navigational Systems 

2. Type A :  Directional Receiving Systems 
2 . 1  General Principle 
2.2 Airborne Direction Finding 
2.3 Ground Direction Finding 
2.4 Direction Finding Versus Range or Track Systems 

3. Type B: Absolute-Distance Systems 
3 . 1  General Principle 
3.2 Pulse Method (Shoran, Oboe) 
3.3 Timing Principles 
3.4 Responder-Beacons (IFF) 
3.5 Phase- and Frequency-Modulation Methods 
3.6 Radar Principle (PPI Display) 

4. Type C: Differential-Distance Systems 
4.1 General Principle 
4.2 Pulse Method (Loran, Gee) 
4.3 Phase Method (Decca, Raydist) 

5. Type D :  Directional Transmitting Systems 
5 . 1  General Principle 
5.2 Limited-Coverage Ranges (A-N Range, Landing 

Beam) 
5.3 Intermediate-Coverage Ranges (Consol, Sonne) 
5.4 Omnidirectional Ranges (Navaglobe, CAA Omni

range) 

6. Ambiguities 
6. 1 General Nature 
6.2 Directional Systems (Types A and D )  
6 . 3  Pulse-Distance Systems (Types B and C) 
6.4 Phase-Distance Systems (Types B and C) 

1 .  Introduction 

IRPLANE NAVIGATORS dream of a 
day of no sextant, no compass, no 
Greenwich time, no lines of position, no 

pressure-pattern or assorted other charts and 
computers, no mathematics, and no time out at 
the plotting board. Commerical airline operators 
dream of a day of no navigators. 

They await the perfection of some sort of 
completely automatic direct-reading indicator of 

II. Air Navigational Applications 

7. General Navigational Requirements 
7 . 1  Types of Information 
7.2 Reliability 
7.3 Accuracy 
7.4 Presentation 
7.5 Independence 

8. Short-Range Applications 

8. 1 Radio Altimeters (TCI) 

8.2 Landing-System Requirements 
8.3 Instrument Landing Systems (ILS) 
8.4 Ground-Controlled Approach (GCA) 
8.5 Radio M ileposts (Marker Beacons) 

9. Medium-Range Applications 

9 . 1  General Requirements 
9.2 Distance Indicators (DME) 
9.3 Radar for Navigation and Anticollision 
9.4 Rotating-Beacon Principle (Orfordness Range) 
9.5 Navar Principle 
9.6 Automatic Position Plotting (APP) 
9.7 Relayed Radar (Teleran, Navascope) 

10. Long-Range Applications 
10 .1  General Requirements 
10.2 Distance Requirements 
10.3 Differential Distance Versus Directional Trans-

mitting 
10.4 Propagation Problems 
10.5 Specific Systems 

1 1. Conclusion 

pos1t10n, such as the latitude-longitude meter 
sketched in Fig. 1 ;  or a mechanism that moves a 
stylus or spot of light to pinpoint the observer's 
position on a map ; or a combination radio beam 
and automatic pilot that guides the airplane as 
unerringly along a prescribed path as the flanged 
wheels of a railway car. Such devices would be a 
great convenience, and with the rapidly increas
ing density, range, and speed of traffic, they 
become urgently desirable for aircraft use. 

2 19  
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Many promising and glamorous radio aids for 
navigation have been developed or proposed for 
short- or medium-distance applications ; radar 
techniques are often employed. The very long 
distance or transoceanic air navigational prob
lem appears to be a knottier one. Appreciating 
the technical difficulties, if not sheer impossibil
ity, such an instrument as pictured in Fig. 1 can 
now be called only an "artist's conception,"  a 
fantasy. But men have dreamed before, as of 
talking over wires, flying through the air, and 
using atomic energy. 

\Vith the relaxation of wartime restrictions, a 
number of new types of navigational aids have 
been disclosed, their principles no longer dis
simulated by the military code names under 
which they masqueraded. The time is, therefore, 
opportune for making a general survey and classi
fication of radio aids to navigation to see what 
they might contribute toward the "impossible," 
yet eagerly awaited, ideal system. 

1 . 1  DEAD RECKONING VERSUS RADIO METHODS 

Devices like the so-called air-position indica
tors (API) or ground-position indicators (GPI) 
should be mentioned at the outset. They are in 
various stages of development ; their indicators 
in fact resemble that of Fig. 1 quite closely. 
These are essentially dead-reckoning devices 
which attempt to indicate present position by 
computing the net direction and distance made 
good from some known past position of the craft. 
They are analogues of the "dead-reckoning 
tracers" sometimes used on surface ships, in 
which the track of the ship is mechanically 
plotted on a map by taking continuous account 
of the direction of the ship's heading as indicated 
by a compass, and the distance or speed of 
travel as indicated by the revolutions of the 
propeller. 

The basic difficulty with such methods is that 
a ship or airplane is moving through a medium
the sea or the atmosphere-which is itself moving 
with respect to the earth� That movement of 
ocean current or wind drift is erratic in speed and 
direction, and its measurement by an observer 
immersed in the very medium is quite a feat. 
Inherently difficult problems arise in the accurate 
and continuous determination of true direction 
and distance from compass, time, acceleration, 

and air-speed readings, since compass variations, 
wind speed, wind direction, and other trouble
some factors must be both determined and taken 
into account. 

Besides, for reliability, it is fundamentally 
desirable that a navigational system should 
place no dependence on unbroken continuity of 

Fig. 1-An ideal indicator for navigation. 

all past readings, even if all the factors were ca
pable of being measured accurately. One should 
rather be able .to make an independent or fresh 
position determination at any time instantane
ously, or nearly so, "starting from scratch" so 
to speak. Indeed, reliability, independence, and 
capability of covering all traveled areas at all 
times are basic requirements for an ideal naviga
tional .system, for which mere convenience should 
be sacrificed, if necessary. 

Radio waves travel great distances almost 
instantly ; the idea of using radio for giving 
navigational guidance quickly and freshly oc
curred to people only shortly after radio proved 
useful for communication purposes. Many and 
various, even confusing, are the radio naviga
tional schemes and their names. To evaluate 
them intelligently, one should have in mind a 
clear classification of their principles and their 
inherent capabilities and dra whacks ; very often 
the differences between systems are merely in 
details that may be changed. Fundamental 
principles and characteristics are emphasized in 
the following description of the four basic types 
into which all radio navigational aids may be 
classified, even those whose fanciful noms de 
guerre may still only be whispered. 
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The classification used in this survey and the 
order of presentation are to a certain extent 
arbitrary for there are various ways of classifying 
radio navigational aids, such as by navigational 
techniques, electronic techniques, radio-fre-

quency bands, modulation, etc. No compart
mentation can be absolutely clean-cut. The 
simple one used, however, is quite logical and 
illuminating, and is a convenient framework for 
the survey. 

I. Basic Types of Radio Navigational Systems 
2. Type A: Directional Receiving Systems 

2 . 1  GENERAL PRINCIPLE 

These are the oldest radio navigational aids 
and probably will always be useful to some ex
tent. Their principle is based on the fact that 
certain types of antennas, loops in the simplest 
case, receive radio energy strongly or weakly 
depending on how they are oriented with respect 
to the incoming direction of the radio waves. 
Thus, by turning the antenna and observing how 
the received signal strength varies, the direction 
from which a radio ray from a distant transmitter 
strikes the antenna may be determined. 

Many aircraft and most surface craft carry 
direction finders (DF) working on this principle, 
such as simple radio 
compasses, aural-null 

TRUE NORTH 
FROM RECEIVER 

2t 0 1  � I  Q I  
o I � I  
l2 1 
� I  15 1  
0 

A great advantage is that the system always 
(in principle at least, neglecting errors) indicates 
the direction of the radio waves regardless of the 
type of transmitter. Its frequency, modulation, 
directivity, etc. , is practically of no consequence ; 
no special transmitting stations need be erected. 
A craft equipped with a simple direction finder 
can take bearings of any radiotelegraph, radio
telephone, or radio-range station within its 
distance and tuning range. Unfortunately, no 
direction finder is a completely independent or 
self-sufficient navigational aid, as next explained. 

2 .2 AIRBORNE DIRECTION FINDING 

Fig. 2 illustrates how a direction-finder reading 
observed on an airplane reveals the direction of 

TRUE NORTH 
FROM TRANSMITTER 

t 
I 
I 
I 

RADIO RAYS I 
FROM TRANSMITTER I 

I 
I 
I 

direction finders, or 
automatic visual direc
tion finders. Indications 
may be of the aural, 
meter, or cathode-ray
tube type. Some of the 
companies that have 
contributed to the de
velopment of direction 
finders for air and ma
rine use include Sperry, 
Bendix, Radio Corpo
ration of America, Fed
eral, British Marconi, 
Societe Fran!;aise Ra
dio, and a number of 
others. The antennas 
are commonly loops ; 
but may be other spe
cial arrays such as Ad
cocks, horns, or curved 
surfaces as in radar 
applications. 

I I TBt = 70° 

I 

I 
1 TH 
1 20· 
I 
I 
I 
I 
I 

Fig. 2-Principle of airborne direction finding. 

TH = true heading, determined by compass indication with corrections. 
RB = relative bearing of the transmitter, obtained with the direction finder. 
TB, = true bearing of the transmitter = TH + RB. 
TB, = true bearing of the receiver = TB, + 180 degrees = reciprocal of TB1• 
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the incoming waves only with respect to the 
airplane's fore-and-aft axis, a rather vague 
reference except for homing purposes. 

Homing makes use of the fact that the radio 
ray follows the most direct or shortest path be
tween the transmitter and receiver. This path is 
actually the arc of a great circle on the earth ; for 
short distances it is practically a straight line. 
Thus the direction finder may be said to "point 
toward the transmitting station."  A homing 
flight, however, making use of this property 
alone for guidance, will in general not result in 
the airplane actually following such a direct 
path. Just as in the case of courses steered by 
reference to magnetic compass directions or 
bearings, cross winds alter the actual track of the 
airplane into something other than a direct 
path.1• 2 

To determine the true bearing of the radio ray, 
that is, its direction with respect to the local 
meridian or true north line, the navigator would 
have to read, in addition, a magnetic compass 
(and correct it for variation and deviation) .  
This additional step i s  necessary to establish 
the observer's latitude-longitude position by 
direction-finding methods. Homing ability is 
only one item in navigation ;  ability to make a 
complete "fix" at any time is the basic naviga
tional requirement. 

Whether observations are aural, visual, celes
tial, or radio type, a fix is always established by 
measurements of distances, directions, or both, 
of the observer from other objects whose geo
graphical positions are known. As a surface has 
length and breadth, any single observation lo
cates one only partially on it. Knowledge of the 
distance from a known landmark means only 
that one is somewhere on a circle of that radius 
centered about the landmark. Knowledge of the 
direction from a known landmark means only 
that one is somewhere on a: straight line, or great 
circle, drawn at that bearing from the landmark. 
A line of these or other shapes, along which an 
observer must be definitely located as a result of 
a single navigational observation, is called a line 
of position (LOP). For a complete location or 
fix, one must know the position of a landmark or 

1 "Practical Air Navigation,' '  CAA Bulletin 24, 1945 
Edition ; p. 229. 

2 Stewart and Pierce, " Marine and Air Navigation," 
Ginn and Company, New York (1944) ; p. 237. 

two, make two observations, and draw two lines 
of position. The observer's position, or fix, is 
then definitely at the intersection (or at one of 
the intersections) of the two lines of position. 

For short distances, say up to 200 miles or so 
where the earth's surface may be considered 
plane, this process is. fairly straightforward 
using an airborne direction finder and a compass. 
Fig. 2 illustrates how one line of position may be 
drawn. Note that the direction finder and com
pass combination gives the direction of the trans
mitter as "seen" from the airplane, position 
unknown. A direction from an unknown point is 
rather vague information. To draw a line of 
position, the direction of the airplane from the 
position of the transmitter must be known. It is 
obvious that if a person on an airplane were to 
sight (by eye or by radio) along a straight line to 
the transmitting station, then a person at the 
transmitter would have to sight exactly back
wards along the same straight line to see the 
airplane. And, as assumed in Fig. 2 ,  if north 
(from which bearing angles are measured) at the 
receiver is parallel to north at the transmitter, 
then the desired line of position bearing is the 
exact reverse or reciprocal of the observed bear
ing. By reciprocal angle is meant the original 
angle plus 180 degrees. 

At longer distances, however, there are com
plications in using airborne direction finders. 
The curved shape of the earth must be considered 
and some thought given to the precise meaning 
of "direction. "  Directions or bearings from a 
given point are usually specified by the angle 
measured, generally clockwise, from the meridian 
or true north line at that point. This is because 
north (or south) , as determined roughly by a 
compass, ultimately by celestial observations, is 
the only natural reference direction available 
independently everywhere on the earth. Unfor
tunately, as Fig. 3 attempts to show, true north 
is not a constant reference direction always 
parallel to meridians or north lines at other 
places on the earth. Geographical north is a 
horizontal direction line on the earth's surface, 
and these lines converge toward the poles of the 
earth. Especially at high latitudes, the north line 
of an observer distant in longitude from a 
transmitter, is not parallel to the north line at 
the transmitter. The convergence, or amount of 
deviation from parallelism of the two meridians, 
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could be calculated and allowed for-provided 
one knew the precise location of both places. But 
in a navigational problem, by definition, the 
observer is ignorant of his own position ; that is 
just what he wishes to find out. 

The direction-finding observer is thus in this 
peculiar position : He has measured the arriving 
direction, with respect to his own compass north, 
of the radio ray that reached him after travel
ing from the transmitter along a direct path, but 
that knowledge alone does not tell him the 
departing direction, relative to the transmitter's 
compass north, at which that same radio ray 
left the transmitter. The transmitter emits radio 
rays in all possible directions at once ; to plot a 
line of position, the observer must be able to 
identify that one of them which reached him at 
the observed direction-finding angle. 

One partial way out is open to the navigator 
if he knows his position approximately, as by 
dead reckoning. Then by visual estimation or 
calculation or by reference to special tables 
compiled for just that purpose, he can find out 
the convergence between the two meridians in 
question. The departing direction of the ray at 
the transmitter is then equal to the reciprocal of 
the direction-finder bearing of the same ray on 
arriving at the airplane, plus now the appropriate 
meridian convergence correction. This ray could 
then be plotted as a great circle bearing on a 
suitable map. 

NORTH 
I 
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Apart, however, from the fact that plotting a 
great circle on a map is not always easy, there is 
an additional complication. The great-circle path 
of the radio ray from transmitter to receiver is not 
itself the radio line of position corresponding to 
the airborne direction-finder observation. Fig. 3 
illustrates how a number of radio rays may leave 
a transmitter at different bearings, each one 
traveling along a different great-circle path, and 
yet arrive at a number of different points at the 
identical incoming or direction-finding angle. 
The curved, non-great-circular line drawn so as 
to join these points smoothly is the line of posi
tion that is characteristic of a direction-finding 
bearing measured on an airplane. To draw it ac
curately is a complicated process, involving also 
knowledge of the geometric properties of the 
particular map projection being used.2• 3 

At short or medium distances, where airborne 
direction finding is chiefly used, the various com
plications may be neglected partially or com
pletely without serious error. Since this survey is 
concerned with navigation at all distances, at 
least the existence of the complications must be 
mentioned. If full understanding is still lacking, 
that fact may illustrate the point that navigation 
by direction-finding methods is only deceptively 
simple, at least at long distances. In any discus
sion of long-range navigational aids, one cannot 
escape the three-dimensional problems caused 

a P. 233 of reference 1. 

Fig. 3-Direction-finding complications at long distances. TB, = TB, + 180 
degrees + meridian convergence correction. 
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by the sphericity of the earth. One may hope that 
four-dimensional space ships and navigational 
methods are never invented. 

2 .3 GROUND DIRECTION FINDING 

The situation is improved in some respects if 
the airplane transmits to two suitably located 
ground receiving stations. In this case, the true 
direction of the airplane, as "seen" from each of 
two known positions, is measured directly. That 
direction, laid out from the meridian at each 
ground station, is the radio line of position of the 
airplane. It is a great-circle arc and may be 
drawn as a straight line on a suitable map, viz. : 
on any projection for short distances, on a Lam
bert projection up to moderately long distances, 
and on a Gnomonic projection in the general 
case. The fix, as created by the intersection of 
two great-circle lines of position, might also be 
determined without graphical plotting by spher
ical trigonometry or by special devices. 

Ground direction finding is frequently used for 
locating surface ships by reference to coastal 
receiving stations ; it is sometimes, especially in 
emergencies, used for locating airplanes. For 
military purposes of spotting enemy ships, sub
marines, or airplanes, this method is fine since it 
requires no cooperation from the craft other than 
the emission of any type of radio signal. The 
"Huff-Duff," or high-frequency automatic di
rection finder, developed by Federal, is an ex
ample of this application, bearings being readable 
even on the shortest "squirts" of radio energy to 
which transmission was purposely limited to 
confound conventional, slow-reading direction
finding devices. But this is for special military 
purposes ; it is applicable to ground observation 
of air traffic, a function important in itself but 
not, strictly speaking, a navigational aid. For 
intentional navigational use by the craft itself, 
ground direction finding and related methods 
(such as ground-based radar) suffer from certain 
fundamental drawbacks. 

