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AN OMNIDIRECTIONAL RADIO -RANGE SYSTEM 

BY 

DAVID G. C. LUCK 
Research Laboratories, RCA Manufacturing Co., Inc., Camden, New Jersey 

PART I - PRINCIPLES OF OPERATION 
Summary -Radio navigation may be done with direction -finding receivers 

on mobile craft, with fixed direction finders on the ground or with directional 
beacon transmitters on the ground. Each method has its unique merits and 
faults, but the last seems especially suited for aircraft guidance in the 
United States and has, in the form of four- course radio "range" beacons, 
rendered outstanding service. The disadvantages of limited choice of courses 
and of difficulty in definitely determining on which course a craft may be, 
inherent in the present four- course ranges, may be avoided by rotating a 
transmitted radio beam and timing its passage over the receiving craft, to 
determine uniquely the bearing of that craft from the known location of the 
beacon transmitter. 

A rotating beam, of figure -eight shape, may be produced without 
mechanical motion by setting up two fixed antenna systems, having figure - 
eight directivity, at right angles and feeding them with radio -frequency 
signals modulated at the desired rotation frequency, the modulation of the 
separate supplies to the two crossed antennas being in phase quadrature. 
Unmodulated carrier to resolve the ambiguity of the figure -eight beam, by 
changing its shape to a limaçon, is radiated from a non -directive antenna, 
and a timing reference is provided by interrupting all transmission moment- 
arily just as the beam points north. 

The audio output from a receiver tuned to this beacon comprises a sine 
wave produced by the sweep of the beam and a train of impulses produced by 
the reference keying. The sine component is filtered, split in phase and used 
to drive a cathode -ray beam in a circle, in step with the rotation of the 
transmitted beam. The impulses are used to slow up the beam electrons 
momentarily, marking the swept circle with an outward jog and so indicating 
receiver bearing directly. The impulses also actuate a zero- center meter, 
while the sine wave renders this meter insensitive at a certain moment of 
the cycle and oppositely sensitive just before and just after that moment. 
By adjusting the sine wave phase, the meter may be centered when the 
receiver is on any desired bearing, and thereafter will indicate any departure 
from that bearing. A special broadcast transmission may be used to check 
adjustments of receiving indicators. 

Certain conditions as to modulation phases and amplitudes, antenna- 
current phases and amplitudes, antenna geometry and cathode -ray indicator 
voltage phases, amplitudes and tube geometry must be fulfilled if accurate 
bearings are to be obtained. Study of these conditions shows all adjustment 
tolerances to be of reasonable magnitude, though considerable care in antenna 
construction is necessary to insure adequate symmetry of antenna- current 
phase. 

1- INTRODUCTION 

A- Navigation 
VERY form of transportation is faced with the problems of navi- 
gation, which are to keep track of and to plan the travel of 
mobile units. Navigation becomes increasingly difficult and 

important as freedom of mobility increases. Aircraft, therefore, provide 
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the ultimate in navigational problems to date. The difficulty of solution 
is enhanced by the high speeds attained and by the preoccupation of a 
necessarily minimal operating personnel. The last factor makes con- 
venience in use a paramount virtue in any proposed solution of prob- 
lems of aircraft navigation. 

Three methods of navigation have come into use. When possible, 
direct visual observation of the earth's surface with its landmarks is a 
very convenient and valuable method, direct celestial observation fol- 
lowing as a less convenient, but sometimes even more valuable variant. 
When visual observation is impossible, blind calculation or "dead reck- 
oning" from all available position, speed, and drift data furnishes a 
second method. This is often convenient, but can permit the accumu- 
lation of serious amounts of unsuspected error between checks by 
direct observation. The third method of navigation, radio direction - 
finding, is unique, both in its ability to supply direct navigational data 
when there is no visibility at all and in the convenience of use of its 
recent refined embodiments. 

B -Radio Direction -Finding 

Radio direction -finding also has come into use in three main forms, 
each with its peculiar advantages and disadvantages.' In all cases, 
radio direction -finding equipment consists primarily of a precision 
directional antenna system. The remaining apparatus is subsidiary; 
its specific form determines the convenience and completeness with 
which the properties of the antenna system may be utilized. In par- 
ticular, the accuracy of direction -finding is always limited by the degree 
to which the ideal properties of the antenna system satisfy certain 
requirements, such as insensitivity to vertically downcoming signals, 
and by the accuracy with which the actual antenna characteristics 
agree with the ideal ones. Further limitations are imposed under cer- 
tain conditions by vagaries inherent in radio -wave travel. 