First, the distance range is more limited than 
in airborne direction finding because an airplane 
cannot carry a very powerful transmitter. 
Second, the airplane must first get in radio con
tact with a ground station to request its help ; 
this and another suitably located ground station 
must take bearings on the airplane simultane-

ously, compare notes, plot the fix, and then radio 
the answer back to the airplane, which by this 
time may have moved. This procedure not only 
takes time, which is more serious with aircraft 
than with ships, but it also forces the navigator 
of the craft to depend on second and third 
parties, located at other places and less vitally 
concerned than is the navigator. This sort of 
thing is fundamentally objectionable in any 
navigational aid. Also, another return radio link 
is involved. Finally, ground direction finding is 
extremely "saturable" ;  that is, only one airplane 
at a time can use the ground stations' facilities. 
In summary, direction finding of the airborne or 
ground type is not a self-sufficient or independent 
navigational aid ; it requires either compass 
indications or relaying of information from the 
ground. 

2.4 DIRECTION FINDING VERSUS RANGE OR 
TRACK SYSTEMS 

Although suitably supplemented direction 
finding is ultimately capable of giving a fix, that 
ability is not the only item in navigation, or the 
one wanted most of the time. Especially on long 
overseas flights, the pilot is concerned not so 
much with where he may be exactly, as with the 
constant problem of how. to steer so as to reach 
his destination most directly. Steering by only a 
compass or radio direction finder leads to trouble
some off-course wanderings caused by variable 
wind effects, which mount up on long flights. 

The pilot would like a radio navigational aid 
which gives him continuous track guidance or a 
sort of invisible radio beam to follow. He would 
like a single instrument to tell him continuously 
if he is on the prescribed flight path, and if not, 
whether he should steer left or right to return to 
that flight path. Such an instrument could also 
be arranged to guide the airplane along the flight 
path automatically, in conjunction with an 
automatic pilot. The essential thing is that each 
radio indication, entirely by itself, should cor
respond to a fixed line of position on the earth. 
Such systems, in contrast to directional receiving 
systems, are commonly ref erred to as radio range 
systems. 

There may be some confusion in thetuse of this 
term, for one common meaning of range is dis
tance, as in gunnery and radar. It is. true that 
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some radio navigational systems are of the pure 
distance type, giving circular lines of position, 
but, in most radio ranges, the term is used by way 
of analogy with the marine range principle, by 
which a pilot can guide his ship along the fixed 
straight-line path established by the visual align
ment of two distant landmarks. In fact, in such 
radio ranges, the line of position is in effect 

. delineated by two or more landmarks-antennas 
in this case-suitably aligned, the "sighting" 
being done by one of a variety of radio means. 

CIRCULAR LINE OF POSITION 
FOR 160- MICROSECOND DELAY 

ORIGINAL 
RADIO RAYS 

Fig. 4-Absolute-distance principle used in Shoran 
system. 

Perhaps the most familiar and widespread 
example of a radio range or track guidance sys
tem is the four-course aural-type A-N installa
tions operated all over the U.S.A. by the Civil 
Aeronautics Administration. A variety of other 
radio range schemes exist and give differently 
shaped lines of position. An ideal range sytem 
should not be limited toaspecificnumberofbeams,4 
but rather give omnidirectional service ; that is, 
the pilot should have track guidance available 
completely around a ground station. Then at all 
points he could use intersecting beams or lines 
of position from two stations to get a fix when
ever desired. Furthermore, the shape of the 
beams should be such as to offer convenient and 
direct flight paths between air terminals. 

4 In radio range systems, the term "beam" is perhaps 
misleading but it is common; it really stands for the 
expression "observable radio line of position." 

The three remammg basic types of radio 
navigational systems are each capable of giving 
range-type service or track guidance ; each has a 
characteristic shape of line of position. Questions 
of omnidirectional service and other features of 
convenience depend on specific system details. 

3. Type B: Absolute-Distance Systems 

3 . 1  GENERAL PRINCIPLE 

The principle is that the distance between an 
airplane and a remote point is determined by 
measuring the time it takes a radio wave to 
make a round trip between the two points, one 
of them being at a known position on the earth. 

3.2 PULSE METHOD (SHORAN, OBOE) 

In Fig. 4, an airplane emits a brief pulse of 
radio energy in all directions. Some of this radi
ation hits the known object and causes many re
flected rays to be emitted in all directions from 
that point. One of these reflected rays travels 
back to the airplane, where it is received. This 
all takes a very short, but measurable, time. If 
the reflected pulse arrives back, say, 160 micro
seconds after th_e original pulse went out, the 
one-way passage must have taken 80 micro
seconds. Since radio waves travel at very nearly 
186,000 miles per second, or 0. 186 mile per micro
second, by simple arithmetic the distance be
tween the airplane and the reflecting object must 
be close to 15  miles. 

From this single observation only distance, not 
direction, is revealed. Therefore the airplane 
must be on a line of position which is a circle 15  
miles in  radius centered about the plotted posi
tion of the reflecting object. The procedure for 
drawing a circular line of position on a map would 
depend on the projection used ; special charts 
could be drawn up in advance showing numerous 
lines of position corresponding to various time 
observations. By flying so as to keep a steady 
time-delay indication, the pilot could accurately 
fly along any desired circular flight path. This 
radio beam is a distance type of range, analogous 
to piloting by means of an optical (parallax 
method) or acoustic (echo method) range or 
distance finder on board a surface ship. To get a 
fix, the navigator would observe the time delay 
from a second reflecting object and note where 
the two circular lines of position intersect. 
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Shoran, developed by the Radio Corporation 
of America, and various types of distance-meas
uring equipments (DME) work essentially on 
the principles just described. 

Alternatively, the primary transmissions and 
the time measurement could take place at a 
ground station, the airplane itself, or a responder
beacon on it, serving as the reflecting object. 
This is the principle of the British Oboe system. 
There enters the problem of relaying the distance 
or fix information, determined on the ground, 
back to the airplane via another radio link. 
Lines of position are still circles centered on the 
ground station. Service radius is still limited by 
the requirement of reflections (or aided responses) 
from the airplane. It might also be noted that 
circular flight paths are not especially useful, 
except for "orbiting" or "holding" maneuvers 
around airports, preparatory to landing. These 
methods, however, have proved very useful for 
military and other applications demanding great 
accuracy in pin-pointing a fix as there are very 
accurate timing methods available. 

3.3 TIMING PRINCIPLES 

Measurement of the microscopic time inter
vals involved is done by special electronic means, 
generally in conjunction with a cathode-ray 
tube whose screen performs the function of the 
dial of a watch. An electric current is caused to 
make an electron beam behave like the sweep
second hand of a watch. The position of the 
electronic hand or beam can be made visible on 
the cathode-ray-tube screen. The hand starts 
moving from zero each time the basic pulse 
("main bang") goes out, and sweeps along the 
time graduations at a uniform rate. Some time 
during this sweep, the echo pulse arrives and 
illuminates the hand at that instant by causing 
a "pip" of light ; the position of this pip against 
the scale of uniform time graduations indicates 
the time interval, as when using a watch. In 
some cases, the electronic watch hand sweeps 
around in a circle continuously like an ordinary 
watch hand (circular time-base sweep) ; in most 
cases the electronic hand moves laterally or 
radially outward in a straight line, and at the 
end must be very quickly reset to zero as when 

one rapidly double-clicks a stop watch to start 
the process over again (linear sawtooth time
base sweep) . In each case, the hand must travel 
at a 'uniform�speed, �and care must be taken to 

ECHO 
PULSE 

Fig. 5-Principles of two common ways of displaying on 
a cathode-ray tube the time interval between pulses. 
Graduations may indicate time in microseconds or the 
corresponding distance in miles. 

have it start from zero each time the main pulse 
goes out. The electronic hand moves too rapidly 
to allow one to follow its motion directly, there
fore it is kept dark and its momentary position 
is made visible only when pulses occur. Each 
single pip or visible pulse is too brief to notice, 
as in the case of a single frame of a moving
picture film ; and as in moving pictures, repeti
tion, together with persistence of vision, solves 
this problem. Two ways of indicating such time 
intervals are shown in Fig. 5. 

In some cases, controls are provided to move 
the echo pip into apparent coincidence with the 
main pulse pip, and the time is given by the posi
tion of the control. In certain applications, such 
as radio altimeters and distance indicators, the 
electronic circuits may be arranged to produce a 
direct-reading mechanical meter-type indication, 
generally not so accurate. In all cases, the ulti
mate or theoretical limit of accuracy with which 
the exact time of occurrence of a pulse can be 
determined depends on how short the pulse can 
be made. As the minimum length of a pulse is 
inherently limited by the bandwidth of the radio 
channel, increases in ultimate timing accuracy 
for radio distance measurements require wide 
channels which are practically available only in 
the higher-frequency region of the radio spec
trum. 
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3.4 RESPONDER-BEACONS (IFF) 

There must be some provision for distinguish
ing those echoes that are produced by the desired 
reflecting object at the known location from the 
mass of echoes that are produced by reflecting 
objects located at various other points in the 
path of the primary. radiation. Where airplane 
interrogators are used, the problem may be 
solved by installing responder-beacons at the 
desired ground locations. These beacons consist 
of a receiver-transmitter combination and are 
also called transponders and racons. Military 
code names, often of a fanciful character, have 
been applied to them. Reception of each inter
rogation signal or pulse automatically triggers 
the transmitter into radiating an answering 
signal. This answering signal (active response 
or artificial echo) is stronger than a passive or 
natural echo, so that the range of service is 
increased. For positive identification of the dif
ferent responder-beacons, the answering signals 
may be coded distinctively or may occur on 
different radio channels. 

In systems where the primary transmitter or 
challenger is located on the ground, responder
beacons on the airplane are valuable for increas
ing the range, as natural echoes from airplanes 
are quite weak, and for identification purposes. 
Identification-of-friend-or-foe (IFF) systems, 
used in wartime to identify airplanes spotted as 
pips on radar displays, worked on these prin
ciples ; friendly airplanes were provided with 
responders which coded their answering pulses 
in a prearranged manner. 

A single responder-beacon may provide auto
matic answering service for a number of different 
interrogators at the same time, but there is a 
limit. One factor determining the saturability of 
the system is the power capability of the trans
mitter portion of the responder ; if the energy 
per response pulse (which affects the range) is 
not to fall off, the total number of pulses per 
second that the transmitter may radiate is limited 
by its rated (average) power output. A second 
factor holds true also for systems using natural 
echoes ; there is a limit to the number of different 
sets of interrogation or response signals that can 
exist on a given radio channel without likelihood 
of interference, even though each set may be 
composed of brief and widely separated pulses. 

3.5 PHASE AND FREQUENCY-MODULATION 
METHODS 

Absolute distance may be determined in other 
ways than by using brief pulses ; but in all cases 
transmitted and reflected energy must be used 
and the observation is fundamentally, if not 
directly, a measurement of time. 

The transmitter may emit continuous-wave 
radio energy. In this case, the difference between 
the instantaneous phase of the departing wave 
and the phase of the wave arriving back after re
flection is measured. This phase difference de
pends on the total number of wavelengths and 
fractions thereof included in the total round-trip 
distance ; this in turn depends on the total dis
tance and the known wavelength or frequency of 
the radio signals. In all cases of wave motion, the 
instantaneous phase changes uniformly by 360 

· degrees per wavelength as one travels along the 
path of the wave. The phase at any one point 
also varies with time, according to the radio
frequency rate ; but at all times the difference in 
phase between any two points is constant, de
pending only on the distance between the points 
in terms of wavelength. Thus measurement of 
phase differences may be a convenient and sensi
tive way of determining distance. This principle 
is used in one form of the Raydist system. 

A related method is to vary the radio frequency 
of the outgoing radio waves, usually at a saw
tooth rate, and to compare the instantaneous 
difference in frequency between outgoing waves 
and reflected incoming waves. This difference 
depends on the time of travel of the waves and 
is measured by some type of differential fre
quency meter. This principle is used in some 
forms of radio altimeters or terrain-clearance in
dicators (TCI) .  

3.6 RADAR PRINCIPLE (PPI DISPLAY) 

Radar is a combination of types but is logi· 
cally mentioned at this point because one part of 
it is always 

·
an absolute-distance system, gener

ally of the pulse type. In radar, defined as a 
system for "radio direction and ranging," a 
complete fix is obtainable by simultaneous deter
mination of a circular line of position from the 
absolute-distance system and a radial straight 
line of position from the directional system, both 
based on the same landmark. 
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The principle is illustrated in Fig. 6. The bear
ing or directional line of position is obtained by 
the use of directional antennas for receiving or 
for transmitting. Actually, most radar systems 
use the same antenna for both emitting the 
original radio waves and receiving the reflected 
, waves. Brief pulses are transmitted along a 
sharply defined narrow beam5 instead of in all 
directions. The direction of this beam is gradu
ally changed by physical rotation of the antenna, 
which is therefore said to scan in all directions. 
The echos are displayed pictorially as spots of 
light on a cathode-ray-tube screen. Radial dis
tance of the spot of light corresponds to the time 
delay or actual distance of the reflecting object. 
The direction at which the spot appears corre
sponds to the actual bearing of the antenna at the 
instant of echo reception. All distances and direc
tions are with respect to the position of the 
antenna installation, which corresponds to the 
center of the display. This type of display is a 
polar-coordinate plot and is referred to as a 
plan-position indicator (PPI) .  

If the radar set is  on the airplane, bearings are 
relative to the axis of the airplane and require a 
compass correction for absolute or true orienta
tion. On a ground radar installation, the true 
bearing of the airplane from the landmark is 
indicated directly. This is satisfactory for ground 
observation or traffic-control purposes, but if the 
ground radar is to constitute a navigational aid, 
both the distance and the directional information 
must be relayed back to the airplane via another 
radio link. 

Radar antennas, directional and capable of 
rotation, add considerable weight and drag to 
airplanes. In any case, they require the use of 
rather high-frequency radio waves to avoid ex
treme size. This, in turn, limits the service range 
approximately to line-of-sight or horizon dis
tances, even for ground radar. Thus, while 
absolute distance and radar systems are spectacu
larly useful for military purposes and appear 
promising for ground control of air traffic, as 
navigational aids they seem to be restricted to 
short- and medium-distance applications. 

For military applications, normal (primary 
or unassisted) radar is particularly effective be-

5 In this case, the word "beam" for radio line of position 
is used with justification. 

cause no cooperation from the airplane is neces
sary. For civil purposes, the performance of 
ground radar, in respect to clarity of presentation 
and range of service, can be improved by install-
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Fig. 6-Radar principle using plan-position type of 
indication. 

ing responder-beacons in aircraft. The artificial 
responses are stronger than natural echoes and, 
if they are on a different radio channel, the radar 
receiver can reject all natural echoes and ground 
clutter to produce a clear display. The response, 
being artificially produced on the airplane, can be 
coded to convey information such as the altitude 
of the airplane a:nd its identification. Thus, 
beacon (secondary or assisted) radar will doubt
less find extensive use in civil air-traffic-control 
systems. 

4. Type C: Differential-Distance Systems 

4. 1 GENERAL PRINCIPLE 

In this type of system the difference in distance 
between an airplane and two different ground 
stations is determined, but again making use of 
the known speed of travel of radio waves. 
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4.2 PULSE METHOD (LORAN, GEE) 

Fig. 7 illustrates . the essential principle. Two 
ground transmitters, A and B, each emit brief 
pulses of radio energy at exactly the same time. 
To reach an airplane located at X, the signals 
travel along different paths. If the lengths of the 
two paths are different, one pulse is received 
later than that from the other ground station. 
This time difference or delay is a measure of the 
difference in path length, or BX minus AX. 

In Fig. 7, the 300-microsecond delay observed 
at the airplane reveals only that distance BX 
minus AX, or distance B Y  minus A Y, and so on, 
equals about SS miles. Many different points may 
correspond to that same time or distance differ
ence. The exact line of position depends on the 
time difference and on the location of the two trans
mitters, bu t in any case is one of a family of hyper
bolas (by the geometric definition of such curves) 
on a plane surface. The line of position of no 
time difference, or of equal path length, to express 
it more generally, is clearly the perpendicular 
bisector of the line joining the two ground stations. 

This is the essential principle of Loran, de
veloped by the Radiation Laboratories at 
Massachusetts Institute of Technqlogy ; Gee, 
developed in Britain ; and a number of related 
systems, all sometimes 
referred to as hyperbolic 

SYNCHRONIZING 
SIGNAL 

Other basic characteristics include the follow
ing: Simple nondirectional antennas are used. 
Stations A and B must be separated by a con
siderable distance, up to several hundred miles 
or the time differences become too small t� 
measure accurately. Station B must constantly 
receive signals from station A for control pur
poses for the times of emission of signals from 
both stations must be accurately synchronized. 
To cover a given area with one family of lines of 
position, two suitably related ground stations 
are required and an airplane must be within 
reception distance of both stations. 

A fix is established by observing the time delay 
with respect to another pair of ground stations 
within range and noting the intersection of the 
two hyperbolic lines of position. The two pairs 
of stations may have one station in common. 
Special charts are required to facilitate the 
interpretation of time delays into Jines of position 
on a map. These charts have ordinary latitude 
and longitude lines plus the hyperbolic lines 
corresponding to various time delays from a 
number of pairs of stations in the area, with al
lowance for the curvature of the earth and the 
properties of the map projection all figured in 
advance. 

HYPERBOLIC LINE 
OF POSITION FOR 
300 - MICROSECOND TIME 
DIFFERENCE 

LINE OF POSITION FOR 
ZERO TIME DIFFERENCE 

systems. Organizations 
that have built or are 
building Loran equip
ment in the U.S.A. in
clude RC.A., General 
Electric, Sperry, Fed
eral , and others. One 
great advantage of 
differential- over abso
lute-distance systems 
is that there is no 
need for a return signal 
from the airplane. This 
increases the practical 
service range. More
over, the system is not 
saturable for any num
ber of airplanes can 
use the signals simul
taneously. The obser-

� .  
"SLAVE "  

B 0'::i:...... 
TRANSMITT1 ' 

vations are made di
rectly on the airplane. 

Fig. 7-Differential-distance principle utilized in Loran system. The transmission 
times in microseconds are given for each of the four radio paths shown. 
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Although Loran requires no rotating or di
rectional antennas and is thus not restricted to 
very-high-frequency line-of-sight applications, 
the fact that brief pulses are used places some 
restrictions on the operating wavelength and 
bandwidth. The wavelengths at which Loran is 
usually operated allow service up to about 700 
miles by day and about 1400 miles by night, 
but, unfortunately, the transmissions are subject 
to the ionospheric disturbances that plague all 
high-frequency radio signals. 

By flying so as to keep a constant time delay, 
the pilot can guide his airplane accurately along 
any line of position as a track. Hyperbolic lines, 
however, are not generally suitable as direct 
flight paths. The central or zero-delay line of 
position is an exception, being a straight line or 
great-circle path. But for this line to pass 
through a given air terminal requires siting 
ground stations at two additional locations. This 
may not always be practicable in remote regions 
or at islands in midocean ; and, in any case, none 
of the other lines of position "lead home." 
Indication of time delay is not automatic but 
requires skillful and time-consuming observations 
and manipulations of cathode-ray-tube devices. 
This, however, is an engineering detail which may 
no doubt be improved ; it has certain advantages 
in fact in that it provides a visual indication of 
the quality of the signals for monitoring purposes. 

With all these drawbacks, differential-distance 
systems have been put to extensive use for short 
and medium-long ranges, especially in military 
applications, because of their great accuracy and 
reliability up to a certain variable limiting range. 
Whether reliable world-wide coverage can be 
obtained, either by improving the dependable 
distance range or by finding sufficient pairs of 
suitable land sites, is a question that has not yet 
been answered. 

4.3 PHASE METHOD (DECCA , RAYDIST) 

Differential-distance systems, like absolute
distance systems, may employ continuous waves 
instead of pulses, with phase comparison instead 
of direct time-delay measurements. This is the 
principle of one form of Raydist, an accurate 
system suitable for surveying, and of the Decca 
system developed in Britain by the company of 
that name. In the latter, master and slave 

stations emit pure continuous-wave radiations 
accurately synchronized in radio-frequency phase. 
At any distant point, the diff'erence in phase be
tween the two waves received on an airplane 
depends on the difference between the number of 
wavelengths, and fractions thereof, in each path. 
The lines of position are still hyperbolas and the 
system has most of the other basic characteris
tics of Loran, except of course that there are no 
inherent limitations on the operating frequency 
or bandwidth. Other practical complications do 
arise. These involve the question of ambiguities 
and the special relations between the radio 
channels of a pair of stations. 

Differential-distance systems of either the 
pulse or the phase type may alternatively work 
on the principle of having two separate ground 
stations receive signals from the airplane. Lines 
of position are still hyperbolas. A link is now re
quired for comparing the time or phase of recep
tion at the two ground stations ; an additional 
radio link is needed to relay the information 
back to the airplane. Range is limited by the 
necessity for an airborne transmitter ; and, like 
ground direction finding, the system is saturable. 
While perhiJ-ps useful for some special military 
applications, as in Micro-H, this method is 
clearly unsuitable for a long-range self-sufficient 
navigational aid. 

5. Type D: Directional Transmitting Sys
tems 

5 . 1  GENERAL PRINCIPLE 

Here the fundamental principle is that the 
transmitting antenna system has directional 
characteristics ; that is, the radio signals trans
mitted in various directions from the station 
are different in some measurable respect. 

If the transmitter is located at a ground sta
tion, the radio lines of position are fixed straight 
lines or great circles radiating from that point. 
If airborne, type-D transmitters are generally 
limited to radar applications where antennas 
may be small ; range of service is then short so 
that meridian convergence is negligible. The 
lines of position, however, are relative to the 
fore-and-aft axis of tqe airplanes as in airborne 
direction finding (see Fig. 2) ; but just such rela
tive indications are useful in locating nearby 
obstacles for anticollision service. 
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Antennas are given directional properties by 
making them large compared to the wavelength 
or by using arrays of antennas suitably spaced 
and phased. The principle is the same as in any 
wave-interference phenomenon, as occurs also in 
optics and acoustics, in which the waves from the 
individual sources annul or reinforce each other 
depending on how they combine in phase along 
different directions. 

Radar antennas are a special case in which, 
because of the high frequencies used, the antenna 
"dish" or array can be very large compared to a 
wavelength and yet be small or moderate in 
physical size. Such antennas can produce practi
cally one single sharp beam, and the radio line of 
position is simply the direction in which the 
antenna is pointing. Being small, the antenna 
can be physically moved around so as to point 
in any desired direction. Service range, however, 
is limited to radio line-of-sight. 

At lower frequencies, directional effects are 
obtained by the use of two or more antennas 
separated from a quarter to several wavelengths. 
Actual size is large and practically precludes 
physical rotation. Sharp beams are not produced 
by such systems. At these frequencies, common 
examples of directional radiation patterns or 
graphs, which indicate the relative signal strength 
in various directions, are shapes like the figure
of-eigh t and the cardioid. 

This variation of signal strength cannot, by 
itself, be used immediately to indicate direction. 
This is because the actual signal strength existing 
at a given point depends also on transmitted 
power, distance, and propagation conditions, 
which factors cannot be expected to remain con
stant. They must be made to cancel out in some 
manner so that only the effect of the directional 
properties of the transmitting antennas on the 
signals remains. A radiation pattern, in fact, 
indicates only the relative strength of signals in 
different directions if all other factors are as
sumed to be constant. Fortunately these other 
factors are constant at a given point for short 
time intervals at lea�t. 

Therefore in these systems, the transmitter 
always emits at least two types of signals, cor
responding to two different directional patterns, 
so that regardless of the actual strengths of the 
two signals at � given time and distance, their 

relation to each other is constant and depends 
only on the bearing of the observer. Both signals 
may vary for one reason or another-even re
ceivers vary in sensitivity-but all these vari
ations affect both signals in the same proportion 
provided the two types of signals are emitted 
simultaneously or in very rapid alternation. 

At the frequencies in question, it is impracti
cable to produce different directional patterns by 
physical movement of the antennas. Instead, 
they are produced by electrical means ; that is, 
by switching to different pairs of antennas or by 
changing the electrical excitation (current 
strength, phasing, or both) of a given set of 
antennas. Thus, with physical movement limited 
to small electrical control devices, the lobes of 
the directional patterns from a fixed antenna 
installation may be rotated, shifted, reversed, or 
interchanged, and so on, and at a fast rate. As a 
result, along each direction two or more signals 
of different strength, or other measurable char
acteristics, are repeatedly provided, which the 
observer compares and from which comparison 
the true radio line of position is determined. 

The two or more types of signals, correspond
ing to different directional patterns, must be 
distinguishable at the receiver so as to permit 
comparisons to be made. For this purpose, the 
radio waves corresponding to each directional 
pattern are given some characteristic modulation 
or other identifying feature, such as tone modula
tions, dot-and-dash code patterns, or certain 
sequences or durations of emission. The method 
of separating and comparing these signals and of 
indicating their relation depends on specific 
system details. The comparisons are not always 
directly in terms of relative signal strength, but 
may be in terms of other characteristics such as 
modulation patterns (phase, code sequence) 
which, however, depend on the directional 
strength patterns. Also, usable signal relations 
may exist only along a limited number of direc
tions as in single landing beams and two- or 
four-course ranges, or at all bearings as in the 
omnidirectional ranges (ODR) . 

5 .2 LIMITED-COVERAGE RANGES (A-N RANGE, 
LANDING BEAM) 

The four-course A-N ranges, though consid
ered old-fashioned, are the most extensive radio 
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navigational aids at present in the U.S.A. , and 
may be considered as a sort of prototype of type
D systems. The indications are aural and the 
airplane needs no special equipment other than 
a communications radiotelephone receiver and 
headset ; but there are disadvantages in that the 
indications in such methods are either inexact or 
time-consuming. 

In the A-N range, two pairs of antennas are 
used, each located at opposite corners of a 
square. Spaced from a quarter to a half wave
length apart, they are excited so as to produce 
two figure-of-eight patterns at right angles. A 
dot-dash A code character is emitted on one 
pattern and a dash-dot N character on the other 
pattern. The two figure-of-eight patterns inter
sect along four bearings or beams where, for 
equal power in each radiation, both signals are 
equally strong. Actually a continuous tone is 
detected since the dot-dash alternations are 
suitably interleaved ; this is the aural "on
course" indication of the radio line of position. 
Along other directions either the A or the N 
code stands out, and indicates on which side .of 
the beam the airplane may be. No means is 
provided to make exact quantitative compari
sons of strength. Thus, only four useful fixed 
beams result as will be seen from Fig. 8. Navi
gation along other routes is not provided for ; 
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. Fig. 8-Principle of the A-N radio range system show
ing the two :figure-of-eight patterns alternately radiated 
and the four equisignal sectors or beams. 

fixes by means of intersecting beams from other 
stations are only occasionally possible. The four 
beams sound alike, so if the pilot is completely 
lost, considerable ingenuity and time are re
quired to judge which of the four beams he is 
on-if at all possible. 

The equisignal intersecting-lobe or lobe
switching principle is a fundamental one, and is 
often applied. Landing systems and other two
or four-course range systems use it, even though 
the indication of equality or balance may be 
presented visually on a meter. In landing sys
tems a single, but very accurate, beam is all that 
is desired. For this purpose, larger arrays, in 
terms of wavelength, are used to produce sharp 
lobes, only one pair of which are used. The 
alternating radiations have different audio-fre
quency modulations which can be separated by 
filters in the receiver and applied to a zero-center 
meter to pull the needle in opposing directions. 
The principle is even used in some radar receiv
ing antennas to increase the directional sharpness, 
for radar beams have some width ; two intersect
ing lobe patterns, at a slight angle to each other, 
are produced electrically from one antenna, which 
is accurately lined up by using some sensitive 
balance indicator. 

5.3 INTERMEDIATE-COVERAGE RANGES (CONSOL, 
SONNE) 

Greater coverage of a given area with useful 
beams or radio lines of position can be provided 
if directions, in general, are quantitatively indi
cated in terms of the measurable ratio of strength 
between the alternating signals. Operation is 
not restricted then to equisignal directions. 
Coverage is still not complete, because some 
portions of the lobes are not useful ; at the nulls 
or minima, signals are too weak to be heard ; at 
the maxima, the variation of strength with di
rection is too gradual to permit accurate deter
minations. If, however, the available lobes from 
a given set of antennas are rotated or shifted 
enough so as to cover all sectors at one time or 
another with useful portions of lobes, continuous 
coverage is possible. Complete omnidirectional 
service is still not possible by any schemes 
using one pair of antennas ; the two angular 
sectors along the line joining the antennas turn 
out to be "dead zones" in this respect. 
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The principles just described are used in the 
British Consol system developed from the Ger
man Sonne system. Equipment for an American 
form of the system has been built by Federal. 
This system is also aural, requiring only a radio
telephone receiver and headset ; great accuracy 
is possible because the lobes are narrow ; and 
continuous coverage of wide, but not unlimited, 
areas is provided. The readings, however, take 
considerable time, special reference charts are 
required, and there are many ambiguities which 
depend on the number of lobes. 

Two or three in-line antennas are used, spaced 
up to as many as six wavelengths apart, resulting 
in many narrow lobes. Successive, intersecting 
pairs of lobes are produced by rapidly alternating 
reversals of current. For identification purposes 
the complementary lobe patterns are radiated 
in a sequence of alternating dots and dashes. 
At a slower rate, and with the rapid lobe switch
ing meanwhile continuing, the lobes are gradu
ally swept around in bearing by means of gradual, 
uniform changes in phasing. The result is that 
an observer at a given bearing hears a · peculiar 
pattern of dots and dashes. The apparent coding 
sequence that is heard depends on the observer's 
bearing. He counts the number of dots and the 
number of dashes heard during some specified 
time interval, consults a special calibration 
chart, and reads off his true bearing. 

The nature of the radio emission is such that 
the system may operate on any radio frequency, 
even very low ; and very narrow bandwidths 
may be used. The ambiguities and the lengthy 
aural presentation, together with the lack of 
complete coverage, are the chief drawbacks. 

5.4 OMNIDIRECTIONAL RANGES (NAVAGLOBE, 
CAA 0MNIRANGE) 

For omnidirectional service, so that beams are 
available through all 360 degrees, and so that 
fixes by crossed beams are everywhere possible, 
more antennas aligned in different directions are · 

needed. To avoid the need for an excessive 
number of antennas, the previously described 
principles of lobe sweeping or of non-equisignal 
measurements may be used at the same time. 

For very long distances, the straight lines of 
position of ground-based directional transmitting 
systems are desirable, but no entirely suitable 
systems of this type have been installed. The 

main problem is devising a system which is 
propagationally (frequency, bandwidth, etc.) 
suitable for very long distances and which is 
also omnidirectional, direct-reading, and free of 
troublesome ambiguities. 

One interesting example of a system for that 
application, and which serves to illustrate the 
general principles of directional transmitting 
methods, is the N avaglobe system, 6• 7 now being 
developed. This was proposed by Federal at the 
national radio navigation conference in Washing
ton in February, 1946. 

Three adjacent antennas are used for the 
ground station installation. Three is the mini
mum theoretical number of antennas capable of 
giving omnidirectional service. The antennas are 
spaced triangularly, as shown in Fig. 9, about 
0.4 wavelength apart. In turn, each pair of 
antennas is equally excited so that in effect three 
signals are radiated in rapid succession, over and 
over again. The relative strength of each signal 
depends on the direction of the receiver from 
the array ; this is indicated graphically by the 

6 H. Busignies, P. R. Adams, and R. I. Colin, "Aerial 
Navigation and Traffic Control with Navaglobe, Navar, 
Navaglide, and Navascreen," Electrical Communication, 
v. 23, pp. 1 13-143 ; June, 1946. 

1 P. R. Adams apd R .  I. Colin, "Navaglobe Long
Range Air Navigation Sye tern ." Pro.;?edings vi the National 
Electronics Conference, October 1946. 
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Fig. 9-Directional transmitting principle on which the 
Navaglobe system is based. 
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radiation patterns or relative signal-strength 
curves shown. Along each straight radial line, 
the relative strengths of the three signals received 
in rapid succession are constant ; at greater dis
tances all three signals are weaker, but in the 
same ratio. The receiving system measures this 
relation between signal strengths and translates 
it automatically into the setting of a pointer 
around a dial calibrated directly in degrees of 
azimuth or true bearing. 

In common with all ground-based directional 
transmitting systems, and in contrast with 
both ground or airborne direction-finding sys
tems, the indicated bearing is directly the bear
ing of the observer from the ground station, and 
is at the same time observed directly on the 
airplane. The radio line of position is that bearing 
laid off as a great-circle bearing from the meridian 
of the ground station. This is easily plotted on 
the Lambert projection, commonly used in 
government air navigational maps, as on that 
projection great circles may be represented by 
straight lines for even moderately long distances. 
In any case, a straight line may be drawn on the 
Gnomonic projection, which is also furnished 
by the government for air navigational purposes. 
For a fix, the bearing from another ground station 
is observed and the intersection of the two lines 
of position is noted. There are also devices which 
quickly give the latitude and longitude of a fix 
corresponding to two great-circle bearings from 
known points without need for maps or calcula
tions. In short, ground-based type-D lines of 
position and fixes are as simple and straight
forward as in ground-based direction-finding, yet 
they arise from ground transmitters and airplane 
observations instead of the reverse. 

Furthermore, because the lines of position 
are great circles, they are useful direct flight 
paths or radio beams for traffic to follow. They 
all lead to or from the ground station ; and if 
ground stations were located at or near the main 
terminals of long-distance air routes, the lines of 
position would be direct fixed homing paths. 

In addition, as Navaglobe is an omnidirec
tional system, the pilot could select any desired 
radial direction as a flight path ; and could use 
crossed lines of position for a complete fix at 
any place as long as he is within range of two 
stations. Moreover, since the Navaglobe indica
tor is a direct-reading pointer type, the pilot 

could easily "keep on the beam" by setting an 
index mark along the dial at any desired bearing 
and steering so as to keep the pointer aligned with 
the index. A differential left-right meter might 
be added to give him corrective steering direc
tions still more conveniently, or to guide an 
automatic pilot. 