One main form, the aircraft direction -finder, or radio compass, 
requires a directive receiving antenna and its auxiliary apparatus to 
be carried on board, and gets directional information from signals 
from ordinary radio transmitters on the ground. It gives the flight 
personnel full control of and responsibility for radio navigation and 
requires a proportionate amount of attention from them. In effect, it 
permits them to "see" ground transmitters when there is no visibility. 
It is very convenient for "homing," or flight headed directly toward 
the transmitter, but requires correction for the ship's heading, as 

' R. Keen, "Wireless Direction -Finding," 3rd ed.,'life, London, 1938. 
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determined by magnetic compass, to be useful for navigation. In its 
newest forms, in which the indicating means automatically point 
directly at any station tuned in,2.3 the effort required to obtain the 
information which the radio compass can supply is reduced to a very 
low level. Requirements of compactness and mechanical simplicity have 
always made necessary the exclusive use of loop antennas for aircraft 
direction -finders. Loop direction -finders are fundamentally subject to 
errors when receiving waves that arrive from other than horizontal 
directions with other than vertical polarization,4 conditions often found 
at night. Thus, the reliability of the radio compass is sometimes lim- 
ited by conditions beyond control. Also, no really satisfactory radio 
compass has yet been developed for use at the ultra -high radio fre- 
quencies, where natural static normally causes only negligible inter- 
ference. 

In another form, the ground direction -finder, the directional receiv- 
ing antenna and its auxiliaries are on the ground. Thus, cumbersome, 
but precise Adcock (spaced vertical) 5 or spaced loops antennas may be 
used and errors due to oblique wave incidence and polarization may be 
avoided. Use of ground direction -finders keeps ground personnel, both 
authorized and unauthorized, directly informed of aircraft positions, 
and in fact transfers to them the work of position finding. In effect, 
they enable ground staff to "see" transmitting aircraft, despite poor 
visibility. Aircraft personnel is relieved of much of the work of navi- 
gation, relying on the observations and calculations made on the 
ground. No extra aircraft equipment is required, but much extra 
transmission from aircraft is involved in the intensive use of ground 
direction -finders. This creates a serious interference problem, par- 
ticularly since only one aircraft can be served at a time and each one 
requires especially frequent service when conditions are difficult. 
Recently, automatically indicating ground direction finders7 have 
become available, so that these, like modern automatic radio compasses, 
are very convenient to use. Ultra- high- frequency forms are not yet 

2 "An Automatic Direction -Finder," Communications, Vol. 18, Oct. 1938, 
p. 10. 

3 H. Busignies, "The Automatic Radio Compass and its Application to 
Aerial Navigation," Elect. Communication, Vol. 15, 1937, p. 157. 

4 T. L. Eckersley, "The Effect of the Heaviside Layer on the Apparent 
Direction of Electromagnetic Waves," Radio Review, Vol. 2, Feb. 1921. No. 2, 
p. 60 and May 1921, No. 5, p. 231. 

5 F. Adcock, "Improvements in Means for Determining the Direction of 
a distant Source of Electromagnetic Radiation," Brit. Pat. No. 13,0490, 1919. 

6 R. H. Barfield and W. Ross, "The Measurement of the Lateral Devia- 
tion of Radio Waves by Means of a Spaced Loop Direction -Finder," Journ. 
Inst. Elec. Eng., Vol. 83, July 1938, p. 98. 

7 Nat. Phys. Lab. Staff, "A Short -Wave Cathode -Ray Direction -Finding, 
Receiver," Wireless Engineer, Vol. 15, Aug. 1938, No. 179, p. 432. 
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fully developed,8.9 but here no fundamental difficulty appears to bar 
the way as in the case of the radio compass. 

Finally, the directional antenna system has been used at ground 
transmitters to give a third main radio navigational method. These 
directional radio beacons or, to borrow a nautical term, radio "range" 
beacons, have appeared in a variety of forms, which happen to be 

classifiable into four main groups. In general the directional antenna, 
being on the ground, can be precisely executed and of a type free from 
night effects. Responsibility for providing correct information rests 
with the ground personnel and responsibility for obtaining and cor- 

rectly using it, with flight personnel: this seems to be an essentially 

satisfactory division of effort. Like the ground direction -finder, but 
in contrast with the radio compass, the radio range beacon provides 