The nature of the system is such that the 
operating wavelength may be of any value, even 
very long. This is because the emissions may be 
very slowly modulated continuous waves with 
their attendant extremely narrow bandwidths. 

The Civil Aeronautics Administration has de
veloped an omnidirectional visual radio range sys
tem, which is intended eventually to replace the 
four-course aural A-N ranges for medium-distance 
overland navigation. This new system uses 
higher radio frequencies than does the old aural 
system, partly because its modulation features 
appear to require it. The antenna array, incident
ally, is smaller. 

This omnidirectional range uses five antennas, 
four being spaced at the corners of a square, and 
one at the center. The effect of almost uniform 
circular rotation of lobes is obtained electrically 
by the rotation of small control devices or 
goniometers instead of by movement of the 
antennas. Suitable excitation of each pair of 
antennas at diagonally opposite corners of the 
square, in conjunction with the central antenna, 
produces a cardioid or heart-shaped directional 
pattern. By a scheme of modulation which fades 
the four cardioid patterns in and out properly at 
a slow audio-frequency rate, the effect is similar 
to that of a cardioid directional pattern rotating 
uniformly. The resulting signal heard at a dis
tance is a wave which has a corresponding audio
frequency modulation imposed on it, but the 
phase of this modulation depends directly on the 
bearing of the observer. An additional audio
frequency modulation is imposed on the radiation 
through the central antenna, at the same rate ; 
but this signal is nondirectional and has the same 
phase at all bearings. This serves as a reference 
signal. 

The receiver on the airplane has automatic 
means for separating the two modulations and 
indicating the phase difference directly on a 
meter, in terms of true bearing. There are no 
ambiguities since the antenna produces a car
dioid, or single-lobed pattern. One degree of 
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phase difference corresponds, almost exactly, to 
one degree of bearing change. As there are no 
large moving parts in the transmitting system, 
the rotation rate can be fairly high and the read
ing time of the indicator correspondingly short. 

The system has all the features of observational 
convenience described under Navaglobe ; one 
basic difference is that its system of modulation 
is more complicated and requires, in present 
form, wide bandwidths and high frequencies. 
Thus, while it is propagationally suitable for 
medium distances, its suitability for very long 
ranges appears unsettled ; development work, 
however, is being done on a low-frequency de

sign of this system. 

6. Ambiguities 

6.1 GENERAL NATURE 

An ambiguity exists when a single navigational 
observation corresponds to two or more lines of 
position. Thus two observations may result in a 
fourfold or greater ambiguity of the fix. Ambigu
ities exist even in celestial navigation, as in the 
most common method (Sumner lines of position 
by means of zenith distances) wherein two circles 
of position intersect at two points. I t  might al
most be said, in general, that all fixes are subject 
to an ambiguity caused by the fact that so-called 
straight lines of position are really great circles 
on the earth, and two great circles intersect at 
diametrically opposite points on the earth. A 
navigator, however, is not generally lost to the 
extent that he is ignorant of which hemisphere 
he is in. 

It is possible, on the other hand, for the 
alternate lines of position or fixes to be so re
lated as to cause troublesome ambiguity even to 
good navigators ; this may be a major factor 
when appraising some radio navigational sys
tems. Characteristic types of ambiguities occur 
in each type of system. 

6.2 DIRECTIONAL SYSTEMS (TYPES A AND D) 

In these systems, ambiguities depend on how 
many lobes there are in the directional patterns. 
The Navaglobe pattern, for example (Fig. 9) , 
has two diametrically opposite lobes per antenna 
and there is an ambiguity in indicated bearing 
of e?'actly 1 80 degrees. Simple loop-type direc-

tion-finding systems have the same ambiguity, 
for the same reason. In direction-finding systems, 
however, it is possible to "resolve" the ambiguity 
by the use of an additional omnidirectional or 
sense antenna, properly connected, which pro
duces a single-lobed directional pattern, the 
familiar cardioid . 

In either case, however, there is no ambiguity 
in line of position. To illustrate, a line of position 
of bearing 60 degrees is the exact backward 
prolongation of the line of position of bearing 60 
degrees plus 180 degrees or 240 degrees. Both 
bearings result in the same straight line. Thus 
two bearings, each with a possible 1 80-degree 

ambiguity, can result in no more than two 
straight lines ; and two straight lines can inter
sect at only one point. Therefore, there is also 
no ambiguity in the fix, except for the antip
odal ambiguity caused by the fact that the lines 
are actually great circles. 

Other systems of type D may have ambiguities 
in bearings by amounts other than 180 degrees, 
in which case there are necessarily ambiguities in 
lines of position and fixes. This, in general, re
sults from radiation patterns with many lobes , 
close together. Such systems, on the other hand, 
are inherently capable of better qccuracy; that 
is, there may be a greater, more accurately meas
urable difference between the radio indications 
corresponding to lines of position that are close 
together. The reason for this is that with many 
lobes, the lobes are narrower or sharper, the 
signal strength varying more rapidly for a given 
change in direction. Wider spacing of the indivi
dual antennas in terms of wavelengths, or in
creased number of antennas, causes this situa
tion. In any case, it is the number of lobes that 
are physically indistinguishable from each other 
by the means provided in the system, which 
determines the number of ambiguities. 

In the A-N type aural range, for example, 
there are four lobes, created by the two inter
secting figure-of-eight patterns. The pilot can 
only distinguish, directly, the fact th(lt he is on 
one of four possible equisignal intersections or 
radio beams. If he is completely lost and wishes 
to determine just which one he is on, rather in
volved mental (and aerial) gymnastics are 
required, 8 and are then not foolproof. 

s Page 207 of reference 2.  
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The Consol system uses wider spacing of an
tennas, up to six wavelengths, so that there are 
many narrow lobes. Accuracy is greater, but the 
line of position corresponding to a given observa
tion is ambiguous to a manifold degree, for it 
may occupy similar positions along some of the 
other lobes. 

The Civil Aeronautics Administration omni
directional range is unambiguous because the an
tenna pattern is essentially a broad but single
lobed cardioid figure, as in direction-finding 
systems using a loop plus a sense antenna. 

In directional transmitting systems of the 
radar type, great accuracy can be obtained with
out ambiguity by using antennas very large 
compared to the operating wavelength, so that a 
single very narrow lobe is produced. The range 
is limited to radio line-of-sight distances ; and 
since only one lobe is produced, its movement 
to cover all areas must result from physical 
rotation of the antenna. In practice, this physical 
rotation cannot be very fast ; not nearly so fast as 
with the purely electrical scanning described 
under longer-wave type-D omnidirectional sys
tems. Also, increased radar-beam sharpness 
brings in other complications, involving practical 
limitations on pulse-repetition rate, transmitter 
power, and scanning rate. 

If a set of observations corresponds to several 
possible fixes, the ambiguity may be resolved if, 
by some alternative means, one can determine 
his position with sufficient accuracy to judge that 
all but one of the fix locations is out of the ques
tion. The alternative means may be dead reckon
ing, rough celestial observations, or alternative 
radio aids. Or one might have avoided the 
ambiguity by having made observations continu
ously from some known point, and having kept 
track of them so as to be sure that one has not 
"slipped a whole cog" (lobe) en route. But if any 
such procedures are absolutely necessary, the 
navigational aid, whatever its other advantages 
may be, cannot be called an independent or self
sufficient system, one that requires no previous 
knowledge of position. 

6.3 PULSE-DISTANCE SYSTEMS (TYJ;'ES B AND C) 

In pulse-type absolute-distance or differential
distance systems, there is also a connection be-

tween the limiting accuracy of the system and the 
existence of ambiguities. The accuracy with 
which the time interval between two events can 
be measured depends on the speed of the time 
sweep. Though the time intervals are microscopic 
and the measurements are performed electron
ically on a cathode-ray tube, the principle is 
entirely analogous to using a sweep second hand 
of a stop watch. 

A fast time sweep "stretches out the time," 
and is analogous to measuring the time between 
two swings of a pendulum by means of a watch 
hand that turns at a rate of 10  times per second. 
A slow time sweep "compresses the time" and is 
analogous to measuring the same time interval 
with a watch hand that creeps around the dial 
at a rate of once per hour. In the latter case, only 
a very rough measurement could be made of a 

brief time interval. 
In pulsed radio systems, the basic pulses occur 

repeatedly at some fixed pulse-recurrence fre
quency (PRF) ; the time sweep or electronic 
stop-watch hand is reset to zero and started 
moving each time the basic pulse occurs. But one 
basic pulse must not follow the previous one 
until a sufficient interval has elapsed to allow 
the delayed or echo pulse to arrive. If this safety 
precaution is not followed, the delayed or echo 
pulse might not arrive until after the "second or 
third time around" of the watch hand ; one could 
not be sure which. Thus the indicated time 
interval would be ambiguous to the extent of 
some integral number of whole time sweeps, or 
pulse-recurrence-frequency intervals. The situa
tion is quite analogous to timing an interval 
with a stop watch that has a sweep second hand 
but no hand for recording whole minutes. 

To avoid such possible ambiguities, the pulse
recurrence-frequency and, accordingly, the time 
sweep speed, must be decreased to an amount 
depending on the longest delays or distances ex
pected to occur in the radio distance-measuring 
system. But slowing the time sweep decreases 
the accuracy of time measurement as previously 
explained. 
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6.4 PHASE-DISTANCE SYSTEMS (TYPES B AND C) 

In absolute-distance or differential-distance 
systems using phase comparison of continuous 
waves, the same general connection between ac
curacy and ambiguity holds true. At an operating 
frequency of 100 kilocycles per second a wave
length is about 10,000 feet ; a phase difference of 
as much as 10 degrees, for example, corresponds 
to only 280 feet. At 1000 megacycles, a wave
length is about 1 2  inches ; 10  degrees of phase 
difference correspond to a mere 7€ inch. As either 
round trips or differential trips are actually con
cerned, the difference in a line of position cor
responding to 10 degrees phase difference may 
be half that just quoted; Thus, by choosing a 
suitable radio frequency, the phase method of 
measuring distances (as in Decca, Raydist, and 
related methods) can, in principle, be made very 
accurate. In the Raydist system, a phase type of 
absolute or hyperbolic system using heterodyne 
methods for increased precision of measurement, 
an accuracy of 1 inch to the mile is claimed. 

The trouble, however, is that phase character
istics repeat themselves in cycles of 360 degrees 
per wavelength. A phase difference of 10 degrees 
is indistinguishable from one of 10 plus 360 or 
370 degrees ; and so on. Thus, the phase-measur
ing device or distance indicator shows phase 
differences from zero to 360 degrees only without 
revealing the total number of whole cycles or 
wavelengths involved. It is like having a very 
accurate vernier or micrometer scale without a 
main or coarse scale ; or like trying to measure a 
long distance with a tape that is graduated in 
sixteenths of an inch but has no whole inch or 
foot figures printed on it. 

One way out of this manifold ambiguity prob
lem is to use a recording or cumulative type of 
phase meter, the instantaneous indication of 
which at any time is actually the algebraic sum 
of all phase changes occurring since a particular 
setting was made at the start of the trip, or at 
some other known point. This method is espe
cially feasible if the navigational system is of 
such a type that the indications are given by a 

direct-reading mechanical meter. The Decca, a 
phase type of differential-distance system,  uses 
this idea. 

This scheme, however, has the fundamental 
drawback, for any navigational aid, of depend
ence on unbroken continuity and unfailing ac
curacy of all past readings. There must be no 
interruptions caused by propagation disturb
ances, such as static or severe fading ; by tempor
ary malfunctioning of transmitting or receiving 
equipment, such as blown fuses ; or by human 
errors such as pulling a wrong switch. 

Furthermore, one could not risk tuning out a 
station or pair of stations temporarily to get a 
fix by tuning to another station for an intersect
ing line of position. The airplane would have to 
carry two or more receivers and indicators for 
reading two lines of position continuously and 
concurrently for fix purposes. Navigation on a 
long trip could not be by piecemeal guidance 
from a succession of different stations of limited 
range along the route, as this would also require 
interruptions. A given ground station, or pair of 
stations, would have to be sufficiently powerful 
to serve an airplane at all points during its flight. 

Or, as described in connection with ambiguities 
in other systems, the difficulties might be re
solved by dead reckoning or other alternative 
means of location having requisite precision. One 
might use direction-finder bearings on the system 
stations or on any radio stations within range, 
for a fix sufficiently accurate for resolving the 
ambiguities. Direction finding may perhaps al
ways be useful as an adjunct to other types of 
radio navigational aids, for rough checks, ambigu
ity resolution, emergencies, or other auxiliary 
purposes ; but no navigational method which 
absolutely requires direction finding or other 
schemes to resolve ambiguities can be called an 
independent or a self-sufficient system. A naviga
tional aid should be capable of giving a fix at 
any time "from scratch" no matter how lost the 
navigator may be, how careless he may have been 
at a past tim�, or what temporary interruptions 
may have occurred in the past. 
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II. Air Navigational Applications 
7. General Navigational Requirements 

7 . 1  TYPES OF INFORMATION 

Navigation means to conduct a ship or air
plane to its destination via a desired route. For 
the fullest and most convenient solution of the 
problems occurring in navigation, the navigator 
should have available : 

A. Knowledge of his absolute position, in terms of latitude 
and longitude, bearing and distance, or any other inter
section of lines of position. Aural, visual, celestial, and 
radio means are at hand. 

B. Knowledge of altitude above the earth. As flight is 
three dimensional, this item is necessary for a really com
plete fix. Barometric and radio means are available. A 
surface ship would like to know the depth of the water 
below it, for which purpose sonic devices, the acoustic 
analogues of radio altimetern, are available. 

C. Knowledge of his position relative to a prescribed flight 
path or intended track. One can use any line of position, 
whether established by visual, celestial, or radio observa
tions, as a flight path, but directly indicated radio flight 
paths are most convenient. 

D. Knowledge of the true heading of the airplane. A 
compass is necessary for this, radio means being at present 
insufficient, except possibly in a round-about manner, using 
a certain disposition of direction-finding beacons. A di
rection-finding transmitter at the north pole is one the
oretical solution. 

Photograph courtesy of Weston Electrical 
Instrument Corporation. 

Modem type of cross-pointer meter or deviation - indi
cator. Vertical and horizontal pointers, respectively, give 
left-right and up-down directions to the pilot for following 
a localizer (or radio range) and glide path. The small ftags 
marked "Off" are hidden from view in normal operation ; 
their appearance is a warning of lack of signals or other 
malfunctioning of the system. The marker-beacon lamp is 
located at the lower left comer of the instrument. 

E .  Knowledge of time. A fixed time reference is provided 
by a watch which may be corrected periodically by radio 
time signals which are related to Greenwich time. 

F. Knowledge of speed. True ground speed may be deter
mined if (A ) and (E) are always available, but no single 
instantaneously reading instrument is available for this 
purpose. Certain approaches, however, are possible, as by 
using rate meters on a radio distance indicator, or by 
using the Doppler effect. 

G. Knowledge of the presence and location of other 
moving (i.e. non-charted) objects nearby. Radar is the 
indicated radiO aid for this anticollision service. Knowledge 
of weather conditions ahead might be construed as falling 
within this requirement. Weather conditions may be 
reported verbally by radio.  from ground stations ; or anti
collision type radar might even be used to give direct 
warning of certain types of weather conditions immediately 
ahead. 

It is seen that radio, or electrical devices in 
general, are capable of providing the chief items 
of navigational information, at least in principle. 
At present, however, not all such devices have 
been developed to the requisite degree of ac
curacy, reliability, range; convenience, or practi
cability. 

7 .2 RELIABILITY 

Reliability, in a radio navigational system, has 
two aspects. First, .since transmission over dis
tances is concerned, there is the matter of propa
gational reliability. The signals must come in at 
all times and over all specified service areas with 
sufficient strength to override interference and 
noise. Propagational reliability is a problem 
around which the general features of a system 
must be designed at the outset. It involves 
matters such as distance coverage, frequency, 
bandwidth, polarization, static, transmitter 
power, receiver sensitivity, interference, and 
ionospheric effects, and is an especially import
ant problem in the long-range navigational case. 

The second aspect of reliability is the con
ventional one that enters whenever life and 
limb have to depend on electrical or mechanical 
devices. In the case of airplanes, even more so 
than in the case of sea or land carriers, which 
can stop and wait things out if they are totally 
lost, extremely high standards of reliability are 
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required. Meeting these standards is especially 
difficult because of the size, weight, power, and 
drag limitations for airborne equipment. 

In addition to the insistence on reliability for 
any airplane equipments, another safety feature 
has come to be universally demanded for air
borne navigational devices. That is the provision 
for automatic indication of failure. It is recog
nized that no device can be 100-percent reliable 
forever ; tubes may blow or wires may break in 
the face of the most rigid manufacturing and 
preflight tests. As a result of such a failure in a 
navigational device, a navigator may be totally 
lost. But bad as that may be, one thing that is 

Pilot's compartm�nt of a Douglas
. 

DC-6 .airl�er. � 
important group of mstruments supplies navigational �
formation and includes altimeters, compasses, and radio 
range and landing indicators. Standardization of appear
ance and placement of the newer radio navigational indi
cators for safest and most effective use is an important 
subject being studied by various coordinating committees. 

definitely worse is if the navigator does not 
know it and trusts the equipment, flying on 
blindly in his happy ignorance. If, at least, he is 
apprised of the fact that the device is out of 
order, he may be able to repair the defective 
part, radio for help, or use other means of 
navigation. 

In this connection, there are two points of 
interest. The first is that those navigational 
systems that give visible indications on a cathode
ray tube have a certain advantage. They may 
be more bulky, more tiring to read for long 
times, and require time-consuming manipula
tions before a reading is made ; but on the other. 
hand they allow visual monitoring of the actual 
quality of the incoming signals. This tells a great 
deal about the propagation aspect of reliability 
and something about the electromechanical 
functioning, but it is not a cure-all. 
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The second point is that emergencies will 
always occur and preparations must be made 
for them. Thus, it is highly advisable for airplanes 
to have alternative navigational aids, even if 
less accurate or convenient. A sextant can al
ways be carried, of course ; a direction-finding 
receiver or attachment, as an alternative radio 
aid, appears to be highly advantageous also. 
In some systems-as in most directional trans
mitting (type-D) systems-a direction-finding 
attachment could be provided to work off the 
same receiver and the same ground stations, with 
no extra ground station equipment and insignifi
cant extra airplane equipment. In any case, in 
emergencies a direction finder can be used with a 
communications receiver to take bearings on any 
stations within range, such as broadcasting, 
radiotelegraph, or surface-ship installations. 

Reliability is not to be confused with accuracy. 
The closeness with which a navigator can pin
point his location on the earth is one thing. It  
may be within ten feet or within ten miles de
pending on the system. High reliability means 
that whatever the limits of error are, they are 
known in advance and will not be exceeded. 
What limits of error might be desirable, or 
sufficient, depend on circumstances. 

7.3 ACCURACY 

One might first demand 100-percent accuracy 
for a radio navigational aid ; but this might be 
obtained only at the expense of a number of 
other factors of importance. Fortunately, some
thing less than 100-percent accuracy may be all 
that is absolutely necessary, so that in practice 
some sort of cm::promise between the various 
factors is sought. 

A fundamental law is that the total amount of 
information that can be transmitted by a radio 
system per unit time depends on the total amount 
of radio channel space or bandwidth used. This 
is a law of far-reaching implications in communi
cations work, instances of it being familiar to all 
radio engineers. It is of equal fundamental im
portance in radio navigational aids, although in 
this case the amount of information required per 
unit of time is much less. 

Total information per unit of time is a product 
compounded of such terms as amount of in
formation given out in each direction, area of 

service, accuracy of information, freedom from 
ambiguities, quickness of indication, and con
venience of presentation. Engineers can improve 
one or another of these factors by good design, 
but the;e comes a limit, depending on the band
width, beyond which an improvement in one 
factor is at the expense of deterioration of an
other. And the supply of available bandwidth is 
limited since it must be shared by many users 
without mutual interference. 

The physical relation between two of these 
factors, accuracy and ambiguity, has already 
been described. Some proposals suggest getting 
around this complication by providing, in es
sence, two systems side by side : one a coarse 
system, good enough for quick work and for 
resolving ambiguities ; the other a very accurate 
or fine system. Similarly, some proposals for 
improving the coverage of an essentially non
omnidirectional system entail construction of 
two installations, suitably oriented to fill in each 
others' gaps. 

Such solutions involve increase in the total 
bandwidth used, of course, but may be valid 
solutions since the accuracy-ambiguity relation is 
one of the most troublesome among the factors 
mentioned. But for a practical single system, 
using a bandwidth dictated by other considera
tions (propagational, legal, etc.) , one must decide 
which of the two properties is more important, 
razor-sharp accuracy or complete lack of am
biguities ; or else make a reasonable compromise. 
For certain special military applications, which 
like atomic bombs one hopes may never be used, 
pin-point accuracy may be essential. Everyday 
civil air navigation is something else. 

The type of mental gymnastics required to 
unravel complex ambiguities might intrigue a 
professor of logic, a cross-word-puzzle expert, 
or other "armchair navigator."  The crew of a 
big airliner completely lost at sea, with time and 
fuel fast running out, might favor a navigational 
device that tells them directly and positively 
that they are somewhere within a circle 10 miles 
around Bermuda, rather than a device that tells 
them they are exactly 12.863 miles due east of 
Bermuda, but possibly also 104.394 miles due 
south of Halifax or 0.875 mile due west of the 
Empire State Building. 

The distance that an airplane may be off 
course without serious danger or inconvenience, 

www.americanradiohistory.com

www.americanradiohistory.com


S U R V E Y  O F  R A D I O  

the time allowable for making readings and 
playing around with ambiguities, and the likeli-· 
hood that the airplane may at all cross zones of 
ambiguity, depend on the exact purpose of the 
radio navigational aid. 

In landing systems, for example, the need for 
precision is greatest ; being "off" by 100 feet, 
even less, might well be fatal. Also time is short so 
that indications must be very quick and direct. 
A complete fix dare not be given by methods re
quiring successive tuning to different stations 
and reading different instruments ; all the nec
essary information must be 'given concurrently. 
On the other hand, omnidirectional or wide 
coverage is not necessary ; is not even desired. 
The pilot is supposed to keep on one unidirec
tional beam, once he gets started on it ; thus he 
runs little risk of being so far off as to "slip a 
cog" or end up on a wrong line of position even 
if ambiguous lines were around somewhere. 

To get him safely started on the correct beam 
while far out, other navigational aids that are 
less accurate but give wider coverage and less 
ambiguity are depended on, after which the air
plane keeps strictly on the one landing beam. In 
short, in landing systems the highest precision is 
necessary; but is feasible because the airplane's 
route is such as to avoid situations where 
ambiguities are significant. 

In cross-country medium-distance nagivation, 
on the other hand, provision should be made for 
omnidirectional lines of position and fixes. As 
the pilot cannot fly a whole trip by sticking to 
one beam, and may have to tune to different 
stations for a fix, ambiguities do have to be con
sidered. By the time the pilot has tuned back to 
the original station, after getting an intersecting 
line of position from a second station, he may 
have "slipped a cog" or moved across one or 
more zones of ambiguity, such as lobes, wave
lengths, pulse-recurrence intervals, etc. ,  without 
knowing it. Therefore, ambiguous zones should 
at least be a certain distance apart, depending on 
the speed of flight and on the reading time of the 
navigational aid. In short, in overland ranges, 
ambiguities should be totally absent or at least 
fairly wide apart, which is feasible as the need 
for precision is not extreme. The navigational 
facilities need only enough accuracy to guide 
airplanes into airport areas and to landing beams 

N A V I G A T I O N A L  A I D S  241 

far out from the airport where they are wide, and 
to segregate traffic safely into lanes perhaps 500 
or 1000 feet apart. For this application, there are 
possibilities of using radar-type systems which 
give the requisite accuracy and yet are omni
directional, free of ambiguities; and sufficiently 
quick-reading. 

In very-long-distance transoceanic service, 
traffic is less dense and there is more room and 
time available, so that ambiguities or slower 
reading times could be tolerated to increase 
accuracy. In this connection, it is to be noted 
that the total bandwidth limitation for the long
distance case is more stringent than for the short 
or medium cases because of propagational re
quirements ; very great accuracy could not be 
obtained without excessive deterioration of other 
desirable factors. Great accuracy, fortunately, 
is least necessary in the long-distance navigation 
case. All that is necessary is the ability to follow 
a definite flight path at midsea with a precision 
of, say, 10 to 20 miles ; and the ability to make a 
fix within about the same distance to initiate a 
"square search" for disabled craft in emergencies. 
In directional-type systems, this prec1s1on 
amounts to an angular precision of approximately 
one-half to one degree, at a maximum range of 
1500 miles. For the same angular precision, the 
lateral distance accuracy increases proportion
ately as the ground station is approached ; thus 
the beam, even though it may be fairly wide far 
out, brings the airplane using it for track guid
ance close in to the ground station, like a funnel. 
In any long-range navigational aid, relatively 
poor accuracy is permissible at midsea , where 
most of the time exact knowledge of position is 
merely of academic interest ; closer in, however, 
the precision shQuld at least permit a reasonably 
close landfall or permit the airplane to strike 
somewhere within the service area of a more 
accurate medium-range radio navigational facil
ity, extending say 100 miles offshore, which can 
guide it to a specific airport or radio landing 
beam. 

In short, for the very-long-distance case, the 
total bandwidth limitation is severest so that all 
factors must suffer ; but fair amounts of ambigu
ity and inaccuracy can be tolerated in practice. 
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7 .4 PRESENTATION 

The way in which the navigational indications 
are presented is not of basic importance, com
pared to reliability and accuracy, but it is some
thing that interests the navigator ; or would 
especially interest the second pilot, radio oper
ator, or flight engineer, in the event that navi
gators are dispensed with even on long-distance 
flights. It is more important on aircraft than on 
surface ships because airplanes do not have the 
time and space facilities for long drawn-out ob
servations and calculations; that indeed is one 
of the reasons why radio navigational aids are 
at all favored over celestial navigation, even when 
visibility conditions are good. 

Automatic direct indications, requiring noth
ing other than pushing a button to receive a 
desired ground station, are of course ideal. 
Meter or dial indications are direct ; radar plan-

pos1t10n displays are direct and even pictorial. 
At present, cathode-ray screens are not quite 
bright enough for viewing in a daylight-illumin
ated cockpit ; but this may be remedied in time. 
Cathode-ray screens are more tiring on the eyes 
of observers than are meters, especially when 
protracted observations are necessary. Cathode
ray tube indicators, especially of the radar plan
position type, are at present rather bulky pieces 
of equipment for a cockpit. It is conceivable that 
graphic automatic position plotters, simulating 
a plan-position · display but more suitable for 
daylight viewing, could be provided, if desirable, 
with meter-type indications. For this, two lines 
of position would have to be indicated concur
rently. · 

Certain types of cathode-ray indicators, such 
as used in pulse-timing systems, require con
siderable time before a reading can be made, but 
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howing combined normal-radar and assisted-radar displays. Range circles 

- • e pip a op is eacon response from an airplane. Prominent pips at lower right are natural 
ec�oes from structures on t�e ground. Other illumination is due to ground clutter, permanent echoes, and random noise 
With the natural-radar receiver off, the screen becomes completely dark except for the bright airplane beacon response: 
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have the advantage, already mentioned, that 
the quality of the signals is visually apparent at 
all times. Meter indicators are quickly read, but 
must always be provided with an automatic 
warning feature to show that the meter and 
everything behind it is in working order. Meters 
also have the advantage that the mechanical 
motion of the pointer can more feasibly be trans
mitted to operate an automatic pilot, if desired. 

Aural indications have the great advantage of 
not requiring special indicating equipment, the 
airplane's regular radiotelephone receiver being 
used and, incidentally, providing continuous 
monitoring of the quality of the signals. This 
may be an advantage for pilots of small private 
airplanes ; but aural indicating systems appear 
to be on their way out. The indications are 
tiring, and are either quite approximate or time 
consummg. 

The necessity for quick, convenient, and direct 
indications depends on the particular purpose of 
the system, being, as already described, most 
pronounced in landing systems and least urgent, 
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though still desirable, in long-distance naviga
tional aids. It should be remembered, moreover, 
that other things being equal, the simpler the 
type of presentation and the simpler the skills 
required in making various receiver and indicator 
adjustments, the less likely are ordinary human 
errors and careless mistakes. 

7.5 INDEPENDENCE 

Self-sufficiency or independence has been 
stressed as a fundamental requirement for radio 
navigational aids, regardless of type of service. 
This means that there is no need for reading 
any additional instrument, like a compass, to 
determine a line of position or a fix ; anq that the 
indications are given directly on the airplane, 
instead of occurring on the ground for a second 
party to relay to the airplane. 

Table I shows how each of the four basic 
types of radio navigational aids compare on this 
requirement. In each type, two possible de
signs have been separately considered : a design 
in which the basic or primary transmitter is 

TABLE I 

CHECK-LIST OF BASIC RADIO NAVIGATIONAL SYSTEMS 

Bearing Systems Distance Systems 

Basic Type of System 

Directional Receiving Directional Trans- Absolute Distance Differential Distance mitting 

Primary Transmitter Located on Ground Plane Ground Plane Ground Plane Ground Plane 

Radio CAA 
DME, Compass, 

Ground 
Ranges, 

Directional Shoran, Aural and Direction 
Consol, 

Part of Distance Gee, Loran, 
Examples Automatic Finder, Sonne, 

Airborne Oboe Part of Decca, Micro-H 
Visual 

Huff-Duff Navaglobe. 
Radar Airborne Popi 

Direction Rotating 
Radar Finders Beacon 

··- ----

Independent of Plane's Compass No Yes Yes No Yes Yes Yes Yes 
--- ---- ----

Original Observations on Plane Yes No Yes Yes No Yes Yes No 
---

SYSTEM MAY BE SELF-SUFFICIENT No No YES No No YES YES No 

Number of Radio Links Required for Establishing One Line of Position Including Links for Speech, Synchronization, 
Natural Echoes, and Active Response 

Ground Station to Plane 1 1 1 1 2 1 I 2 1 
Ground Station to Ground Station 0 0 0 0 0 0 1 1 
Plane to Ground Station 0 1 0 1 1 1 0 2 

--- ----

Total Number of Links Required 1 2 1 2 3 2 3 4 
SUITABLE FOR LONG RANGE AS No 

EMISSION REQUIRED FROM PLANE YES No YES No No No YES No 
---- ----

YES ON BOTH COUNTS v v 
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Radio altimeter measures absolute height of the airplane_ by timing echo signals reflected from the terrain below. 

airborne, and another in which that transmitter 
is on the ground. 

From the first half of Table I ,  it is seen that 
systems of only the following types are funda
mentally capable of being independent : ground
based directional transmitting, ground-based 
differential distance, and airplane-based absolute 
distance. 

It appears, incidentally, that an airborne radar 
installation cannot be a completely independent 
navigational aid. The absolute-distance part is 
self-sufficient, but the directional-transmitting 
part gives relative direction, requiring a compass. 
A ground radar, considered as a navigational 
aid, is also incomplete. The directional part may 
or may not be, but the distance indications have 
to be relayed back to the airplane. 

Even among the three preferred types of 
systems, different specific types of radio aids 
appear necessary for short-, medium-, and long
range navigation because of the different char
acteristics of various types of radio emissions 
and because of the different kinds of practical 
problems concerned. For the short-range appli
cations such as landing systems, the chief prob-

lem is the extreme precision of guidance required. 
The medium-distance applications for overland 
navigation and traffic control present a great 
problem in the multiplicity of indications that 
must be provided and the large number of air
planes that must be cared for simultaneously. 
In the long-range case, traffic density is negligible 
and great accuracy is not a primary requirement, 
the chief problem being that of providing reliabl� 
signals at the large distances involved. 

A brief outline of some of these special prob
lems and a discussion of some present and future 
solutions follows, all based on the principles 
outlined under the four basic types of radio 
navigational aids. 

8. Short-Range Applications 

8 . 1  RADIO ALTIMETERS (TCI) 

Radio methods that are used for measuring 
absolute distance (type-B systems, Section 3) 
are applicable to making a determination of the 
vertical height or altitude of an airplane. As 
they indicate the height above the terrain im
mediately below the airplane, not above sea 

www.americanradiohistory.com

www.americanradiohistory.com


S U R V E Y  O F  R A D I O 

level, and without regard to barometric weather 
fluctuations, radio altimeters are also called 
absolute altimeters or terrain-clearance indicators 
(TCI) .  

The ground immediately below the airplane 
reflects radio energy emitted from the airplane. 
Any of the forms of type B may be used : pulse 
timing, continuous-wave phase comparison, or 
saw-tooth frequency modulation. Two special 
problems have to be taken into account. First, 
short distances have to be measured with a 
sensitivity at least equal to a barometric altim
eter, 10 feet or so. Any one of the three radio 
methods described results in ambiguities which 
limit the maximum altitude range of the system. 
Often, two range settings are provided, a Iow
altitude high-sensitivity range using high pulse
recurrence frequencies and fast time sweeps, and 
a high-altitude lower-sensitivity range using a 
low pulse-recurrence rate and slower time sweeps. 

Secondly, one must be sure that the echoes 
used for measurement are those returned from 
ground points directly underneath. Fixed beacon 
responders obviously may not be used in radio 
altimetry, nor are they necessary for adequate 
signal strength for the distances are short and 
the natural reflecting surface is large. To ensure 
that the echoes come from straight below, the 
transmitting antenna must have a certain 
amount of downward directivity. Although no 
scanning or motion of the antenna is needed, 
this directivity requirement does increase the 
size and drag over that of a plain antenna. The 
indicator can be a cathode-ray tube or meter. 

If the transmitter were fixed on the ground, an 
airborne responder might be used ; the distance 
indicated would not be the vertical terrain clear
ance, but the slant range. Also, the information 
would have to be relayed back to the airplane. 
Any conventional ground radar, in fact, meas
ures the slant range of the airplane. The vertical 
height may be computed from this by trigono
metrical formulas or devices if the angle of eleva
tion of the airplane is known. This is done, in 
some military applications such as height finders, 
by using a sharply directive antenna that can 
scan up and down and noting the vertical angle 
at which the echoes appear. 