direct information as to the positions of aircraft over the ground and 

is not at all affected by their headings. Like the radio compass and in 

contrast with the ground direction -finder, as many ships as wish to do 

so may obtain bearings from a single ground station, simultaneously 

and continuously. A number of radio ranges of various types have been 

made to operate satisfactorily at ultra -high frequencies, where the 

main interference problem is the essentially curable one of noise gen- 

erated on the receiving craft. But the range to be described in this 

paper is the only one yet available that offers the flexibility and con- 

venience in use of the modern ground and aircraft direction -finding 

receivers. 
C -Radio Range Beacons 

The only form of directional beacon which has come into wide use 

so far is the aural equisignal type of radio range'°,'1 that has played 

so important a part in the development of American commercial air 

transport to its present outstanding position. In this device, two dif- 

ferently directed figure -eight patterns of tone -modulated radio -fre- 

quency energy are radiated alternately. Energy is transferred between 

the two patterns in the rhythm of interlocking A and N telegraphic 

characters. The pilot of an aircraft located along the zero line of one 

pattern hears only the character transmitted on the other pattern; 

when anywhere else, he hears an admixture of both characters. In 

8 R. L. Smith, Rose and H. G. Hopkins, "Radio Direction -Finding on 

Wavelengths Between 6 and 10 Meters," Journ. Inst. Elec. Eng., Vol. 83, 

1938, p. 87. 
8 R. L. Smith, Rose and H. G. Hopkins, "Radio Direction -Finding on 

Wavelengths Between 2 and 3 Meters," Journ. Inst. Elect. Eng., Vol. 87, 

Aug. 1940, No. 524, p. 154. 
19 J. H. Dellinger and H. Pratt, "Development of Radio Aids to Air 

Navigation," Proc. I.R.E., Vol. 16, 1928, p. 890. 
11 W. E. Jackson and D. M. Stuart, "Simultaneous Radio Range and 

Telephone Transmission," Proc. I.R.E., Vol. 25, 1937, P. 314. 
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particular, along a bisector of the angle between the patterns both 
signals are of equal strength and a pilot there hears a steady tone, 
which signifies that he is on a "course," or "range," of the beacon. If 
he drifts off course to one side, one pattern predominates and he hears 
an A above the steady tone, while if he deviates to the other side he 
hears an N. The range beacon thus lays out straight radial tracks 
over the ground, in effect painting the air to the right of a track green 
and the air to the left red. 

The equisignal range is thoroughly satisfactory if a course happens 
to lie along the route one wishes to follow and if, once on course, one 

never loses the signal nor departs seriously off course. But the range 
is of little use if its courses do not fit one's plans. And the four courses 
are distinguishable only by maneuvering, so that a pilot must exercise 
care to be sure of starting out on the right one. If he goes far off 

course for any reason, he must carry out in detail a carefully planned 
series of maneuvers, an "orientation procedure," to find and identify 
the course to which he later returns. Range beacons with distinguish- 
able courses,12 with visual rather than aural indication of deviations 
from course,13 and with as many as twelve coursed' have been devel- 

oped, but for various reasons none of these improvements has come 

into use. A development which is universally used, however, enables 
all four courses to be oriented as desired by deforming the radiated 
field patterns."' Visual indicating equisignal ranges are in experi- 
mental use as runway localizers for instrument landing and their use 

is proposed for ultra- high- frequency navigational aids. 
A second type of range also involves the comparison of distinct 

. signals from two or more differently oriented antenna arrays. This 
may be done in terms of amplitudes of distinguishable modulations,16 

a generalization of the equisignal fixed -course range. Another ingeni- 
ous proposal of this17 sort involves comparison of signal -travel times 

from three spaced antennas, by transmitting frequency -modulated 

waves from two of these antennas at a time and measuring the result- 
ing beat frequencies at the receiver. 

12 F. W. Dunmore, "A Method of Providing Course and Quadrant 
Identification With the Radio -Range Beacon System," Bur. Stand. Jour. 
Res., Vol. 11, 1933, p. 309. 

13 J. H. Dellinger, H. Diamond and F. W. Dunmore, "Development of 
the Visual Type Airway Radio-Beacon System," Proc. I.R.E., Vol. 18, 1930, 
p. 796. 

14 H. Diamond and F. G. Kear, "A 12- Course Radio Range for Guiding 
Aircraft With Tuned -Reed Visual Indication," Proc. I.R.E., Vol. 18, 1930, 
p. 939. 

15 F. G. Kear and W. E. Jackson, "Applying the Radio Range to the 
Airways," Proc. I.R.E., Vol. 17, No. 12, 1929, p. 2268. 