It should be noted that regardless of the state 
of perfection of radio altimeters, they may sup-
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plement conventional barometric altimeters but 
not supplant them. A radio altimeter, or terrain
clearance indicator, gives indications with respect 
to the terrain below and is thus useful for avoid
ing collisions with large fixed objects such as 
mountain tops. Its indications are not suitable 
for establishing a system of assigned altitude 
layers for safe segregation of traffic. An airplane 
in perfectly level flight over rough country would 
have constantly changing terrain-clearance indi
cations, which would differ from even those of 
nearby airplanes flying at the same actual level. 
For traffic regulation and avoidance of collisions 
between airplanes, altitude indications should 
be with respect to a datum level that is the same 
for all airplanes near each other. "Pressure 
altitude" indications, as given by a barometer
type instrument, meet this requirement because 
the reference datum is sea-level pressure ; this 
is actually variable with weather conditions but 
the variations are common to all airplanes in 
the same general region. 

In this connection, there is a quite recent 
air-navigation principle known as "pressure
pattern" flying, which makes use of information 
gathered simultaneously from radio and baro
metric altimeters. Comparison of absolute and 
pressure altitudes enables the wind factor to be 
determined, which in turn increases the accuracy 
of dead-reckoning procedures. An exten�!on of 
this method theoretically allows airplanes to fly 
the shortest air course between two distant 
places, the point being that, because of wind 
effects, the direct great-circle route is not neces
sarily the route of minimum flying time and Juel 
consumption. 

8.2 LANDING-SYSTEM REQUIREMENTS 

Instrument approach or "blind landing" sys
tems require basically one fixed straight-line 
track ; th us ground-based directional transmit
ting systems (type D,  Section 5) are in order. 
The antenna array, on or near the runway, must 
be small ; the range need not be long, 10 to 20 
miles or so ; but the line of position must be 
exceptionally precise. For all these reasons, 
landing systems use very high radio frequencies. 

What have been heretofore referred to as 
lines of position are actually parts of surfaces 
of position. Ordinary antennas radiate energy 
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DISTANCE TO 
TOUCH DOWN 
POINT GIVEN 
BY DISTANCE 
JNDICATOR -----" ·� 

Fig. IO-Instrument landing system principle used in Navaglide. 

in all directions, vertically as well as horizon
tally. Thus, for example, in an absolute-distance 
system a given echo-time measurement means 
that the observer is somewhere on a spherical 
surface, of corresponding radius, centered on the 
ground station like a giant dome. The intersec
tion of this spherical surface with the earth's 
surface gives the conventional line of position. 
For most navigational purposes, however, one is 
concerned with only that line on the earth's sur
face ; this is because the altitude of an airplane 
is negligibly small in comparison with its hori
zontal distance from the ground radio stations. 
In directional transmitting applications con
sidered up to now (except in the angle-of
elevation application) the surfaces of position 
are vertical plane surfaces, whose intersections 
with the earth's surface produce the conventional 
straight radial lines or great circles of position. 

In landing systems, a true line and not a sur
face of position must be furnished, for now the 

altitude of the airplane and the proper gradual 
change of_it are of vital concern. This true line 
of position should be a straight one rising at a 
certain small gliding angle from the desired 
touch-down point on the runway, and should be 
aligned with the runway. 

8.3 INSTRUMENT LANDING SYSTEMS (ILS) 

Examples of instrument landing systems are the 
glide-path localizer such as the so-called Civil 
Aeronautics Administration Indianapolis and 
Army SCS-51 systems,9• 10 types in the develop
ment of which Federal played an active part ; 
and other equipments developed by Sperry, 
Bendix, Massachusetts Institute of Technology, 
and other organizations. Two intersecting sur-

• H. H. Buttner and A. G. Kandoian, ··· Development of 
Aircraft Instrument Landing Systems," Electrical Com
munication, v. 22, n. 3, pp. 1 79-192 ; 1945. 

10 S. Pickles, "Army Air Forces Portable I nstrument 
La.nding System," Electrical Commuwication, v. 22, n. 4, 
pp. 262-294; 1944. 
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faces of position are created by two directional 
transmitting arrays, horns, or dishes, properly 
oriented. Generally the switched-lobe equisignal 
principle, as described under type-D radio 
ranges (Section 5) ,  is used for extreme precision 
of each surface of position. Each lobe transmis
sion has a characteristic tone modulation, thus 
enabling a receiver to separate the two and 
compare their strengths. 

As seen in Fig. 10, the localizer transmissions 
result in a vertical plane surface of position 
aligned with the runway. The glide-path trans
missions result in a plane surface of position 
slightly inclined up from the horizontal. The 
intersection of the two plane surfaces creates 
now a true line of position, which constitutes the 
landing flight path or beam. On the airplane, 
both vertical and horizontal deviations of that 
airplane from this line of position are indicated 
automatically and visually by the cross-pointer 
or left-right and up-down meter. There are two 
pointers, one for the equisignal glide path, the 
other for the equisignal localizer path. If the 
pilot is off the beam laterally or vertically, the 
corresponding signals are out of balance and the 
pointer for that direction moves off center. In 
doing so, it indicates the direction in which to 
steer to get back on the beam. 

For safest and smoothest landings, especially 
if completely automatic landings are contem
plated, a complete three-dimensional fix should 
be given at all times and must include position 
along the beam. In the Navaglide system being 
developed by Federal out of its earlier landing 
systems, a direct-reading indicator giving the 
distance to the touchdown point is included on 
the airplane. This is of the pulsed absolute
distance (type-B ,  Section 3) principle, the 
responder-beacon being situated at or near the 
touchdown point. 

It is conceivable that distance along the 
landing beam could be indicated by a precise 
directional transmitting station (type D,  Section 
5) off to one side of the runway ; but in view of 
landing speeds of airplanes, the indications would 
have to be direct, quick, and simultaneous with 
the beam indications. Conceivably, also, the 
information could be provided by sensitive 
barometric or radio altimeters. An airborne 
direction-finding indicator (type A, Section 

2 .2) might also be used in conjunction with 
one or more transmitters located to one side of 
the localizer course, and in fact this system of 
compass locators has been used as a supplement 
to or substitute for marker beacons along landing 
beams. 

8.4 GROUND-CONTROLLED APPROACH (GCA) 

In this so-called talk-down system, both the 
distance of the airplane and its deviations from 
the prescribed landing path are determined by 
essentially ground-radar means of high precision. 
This type of landing system was developed by 
the Radiation Laboratories at Massachusetts 
Institute of Technology. Equipments were manu
factured for wartime service by Gilfillan, Fed
eral,11 and Bendix. The system is now being 
adopted for civil use. Extended surfaces of 
position are not created, but only small angular 
sectors of the surfaces as shown in Fig. 10. Two 
antennas, very sharply directive in directions at 
right angles to each other, are used. These are 
relatively small radar antennas or parabolic 
dishes, and are scanned through a small search 
or exploring angle, one left and right, the other 
up and down, from the landing path. One of 
these two type-D (Section 5) directional trans
mitters (both using pulses) is also used as a type
B (Section 3) absolute-distance system. If the 
airplane is on or not too far off the beam, the 
directional antennas, during their scanning or 
searching, will detect it and also measure its 
distance. The position of the airplane relative to 
the prescribed path is displayed pictorially on a 
cathode-ray screen. These observations, how
ever, are made on the ground. The information 
concerning the airplane's deviations from the 
beam, its distance, and corrective steering 
instructions, must be relayed to the pilot over 
another radio link, usually by radiotelephony. 
Such procedu�e may be advantageous, especially 
in emergencies, as it is possible to guide to a 
landing an airplane which has no special equip
ment other than a radiotelephone receiver. Also, 
the ground-controlled-approach system allows 
the ground observers to see any other airplane 
that is near the landing path at the time. 

11 J. S. Engel, "Landing Aircraft with Ground Radar," 
Elertrical Communication, v .  24,  pp. 72-8 1 ;  March, 1947. 
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Since the sectors of search about the beam are 
small, and the airplane has no detecting mech
anism, it is very unlikely that the airplane could, 
coming in from a distance, get started into the 
beam by itself. Accordingly, a conventional 
omnidirectional search radar of the plan-position
indicator type is used to spot the airplane far 
out and guide the pilot into the beam ; after 
which the more precise radar takes over. The 
search radar information must also be relayed to 
the pilot. 

In instrument landing systems, the surfaces of 
position are quite broad and the airplane has 
direct indicators. Thus, even if he should enter 
the airport area quite far away from the landing 
beam, the pilot may be able to locate the beam 
by himself. Or, knowing in advance the bearing 
of the beam, he could guide himself into it by 
using other medium-range navigational facilities. 
At least, the pilot will known immediately and 
directly when he comes somewhere near the 
beam by observing his own cross-pointer. 

The relaying of information for a ground
controlled approach might possibly be done by 
other nonverbal methods, but the system still 
requires an additional radio link and intermedi-

ary personnel to make the observations on the 
ground, just as in ground-based direction finding. 
Thus the ground-controlled-approach system is 
not an independent or self-sufficient navigational 
aid. 

8.5 RADIO MILEPOSTS (MARKER BEACONS) 

Because of unavoidable errors in observational 
methods and in electrical and mechanical devices, 
no navigational indications are 100-percent ac
curate. Knowledge of position is thus always 
inexact to some extent, even when systems and 
devices are well engineered. A surface of position 
thus is actually a thin shell or wedge ; a line of 
position on the earth is actually a narrow strip 
of position ; a fix is not a mathematical point but 
a small area or solid volume of position, its size 
corresponding to the amount of uncertainty. 

Aside from all this, it is possible intentionally 
to devise a directional-transmitter installation 
so that it produces a fairly extended and definite 
volume of position. This principle is used in 
so-called marker beacons (fan, Z, cone of silence). 
The aural or visual indication is of the simple 
on-or-off type, and the pilot knows only that the 

. Yf artime model of a mobile ground-controlled-approach (GCA) installation. Power and air-conditioning equipment 
is m truck at left ; radar and communication antennas are seen on the roof and side of the trailer unit. The trailer con
tains all equipment and indicators required to enable the operators to "talk down" an airplane. 
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airplane is inside or outside of a specified region. 
The marked space may be shaped like an in

verted cone with ii:s vertex resting on the ground 
station, or like a thick fan standing on end as in 
the fan type. It is effectively liqiited horizontally 
by the directional properties of the antenna array 
(type D ,  Section 5 ) ,  but being limited in height 
by transmitter power and receiver sensitivity, it 
is indefinitely high and intercepts airplartes at 
any likely altitude. 

These radio markers may be coded for identi
fication to inform the pilot of the zones through 
which he is passing, the system being similar to 

that of mileposts or buoys for surface traffic. In 
air navigation, the markers have been used to 
provide rough indications of important points 
along radio ranges such as the entrance to air
port control areas, intersections with other 
ranges, or for local warning purposes. They are 
thus a sort of radio curtain, used for much the 
same purpose as the curtain of wires (telltale) 
before the entrances to railroad tunnels or low 
bridges. A series of two or three marker beacons 
is also used to give knowledge of position along 
landing beams of the instrument landing type. 
Marker beacons for all these purposes are essen
tially makeshift devices, are on their way out, 
and will no doubt disappear completely when 
omnidirectional radio ranges are installed for 
cross-country use so that a radio fix is possible 
at any point, and when landing systems include 
automatic distance indicators. 

Marker transmitters may perhaps be retained 
for ground observation and control of air traffic. 
Automatic responders in the airplane might be 
tripped when passing through the marker region 
and report to the ground coded information 
revealing identity, altitude, direction, and time 
of the transit. This would be analogous to the 
block signal in railroad traffic organization, where 
the trains trip switches along the tracks and 
cause indicating lights to flash in the dispatcher's 
office. 

9. Medium-Range Applications 

9. 1 GENERAL REQUIREMENTS 

For overland traffic service, ranges of about 
100 miles or so are sufficient since chains of 

stations may be installed to cover larger areas or 
distances. Convenient direct beams between 
important air terminals are desirable, as is 
omnidirectional coverage, so that navigators can 
use radio aids for both track guidance and fixes 
at any location. At present, the most extensively 
used radio aids in the U.S.A. are the Civil Aero
nautics Administration's aural A-N four-course 
ranges, but these will be supplanted by improved 
types which are visual, omnidirectional, or both. 
There is some use of airborne direction finding, 
and this will probably continue ; even ground 
direction finding is used somewhat. For the 

ranges required, medium radio frequencies may 
be used, but the trend seems to be toward higher 
frequencies where antennas may be smaller, 
power less, static less troublesome, and accuracy 
greater. 

This trend is heightened by the exhaustion of 
available channel space in the medium- and high
frequency bands. The still-higher frequencies 
offer more room for expansion, and the line-of
sight propagation limit permits frequency assign
ments to be repeated at fairly close geographic 
intervals without danger of interference. Hence 
the current intensive developments in the 960-
12 15-megacycle band, allocated in the U.S.A. for 
many future air-navigational and traffic-control 
aids, largely of the pulse type (wide band).  
Further raising of the frequency, except for 
specialized aids, appears questionable, for at 
appreciably higher frequencies there arise con
siderable problems in respect to tuning, fre
quency stability, transmitter power, and atmos
pheric absorption. 

Ambiguities are undesirable because the cover
age should be omnidirectional, flights may be 
short, and traffic quite dense. While there is 
no need for the extreme precision that is re
quired in landing beam systems, high frequencies 
may be used for aircraft navigation for the alti
tude at which airplanes fly extends the line-of
sigh t considerably beyond the sea-level-horizon 
distance. It is extended to about 150 miles for an 
airplane at 5000 feet. Thus radar or allied sys
tems, with their very small antennas, pulse 
transmissions, and other advantages, may be 
put to good use. 
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9.2 DISTANCE INDICATORS (DME) 

Distance indicators are absolute-distance 
(type-B ,  Section 3) devices, similar in principle 
with radio altimeters, and may likewise use 
pulse, continuous-wave, or frequency-modulat�d 
transmission. The range is greater than for radio 
altimeters, extending out to possibly 100 miles, 
or as far as the power or line-of-sight propagation 
allows. The accuracy need not be so great and, 
consequently, ambiguities are not prevalent. The 
indicated distance is again the slant range ; but 
the horizontal distance is generally so great, 
compared to the height of the airplane above the 
earth, that the two are practically equal. 

Unless the airborne distance indicator is part 
of a complete radar plan-position indicator, a 
ground responder-beacon is necessary. Distance 
indicators which are not part of a radar are gen
erally of the meter type, and therefore require 
stronger pulses than do cathode-ray indicators. 
They give no directional information. The loca
tion of the reflecting landmark may be definitely 
established by using responder-beacons which 
either code the aided echoes, or respond on a 
definite radio-frequency channel, or both. The 
use of a special transmission frequency for the 
responder-beacon permits echoes from other 
reflecting bodies to be disregarded by the airplane 
receiving apparatus as in assisted radar. Re
sponder-beacons are obviously saturable if a 
number of airplanes make simultaneous use of 
their facilities. This number can be increased by 
giving each airplane's interrogation signal a dis
tinctive pulse-recurrence rate. The receiver must 
then incl�de not only a time-measuring device 
but also an automatic "tracking" mechanism 
(strobe) for recognizing the desired echoes from 
those put out by the ground beacon in response 
to challenges from other airplanes. 

Distance measuring equipments (DME) are 
very desirable operationally, as distance to des
tination may be read directly without the need 
for plotting a fix by crossed lines of position and 
then scaling off the distance on a map. The 
service is limited to moderate distances by the 
requirement for airborne transmitters ; the prac
tical limitation is actually to radio line-of-sight 
distances because the short pulses required for 
accurate time measurements necessitate the use 
of very high radio frequencies. 

The various national and international policy
making bodies in aeronautics such as the Civil Aer
onautics Administration, Provisional Interna
tional Civil Aviation Organization, and Army Air 
Forces"have recognized the urgent need for auto
matic -meter-type distance indicators _':to make 
possible a complete distance and bearing (Re) 

Simple meter type of presentation for an R� radio navi
gational system. Distance in miles and tenths is shown �y 
the number-wheel type of indicator; bearing or azimuth is 
shown in degrees by the pointer. As distance and 

.
bearing 

are indicated simultaneously from the same radio land
mark, complete information for a position fix is constantly 
presented in direct terms. 

navigational system in conjunction with existing 
or proposed directional-type aids. Development 
of distance-measuring equipment operating in 
the 960-1215-megacycle band is in intensive cur
rent progress by Federal, Hazeltine, and other 
organizations. Equipments were demonstrated at 
the October, 1946, session of the Provisional 
International Civil Aviation Organization at 
Indianapolis, and are scheduled for extensive 
flight testing preparatory to commercial and 
military installation. The associated directional 
system which, with the distance-measuring 
equipment, will provide a complete polar-co
ordinate or Re navigational system along air
ways, cross country, and around airports, is to 
be the new Civil Aeronautics Administration 
omnidirectional range system operating in the 
1 12-1 18-megacycle band. 

9.3 RADAR FOR NAVIGATION AND ANTICOLLISION 
Radar essentially gives a pictorial display in 

the form of spots of light on a screen and reveals 
the location of distant objects with respect to 
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the position of the radar station. This informa
tion could be used in reverse to ascertain the 
location of the radar station itself, if the true 
positions of the distant objects appearing on the 
radar display were known. 

The first use is well fitted for military purposes, 
spotting objects which the enemy may prefer to 
conceal. With responder-beacons on airplanes to 
increase the range or clarity of service, the use of 
radar for civil aviation as part of the problem of 
ground observation and control of air traffic is 
very promising. The return pulses from the air
plane could even be coded to reveal ,  always or on 
demand, the altitude, identity, or similar infor
mation regarding the airplane. Use would be made 
of the principle of identification-of-friend-or-foe 
(IFF) systems of Section 3.4. For this pur
pose, radar is a direct 
and independent system ; 
the basic transmitters are 
on the ground, indica
tions are in convenient 
pictorial form, and var
ious elaborations and re
finements are possible. 
The use of radar for a 
number of observational 
and automatic reporting 
functions may ease the 
load on pilots and on ra
diotelephone channels 
for routine reports, . and 
possibly, by remote in
dicating systems,  the 
control tower may avoid 
use of radiotelephone 
channels for routine 
orders to airplanes. 
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on the display. Navigation then might be very 
skillful, even in close quarters. Several impor
tant considerations, however, enter the pic
ture. If the radar is ground based, observa
tional information must be relayed back to the 
airplane ; therefore the system is not an independ
ent one. If the radar is airborne, a compass may 
still be necessary because all airborne radar 
bearings are relative to the axis of the craft. (If 
two or more known landmarks could be depended 
on always to appear on the plan-position indica
tor, true directions could be determined, )  Finally, 
a radar installation requires heavy bulky rotat
ing directional antennas ; thus mobile radar, 
though quite practical for surface ships, appears 
for the present to be impractical for most civil 
aircraft. 

Photog1•aph courtesy of Raytheon Manufacturing Compan�/. 

The second or reverse 
use is as a navigational 
aid. A ground station 
obviously needs no such 
aid ; but a ship or air
plane might use radar 
to locate itself by refer
ence to known land
marks, such as coded 
responder-beacons, har
bor buoys, coastl ines, 
bridges, or other nat
ural features appearing 

Mariners Pathfinder shipborne radar installation, an all-weather aid in marine navi
gation. Marine radar is being increasingly used. Sets are generally of 

_
the short-range 

type, showing nearby objects with great accuracy, so that other ships, buoys, and 
obstructions may be located. 
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This is unfortunate because radar as a navi
gational aid can do one thing that no other 
system can do. It can show the presence and 
location of other moving objects for anticollision 
warning service. Knowledge of one's own position 
alone, no matter how exact, is inadequate for 
this purpose ; the need for anticollision service is 
becoming more and more urgent with increasing 
density of air traffic. The fact that the airborne 
plan-position display shows the position of other 
objects relative to the axis of the airplane is just 
what is wanted. Limited airborne radar for 
anticollision use only and not providing a com
plete navigational service is less impracticable. 
Low transmitter power will do as the range need 
only be several miles or so, very sharply direc
tional antennas are not required, and only a small 
sector ahead of the airplane must be scanned ; 
thus space, weight and drag requirements are 
less burdensome. 

The physical movement of an antenna to cover 
all desired directions is an advantageous feature 
of radar and allied systems. By making the 
antenna very sharply directional, the trans
mitted power is concentrated instead of being 
spread out, thus increasing the effective radiated 
power and range of service. The rotational rate 
of the antenna, however, must be slow enough to 
permit a sufficient number of pulses to hit each 
reflecting object. The pulse rate might be in
creased to insure this, but at the expense of 
increased transmitter power. 

9.4 ROTATING-BEACON PRINCIPLE (0RFORDNESS 
RANGE) 

The uniformly rotating unidirectional ray 
feature which is characteTistic of plan-position
indicator radar can be applied in other ways, 
even at comparatively low frequencies. In one de
sign already described, the Civil Aeronautics Ad
ministration omnidirectional range (Section 5.4),  
which is a medium-distance method and may 
possibly be applicable also for long distances, the 
uniform rotation is produced electrically rather 
than by physical means. Before these methods 
were invented, the use of actual physically ro
tating antennas of large size, operating at me
dium frequencies, was tried. 

An example of this type of directional trans
mitting system is the British installation at 
Orfordness. A fairly large directional antenna 

radiates a rather broad beam. The whole antenna 
is bodily rotated at a fairly slow rate, say once 
per minute. Each time the radiation is to the 
north, a distinctive reference or marker signal 
is emitted. With an ordinary stop watch, the 
observer measures the time elapsed between re
ception of the north signal and of the rotating 
beam. Knowing the rotational rate, this time 
interval is a measure of the angle through which 
the moving beam has turned from the north 
until it momentarily points at the observer, and 
gives the observer's true bearing from the ground 
station. The stop watch could be calibrated 
directly in degrees of azimuth. 

A fully automatic indicator could also be 
devised. Other interesting forms may suggest 
themselves. The rotating directional transmitter 
might have a modulation changing uniformly 
with time so that its instantaneous value cor
responds to the instantaneous bearing. Different 
audio-frequency tones might be used for this 
purpose. The direction of the antenna might 
even be recited by phone modulation every five 
degrees or so, each observer hearing only his 
bearing. Systems of this sort were used during 
the war as rough homing aids for airplanes. 
This method is very simple in principle but, 
at medium frequencies, antenna systems are 
either insufficiently directional to be accurate or 
much too bulky for physical rotation. Thus this 
system has not been extensively used. 

9.5 NAVAR PRINCIPLE 

That same principle, however, is promising 
for use at higher frequencies, where antennas 
may be sharper in directional characteristics, 
smaller, and capable of faster rotation so as to 
give quicker indications. Furthermore, the 
principle opens up an interesting attack on the 
problem of integrating the ground traffic-control 
problem with the navigational problem, for 
medium-distance overland traffic. 

One would start with a conventional ground 
radar station of the plan-position-indicator type 
for ground observation of air traffic. This type 
of radar always has a physically rotating, sharply 
unidirectional antenna as its basic element. To 
extend this into an omnidirectional and unam
biguous rotating-beacon type of radio range, 
practically all that is needed is the additional 
emission of a distinctive omnidirectional north 
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signal, each time the radar beam passes through 
north. 

· 

This is the principle of the omnidirectional 
range or azimuth-meter service which is one 
part of the Navar system being built by Federal. 
The timing is done automatically and true bear
ings or azimuths are indicated visually and 
directly on the airplane by the pointer of a 360-
degree-type meter. 

The other basic navigational part of the Navar 
system is a direct-reading distance indicator on 
the airplane. This uses pulses sent out by the 
airplane, as described under distance indicators 
(Section 9.2) .  The responder-beacon is at the 
ground station ; its transmitter, in fact, may be 
the same one that produces periodic omnidirec
tional north signals in the direction-indicator 
system. A large number of airplanes may use 
this simultaneously without interference by use 
of the random�pulse-recurrence principle, also 
described in Section 9.2 .  

The Navar system resembles radar but is not 
identical with it ; Navar and radar may work 
together. In radar, both the distance and direc
tional transmissions and indications are on the 
ground. In Navar, the directional transmissions 
occur at the ground but their indications are 
produced in the airplane ; the distance trans
missions, which require no bulky directional or 
rotating antennas, take place from the airplane 
and the indications occur directly in the air
plane. Moreover, a large part of the equipment, 
both on the ground and in the airplane, may 
be used in common for the bearing, distance, 
ground plan-position indicator, and possibly 
other functions. 

Like radar, Navar gives a complete fix by 
means of a bearing line of position and a distance 
line of position, both on the same landmark and 
both indicated directly and concurrently. Fur
thermore, both indicators may be small easily 
read meters instead of bulky and not-too-bright 
cathode-ray tubes. In fact, for the medium-dis
tance overland navigational problem, the pre
sentation is practically the same as the ideal 
instrument shown in Fig. 1 ,  except that indica
tions are in terms of bearing and distance rather 
than latitude and longitude. This is even pre
ferable for land orientation, where latitude and 
longitude are not particularly meaningful at first 
glance. Where air terminals are theJmportant 
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reference points, bearing and distance from them 
are most pertinent. The Provisional International 
Civil Aviation Organization has recommended 
that overland air navigation be standardized 
according to a distance and bearing system of 
reference. This implies a combination of some 
form of airborne distance-measuring equipment 
and omnidirectional azimuthal service. 

For track guidance, any straight-line radial 
path leading to or from the ground station could 
be flown with facility by keeping on a line of 
position of fixed bearing ; any circular flight path, 
such as an orbiting or holding maneuver, which 
is common near airports in preparation for land
ing procedures, could be easily flown by keeping 
on a line of position of fixed distance. A left
right meter or an automatic pilot could be used 
for guidance of the airplane along such paths, or 
even along any desired offset straight-line path, 
if a computing device which worked off both 
bearing and distance indications simultaneously 
were provided. Development of such computers 
is in progress by Minneapolis-Honeywell, Collins, 
and other organizations. Fig. 1 1 ,  shows useful 
types of flight paths possible with a distance-bear-
ing system. 

9.6 AUTOMATIC POSITION PLOTTING (APP) 

It is conceivable that the Navar type bearing 
and distance indicators could be provided with a 
mechanical polar-coordinate tracer to indicate 
the position of the airplane graphically and con
tinuously on a map centered about the region of 
the ground station. 

Any radio navigational system that indicates 
two intersecting lines of position concurrently 
gives a continuous indication of fix. The two 
lines of position might be radial as in any type-D 
system (Section 5) ,  or as determined by com
bining direction finding (type A, Section 2) and 
compass indications, or they might be two 
circular lines of position from an absolute
distance (type-B, Section 3) system, or even 
two hyperbolic lines from a differential-distance 
(type-C, Section 4) system. In all such cases , 
it is conceivable that the two simultaneous 
indications could operate an automatic position 
plotter. This has been proposed by Bendix for 
the direction-finder and compass case. 

The bearing-distance combination, however, 
has a number of advantages over any other 
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combination of lines of position. First, the bear
ing-distance indications are from a single land
mark and may occur from use of one radio-fre
quency channel, thus requiring only one tuning 
operation. Bearing and distance from a single 
place, even as numerical quantities, give a clearer 
mental picture of a location than do two bear
ings, two circles, or two hyperbolas, from two 
landmarks. Finally, the airplane needs to be 
within range of only one station, rather than 
two widely separated, specially related stations 
at the same time. 

The automatic position plotter would be 
mechanically much simpler with the polar co
ordinates of bearing and distance than witp t�o 
bearings, circles, or hyperbolas, especially as in 
the latter cases the distance and direction be
tween the two landmarks would not be any 
fixed amount. A manual adjustment would have 
to be provided for introducing these factors into 
the apparatus, depending on the relative location 
of the available pair of ground stations. Also, the 
two ground stations might not always appear on 
one sectional map. Finally, with crossed straight 
lines, circles, or hyperbolas, fix errors are liable 
to be greatly magnified 
under certain circum-

position displays and is uniquely suited for anti
collision service. Airborne radar, however, has 
the installation drawbacks already noted. The 
idea has therefore been proposed to use a ground 
radar station to collect such information as 
distance and bearing of airplanes and terrain 
features for display in conventional form for 
ground observation and control of air traffic. 
All this information might then be relayed to the 
airplane by radio for navigational purposes. The 
airplane would require a relatively small radio 
installation without bulky directional and rotat
ing antennas and would require no powerful 
transmitter. 

This scheme would seem to allow one powerful 
ground radar station to serve a large group of 
airplanes with navigational and anticollision 
information cheaply. The information preferably 
should not be relayed to the airplanes verbally ; 
the airplanes should be provided with either a 
picture or a duplicate of the original ground plan
position display. 

The picture method has been proposed by the 
Radio Corporation of America as the essence of 
its Teleran system for air-traffic control and 

o• 

stances, as when the two 
lines of position are not 

330° 

close to being perpendic
ular ; whereas distance 
and bearing lines of posi
tion from one landmark 
are always at right angles, 
the best angle of inter
section for high accuracy. 

9 .  7 RELAYED RADAR 
(TELERAN, NAVASCOPE) 

Radar, together with 
the advantage of giving 
simultaneous bearing 
and distance lines of posi
tion from one landmark, 
can give pictorial plan -

300° 

CIRCULAR PATHS, 
USING DISTANCE METER, 

TO FLY CONSTANT 
DISTANCE --c:_ 

240° 

180° 

RADIAL PATHS, 
USING AZIMUTH METER, 

TO FLY CONSTANT 
DIRECTION 

OFFSET PATHS 
USING BOTH 

METERS AND 
A COMPUTER 

Fig. 1 1-Useful types of flight paths possible in an·Ra or distance-bearing radio navi
gational system. Tracks may be accurately followed by reference to a distance-azimuth 
meter like that shown in a previous illustration. 
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Principle of remote radar as used for the Navascope, or  airborne duplicate of the ground radar plan-position display. 

navigation. Principles of ordinary television 
practice are to be used. The ground radar display 
is produced in the usual manner ; the plan-posi
tion indicator is scanned by a television camera 
and broadcast by an omnidirectional television 
transmitter. The picture is displayed on an air
borne television receiving set. This scheme offers 
a Number of interesting possibilities ; for example, 
additional information, map indications, traffic 
orders, etc., could be written on the plan-position 
indicator or held in front of the television camera, 
and would instantly appear on the airplane tele
vision receivers. 

The duplicate or remote radar method has 
been proposed by Federal as one part of its Navar 
system for traffic control and air navigation. 
Again a conventional ground radar station pro
duces a plan-position display in the usual man
ner. Airplanes are given a duplicate of this dis
play in much the same manner that an additional 
display would be produced in an adjoining room, 

except that radio instead of wire links are used. 
The incoming echo pulses are used not only to 
create the light spots on the ground plan-posi
tion indicator, but are broadcast in original 
form but on another radio channel in all direc
tions. Other control pulses for synchronizing the 
time sweep and the bearing sweep are likewise 
broadcast, all in proper time relationship, so 
that the airplanes use essentially the same 
pulses to create a plan-position display as does the 
ground station and in the same manner. Certain 
extra information could also be put in at the 
ground station by special electronic means. Also, 
the pilot can vary the content and manner of 
presentation, such as scale, heading, or offset, to 
suit his purposes. 

This type of relayed radar, which has been 
used for certain wartime applications involving 
the repeating of radar displays between surface 
ships and airplanes, is proposed as part of the 
integrated Navar system to give a pictorial 
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display on the airplane in addition to the pri
mary meter-type indications of distance and 
bearing. In this connection the remote radar or 
Navascope display would use, to a certain extent, 
the same ground and airborne equipment in
stalled for the airborne distance and bearing in
dicators as well as for the ground radar display. 

\!Vhile relayed radar, whether televised or 
remoted, appears to obviate the need for a 
complete airborne radar, on closer analysis three 
fundamental defects appear. 

In the first place, the system is a "second 
hand" one as indications originally assembled on 
the ground are relayed to the .ultimate user over 
an extra radio link, whereas independence has 
been stressed as a desirable feature for any 
navigational aid. 

Secondly, the original radar display uses 
assisted techniques; cooperating equipment, such 
as responders, are required on all airplanes, 
and only those so equipped will appear on the 
display. However, until airborne radar is made 
more practical , relayed radar may be a useful 
compromise solution to the anticollision problem. 

Thirdly, the information given by relayed 
radar alone is necessarily incomplete ; the system 
is not a self-sufficient navigational aid. 

The ground station collects only directional 
and distance information regarding the airplanes. 
Airplanes are not identified ; they are just so 
many spots of light on a cathode-ray screen, 
indistinguishable from each other. When the 
ground display is transmitted to the airplane, the 
center of the picture is the ground station and 
the spots of light still look alike. The result is 
that the observer on a particular airplane, look
ing at the radar picture, does not know which 
of the many spots of light corresponds to his 
airplane. The only way he could identify his own 
light spot is by knowing his own bearing and 
distance, the information he is trying to obtain. 
Attempting to resolve this vicious circle is like 
trying to lift oneself by one's own bootstraps. 

The fact that the ground radar antenna acts 
as a rotating beacon, irradiating an airplane once 
during each rotation, could be used to determine 
bearing. This principle is used to actuate the 
direct-reading azimuth indicator which is one of 
the basic parts of the Na var system. Other air
planes, however, might be at the same bearing at 
the same time. 

Additional schemes may be used to aid in 
judging which spot of light corresponds to a 
given airplane. If, however, an independent 
source of distance information were also con
tinuously available, then the question would 
be answered completely. If desired, the bear
ing and distance information could be com
bined automatically to mark in some distinctive 
manner the light spot corresponding to the 
observer's airplane. This principle is incorporated 
in the remote radar part of the Na var system, for 
independent airborne distance and bearing 
indicators are already provided as primary navi
gational devices. 

For complete identification and really effective 
anticollision warning service, the relayed radar 
display should give altitude information also. 
The observer, for anticollision purposes, does 
not need to know the actual altitude of his 
or other airplanes ; he need only know which 
other airplanes are near his own airplane. He 
does not even need to see on the display those 
airplanes which are at considerably different 
altitudes. By the following prineiples, in either 
televised or remoted radar, this might be ac
complished at least effectively enough for the 
purpose. 

The ground radar display originally shows all 
airplanes regardless of altitude ; but each air
borne relayed display is devised so as to be 
altitude selective. To accomplish this, the aided 
echoes from the responder-beacon in the airplane 
are coded in accordance with a barometric altim
eter mechanism. The coding thus corresponds 
to the instantaneous altitude of the airplane. 
This feature permits each airplane to include in 
its radar or television display only those spots 
of light indicating airplanes whose return pulses 
have the particular altitude coding correspond
ing to any altitude layer selected by the pilot. 

Furthermore, in remoted radar there is the 
possibility of an automatically adjusted altitude 
presentation, that is, the barometric coder can 
control the relayed radar indications so as to show 
only airplanes at the same altitude region as the 
observer's airplane and this display level will 
follow the airplane as it changes in altitude. 

Only true mobile radar, however, may be a 
first-hand, pictorial navigational aid and anti
collision indicator. For anticollision service, it is 
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unique and is the ultimate device. For practical 
reasons, mobile radar is only suitable at present 
for surface ships and possibly for very large 
aircraft. If anticollision service or a pictorial 
radar display is nevertheless wanted on airplanes, 
it might well turn out that some sort of relayed 
radar is the practical solution, especially for 
small or moderate-sized airplanes where weight, 
power, drag, and e�pense must be held down. 
For fundamental reasons, however, an independ
ent self-sufficient navigational system, one with 
unambiguous observations made directly on the 
airplane, is still desirable as a primary naviga
tional aid, with or without relayed radar as an 
adjunct. 

10. Long-Range Applications 

10. 1 GENERAL REQUIREMENTS 

Navigational aids for transoceanic routes or 
routes passing over large desolate areas like the 
polar regions present special problems. 
Relayed radar, for example, is out of the 
question, for this facility requires chains 
of ground stations of limited line-of
sight range. If anticollision service should 
be desired, pure airborne radar is a 
necessity. As regards the main naviga
tional items, great accuracy is not too 
important. Reliability of service over 
great distances is the big problem ; in 
midocean there are no emergency land
ing fields. Midocean landings, even for 
seaplanes, are not too safe ; and the trend 
seems to be toward land-type planes for 
transoceanic traffic. Good track guid
ance is desirable since · on a long trip 
much time and fuel may be wasted 
by erratic wanderings off the· direct 
course. 

10.2 DISTANCE REQUIREMENTS 
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must be within range of at least two ground 
stations whose lines of position cross at a 
usable angle ; and that ground stations are to be 
at actual land points, coastal or island, and not 
on moored ships or man-made islands. A recent 
study12 indicates that if a reliable range of about 
1500 miles is postulated, sufficient land sites are 
available. With this range, 4 to 6 stations could 
service the important North Atlantic area, and 
some 60 stations could cover all oceanic and 
polar areas. For differential-distance type sys
tems (Section 4) , where for each family of lines 
of position two widely separated suitably related 
sites must be found, the situation is more com
plex, especially at midsea where islands may be 
few. 

At 1500 miles, any radio navigational aid that 
requires transmissions of any sort, including 
echoes or responses, from an airplane appears to 

12 P. R. Adams and R. I. Colin, "Frequency, Power, and 
Modulation for Long-Range Radio Navigation System," 
Electrical Communication, v. 23, pp. 144-158 : June, 1946. 

Base map copyright by Rand McNally & Co., Chicago, Ill., R.L. 4728. 

The first question that occurs when 
discussing radio navigational systems 
that are to be ultimately capable of 
covering all oceans, polar areas, etc. , 
is just what distance range is required 
for the ground stations. I t  may be 
assumed that to establish a fix by 
crossed lines of position, an airplal).e 

Globe view showing possible locations of ground transmitters of 
1 500-mile range, for providing radio navigational service at all 
points in the North and South Atlantic oceans. 
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be out of the question, because an airplane can
not carry an adequate transmitter and antenna 
installation. The various basic types of radio sys
tems are analyzed with respect to this require
ment in the lower half of Table I. It is seen that 
only airborne direction finding, ground direc
tional transmission, and ground differential
distance types may meet this condition. But 
among these, only the last two also meet the 
requirement of self-sufficiency or independence 
as analyzed in the first half of Table I .  

This does not mean that all directional trans
mitting (type-D, Section 5) and differential
distance (type-C, Section 4) systems necessarily 
meet all the requirements ; this depends on speci
fic system details. It does mean that in looking for 
a radio navigational system that meets the two 
basic requirements for long-range use, no other 
types of systems need be considered. The ques
tion of which of the two types, or which specific 
system of either type, is the best or the most 
promising, can only be answered after thorough 
technical study of such details as accuracy, 
reliability, frequency and bandwidth require
ments, availability of suitable sites, ambiguities, 
shape of lines of position, convenience of indica
tions, degree of omnidirectional service, weight 
and complexity of equipment, and so on ; and 
ultimately, only by actual test. Some general 
comparisons of the two favored basic types are 
next given. 

10.3 DIFFERENTIAL DISTANCE VERSUS DIREC
TIONAL TRANSMITTING 

In a sense , these two types of systems favored 
for long range are different only in degree. In 
both cases, sets of two or more antennas are 
used and the emissions from the individual an
tennas must be accurately related. In both, the 
lines of position are necessarily hyperbolas be
cause they result from a differential effect be
tween two or more antennas. The hyperbolas, 
however, degenerate into sensibly straight lines 
at distances from the array that are greater than 
about 5 to 10 times the spacing between individ
ual antennas ; this condition holds true for all 
practical purposes in type-D systems. The line of 
demarcation between the two types of systems · 

appears in several other ways. One may say that 

in directional transmitting systems the antennas 
are from a fraction of a wavelength to several 
wavelengths, say a few feet up to a mile, apart ; 
while in differential-distance systems the an
tennas may be hundreds of wavelengths, up to 
hundreds of miles, apart. The latter condition 
has it advantages ; as in trigonometric surveying 
and plotting, a long control base line results in 
more accurate indications, other things being 
equal. Also, errors caused by nonuniformity in 
the terrain in the immediate vicinity of the 
antennas become less serious. 

In differential-distance systems, the signals 
from individual antennas are received inde
pendently and then compared in phase or in 
time. In directional transmitting systems, the 
signals from the individual antennas merge, so to 
speak, and only the net effect is observable ; this 
net signal is compared with other net-effect 
signals produced by the same or nearby antennas. 

In differential-distance systems, the antennas 
are so far apart that a radio link and very careful 
procedures must be used for synchronizing the 
two distant transmitters. The signals from the 
two antennas travel to the distant observer by 
quite different paths over the earth. In direc
tional transmitting systems, the antennas are so 
close that a short wire link may be used for 
synchronizing the signals ; generally, the identical 
transmitter is used for all antennas. On the other 
hand, the antennas in differential-distance sys
tems may be of the simplest, nondirectional type, 
whereas in the directional transmitting systems 
the layout, polarization, modulation, balancing, 
and current relations of the individual antennas 
of the array must be carefully attended to, so 
that the correct directional patterns are always 
produced and are correctly modulated. All the 
signals, however, travel to the observer over a 
single propagation path. 

The site-location problem is more stringent in 
type-C (Section 4) systems because two sites, 
suitably related, must be found to produce one 
set of lines of position. In certain regions, this 
might require raising the distance requirement, 
thus increasing the construction and power cost. 
Two sites mean two bases, se1vices of supply, 
and groups of operating personnel. As Fig. 7 and 
the check list (Table I) shows, three distinct 
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radio signal links per airplane are requi;ed for 
one line-of-position observation ; this means fun
damentally greater chance of breakdown. 

All types of systems are subject to certain 
basic sources of error, which limit the accuracy 
of even the best-designed and engineered system. 
For very-long-range systems, radio propagation 
occurs via sky waves, that is, by waves which are 
reflected down to the receiving station by the 
various ionospheric layers. This always affects 
radio communication and navigational services. 
In directional systems, inherent errors may arise 
because of certain changes in the polarization of 
the reflected waves, and because of distortions 
of the wave front caused by certain terrain 
features. In any distance systems; inherent 
errors may arise because of deviations of the 
path of the radio signals from the most direct 
path, caused by irregularities in the ionspheric 
layers ; in differential-distance systems, more,, 
over, there are two distinct paths to the receiver, 
and each path may be affected differently. In 
all systems, errors may arise because of inter
ference between signals arriving via the ground 
path and via the sky path or paths from the same 
transmitter. They may vary in time of arrival, 
phase, polarization, etc. Systems using very short 
pulses and cathode-ray tubes have an advantage 
in that the ground-wave pulse, arriving first, 
may be visually distinguishable from the pulses 
arriving over longer paths. 

The comparative seriousness of the various 
inherent errors in the two types of systems, and 
the limiting magnitude of them in each system, 
have not yet been determined well enough to 
judge which type of system is preferable in this 
count, or to predict the limits of accuracy one 
may expect in long-range radio navigation in 
general. 

The above sources of error are not in the 
transmitting or receiving apparatus but in the 
physical medium of propagation between the two, 
a medium over which engineers have little or no 
control. Outside of such inherent errors, which 
are characteristic of the basic type of system, in 
each specific system there may be errors caused 
by ambiguities, misadjustment, or mechanical 
malfunctioning, which errors may be reduced 
by good design and engineering and by careful 
and intelligent operation. 
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10.4 PROPAGATION PROBLEMS 

For short-distance applications, high frequen
cies are generally preferred because sharp direc
tive effects are desired with small installa
tions. For medium-range work, up to 100 miles 
or so, certain frequencies may be preferred for 
practical reasons, but almost any frequency 
would do. In both cases, the power requirements 
create no great problem. For a 1500-mile reliable 
range, however, the question of proper frequency 
for reliable transmission is a critical one as 
power, transmitter, and antenna costs are not 
inconsiderable. 

The study12 previously referred to .has gone in to 
these questions starting from first principles, and 
the results of the investigation prove to have 
some direct implications with regard to the 
suitability of specific systems for reliable long
range use. 

For long-range propagation, only the low
frequency, very-low-frequency, and high-fre
quency bands may work. Medium frequencies, 
such as used for broadcasting, have very short 
ranges in the daytime and are variable at night. 
Very-, ultra-, and super-high frequencies are 
restricted to line-of-sight distances, about 250 
miles for an airplane at an altitude of 20,000 feet. 

High frequencies, as used in international 
broadcasting and communication, may travel 
long distances with comparatively little power 
and small antennas. Interruptions and disturb
ances, however, are very frequent and serious, the 
ionospheric layers being highly variable with 
respect to these waves. Fading is common and, 
at intervals that may be frequent and protracted, 
there are complete blackouts of reception, con
nected in some way with magnetic storms and 
sunspot activity. 

Low and very low frequencies, as used since 
early days for very-long-distance communica
tion, propagate quite steadily day and night, 
during all seasons and years, as the ionospheric 
layers that reflect them are less subject to up
heavals. Also, one frequency serves for all dis
tances, directions, and times of transmission, 
while for long-distance high-frequency communi
cation, a transmitting station often has to choose 
among three or more available frequencies to fit 
the circumstances. Low frequencies are especially 
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Laboratory-equipped airplane used for gathering experimental data on performance of ground and airborne equipment 
during the development of a radio navigational aid (SCS-51 instrument landing system). 

· 

useful for radio communication in polar regions, 
where air traffic may be expected to increase in 
the future to take advantage of direct great
circle routes ; in these regions high-frequency 
transmissions are subjected to such excessive 
ionospheric disturbances as to be practically use
less, except for short distances. 

Thus, from the all-important consideration of 
reliable and uniform propagation, low frequencies 
seem indicated for long-range navigational sys
tems. Low-frequency transmitters, however, 
require very large antennas and considerable 
power. Also, the bandwidth should be extremely 
narrow for two reasons. First, static or noise, 
which may be very disturbing at low frequencies 
(less so in polar regions and more so near tropical 
areas) , may be reduced in effect by use of narrow
band reception. Secondly, the low-frequency 
band does not have room for many or wide 
channels. Therefore, if a number of navigational 
stations are to be accommodated without inter
fering mutually or with other radio stations, 
their emissions must be so narrow in bandwidth 
as to use up very little channel space. The general 
conclusions of this study regarding the desirabil
ity of low-frequency and narrow-bandwidth 
operation for long-range radio navigational aids 
have found agreement in the recommendations 
and experiences of others. A great amount of 
experimental development work is being done on 
specific systems meeting these conditions. 

In a subject with so many ramifications, ac
curate quantitative predictions cannot be made ; 

but the aforementioned study concludes that for 
a 1500-mile service range, the greatest reliability 
may be expected with least power cost at a 
carrier frequency in the neighborhood of 80 to 
100 kilocycles. The input power requirement, per 
ground station, for a receiver bandwidth of about 
20 cycles, is stated as ranging from about 10 to 
100 kilowatts, depending on the nearness of the 
station to the tropic zone. It is interesting to note 
that 100 kilowatts when translated into mechani
cal power is equal to about 140 horsepower or 
about one tenth the power output of a single 
modern airplane engine. 

10.5 SPECIFIC SYSTEMS 

Up to the present, no system satisfying all the 
basic requirements, let alone the features of 
convenience, of a fong-range navigational system 
has been built. Some have been proposed or are 
being developed. In a number of cases, the sys
tem is merely an extension of a type used more or 
less successfully for medium distances. The 
difficulty is that mere increase of power is not 
always sufficient ; the particular modulation, 
frequency, or other features being such that the 
systems are propagationally unsuitable for long
distance work. 

The principal systems under discussion for 
long-distance use may, however, be mentioned 
and their long-range features itemized briefly. 
The first requirement is, of course, reliable 
service, which implies low-frequency narrow-
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band operation ; then ambiguities, convenience, 
omnidirectional coverage, antenna complexity, 
etc., may be considered. 

Loran and Decca are propounded as promising 
differential-distance systems, the hyperbolic 
lines of position and other general features being 
the same as already described under type-C 
(Section 4) systems. Standard Loran, which 
has had extensive wartime use, uses brief pulses, 
which require wide bandwidths and fairly high 
frequencies. Some promising work is being done 
on low-frequency forms of Loran ; the inherent 
and practical problems (channel space, etc.) are 
considerable, and the final answer is not avail
able. Decca, a recent development, uses pure 
continuous waves and is thus eminently suited 
for low frequencies and narrow bandwidths. The 
phase-comparison method, however, brings in 
the great problem of ambiguities which has been 
already described, and which may only be re
solved by using recording meters, carrying double 
equipment for the receiving of two pairs of sta
tions for a fix, and using extra high powers in the 
transmitters. Loran (at least in high frequencies) 
and Decca are capable of great accuracy, one 
requiring cathode-ray-tube observations and 
manipulations, the other requiring careful treat
ment of ambiguities. In Loran, although rather 
wide bandwidths are used, several stations 'can 
operate on the same radio-frequency channel 
without interference, through the principle of 
different pulse-repetition rates as described under 
distance indicators (Section 9.2) . In Decca, 
even the two stations of one pair must operate 
on different channels so their signals may be 
distinguished at the airplane, where they are 
subsequently changed to identical frequencies for 
phase-comparison purposes. This requires es
sentially two receivers for observing one line of 
position and a special schedule of frequency 
allocations. Coverage is fairly wide so that many 
lines of position are available, though of hyper
bolic shape and requiring special charts. In all 
cases, antennas may be the simplest nondirec
tional types, but accurate and reliable long
distance synchronization is required. 

Among the directional transmitting systems pro
pounded are Consol or Sonne, Civil Aeronautics 
Administration omnidirectional range, and Nava
globe. Consol and Navaglobe are inherently suit
able for low-frequency narrow-band operation. 

The Civil Aeronautics Administration system, 
which was originally developed at high fre
quencies to replace the four-course A-N ranges, 
has special modulations that make the problem 
of adapting it to low-frequency narrow-band 
operation difficult, but some interesting work is 
being done on low-frequency designs of it. The 
Civil Aeronautics Administration and Navaglobe 
systems are omnidirectional and direct indicat
ing, with little or no ambiguities. Sonne, which 
has been operationally used during the war, is 
capable of great accuracy, but the coverage is 
not completely omnidirectional, and alternative 
means, direction finding, for example, must be 
used to resolve ambiguities. I ts aural indications 
require no special receiver but take considerable 
time. Sonne or Consol require an array of only 
two or three antennas ; the omnidirectional 
Civil Aeronautics Administration and Navaglobe 
systems require five and three antennas, re
spectively. Navaglobe has not been in operational 
use, but an experimental model is under con
struction. In all type-D systems, the observations 
may not be as accurate as in differential-distance 
systems but should be precise enough for ordin
ary commercial purposes, and the antenna lay
out and excitation are critical. The lines of 
position are of the more convenient shape of 
great circles and require no special charts. 

1 1 .  Conclusion 

The foregoing descriptions of specific radio 
navigational systems were restricted to funda
mental characteristics ; in each system there 
may be hosts of other quite important considera
tions, intimate technical and other details, which 
further add to or detract from the suitability of 
the systems. Only tests over a period of years, 
especially for the long-range case, will give the 
final answer, insofar as any technical develop
ment can be considered final. In radio naviga
tion, as in any other field, developments are not 
cheaply attained ; Edison's well-known char
acterization of invention as being 10 percent 
inspiration and 90 percent perspiration still holds 
true. Credit for the ultimate developments in 
radio navigational aids, whatever form they may 
take, must be shared among the large number of 
individuals and organizations in many countries 
who have contributed to the advancement of 
the various branches of radio and electronics. 
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