16 F. W. Dunmore, U. S. Patent, No. 2,128,928; 1938. 
17 E. N. Dingley, Jr., "A True Omnidirectional Radio Beacon," Com- 

munications, Vol. 20, No. 1, Jan. 1940, p. 5. 
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Still a different approach to the directional beacon was proposed 
long ago.18 In this third form, a radio beam is transmitted and rotated 
about the transmitter. From sector to sector of the rotation, the char- 
acter of the radiation is changed, as by telegraphic keying with dif- 
ferent characters.1° 20 A pilot listening to such a beacon need only 
note which character is heard the loudest in order to determine in 
which sector about the beacon his craft is. In a more modern version,21 
direct, automatic indication of bearing all around the beacon is pro- 
vided by varying modulation frequency linearly as the beam is rotated 
and observing, on a series of tuned reeds, the modulation frequency 
of the loudest signal received. 

The fourth type of directional beacon also employs a rotating radio 
beam and, like the second and third types, merits the name of "omni- 
directional radio range," since it distinguishably marks out straight 
radial courses in all directions about the beacon. In this form, also 
proposed and even developed to some extent many years ago,22 the 
instant at which the rotating beam points in some chosen direction, for 
instance due north, from the transmitter is marked by a signal trans- 
mitted in all directions. Thus, the proportion of the interval, between 
successive marking signals, which elapses between a marking signal 
and the next following beam signal maximum is directly that propor- 
tion of the full 360 -degree sweep of the beam which represents the 
azimuth or bearing of the receiver from the transmitter. 

A practical form of this device was developed in England, using first 
a mechanically rotated loop antenna23 and later avoiding antenna 
motion.29 This system involved the manual timing of intervals at the 
receiver with a stop watch, and therefore, was too slow and incon- 

venient in use to be satisfactory for aircraft guidance. Englund,25 

and later several others,26 27.228 realized that limitations on speed of 

operation could be removed by rotating the beam by purely electrical 
means and that indication could be made automatic. Two channels, 

one for the rotating beam and one for the marking signal, are required, 

18 Lee deForest, U. S. Patent. No. 833,034; 1906. 
19 C. S. Franklin, "Short -Wave Directional Wireless," Journ. Inst. Elec. 

Eng., Vol. 60, 1922, p. 933. 
20 J. Robinson, Brit. Pat. No. 327,112; 1928. 
21 C. W. Hansell, U. S. Pat. No. 2,014,732; 1935. 
22 J. Zenneck (Trans. Seelig) "Wireless Telegraphy," McGraw -Hill, 

New York, 1915, p. 368. 
23 T. H. Gill and N. F. S. Hecht, "Rotating Loop Radio Transmitters and 

their Application to Direction -Finding and Navigation," Jour. Inst. Elec. 
Eng., Vol. 66, 1928, p. 256. 

24 H. A. Thomas, "A Method of Exciting the Aerial System of a Rotating 
Radio Beacon," Jour. Inst. Elec. Eng., Vol. 77, 1935, p. 285. 

25 C. R. Englund, U. S. Pat. No. 1,815,246; 1931. 
26 P. H. Evans and J. W. Grieg, U. S. Pat. No. 1,933,248; 193q. 
27 J. W. Grieg, U. S. Pat. No. 1,988,006; 1935. 
28 G. H. Brown and D. G. C, Luck, U. S. Pat. No. 2,112,824; 1938. 
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and the various proposed schemes differ mainly in the methods sug- 
gested for multiplexing these two channels onto a single radio carrier 
wave. 

Only two of the proposed methods seem particularly well suited to 
practical development, however. One of these employs two very dif- 
ferent waveforms29 and the other, double modulation and a subcarrier3o 
The purpose of this paper is to describe the principles of an experi- 
mental system developed on the basis of modulation waveform multi- 
plexing. This system, giving direct, immediate, and automatic indica- 
tion of the bearing of a mobile receiver from the beacon transmitter to 
which it is tuned, is believed to be the first omnidirectional radio 
range to reach a practically useful stage of development. It not only 
lays down straight, radial tracks over the ground, wherever they may 
be wanted, but also stamps each one with a unique distinguishing 
number. With a number of beacons of this type in service, full navi- 
gational information would be available at all times to all craft within 
reach of the signals of two or more beacons, in a directly useful form 
and with expenditure of a minimum of effort on the part of flight 
personnel. 

2- PRINCIPLES OF OMNIDIRECTIONAL RANGE OEPRATION 

A- Beacon 

A short, free -ended rod carrying radio -frequency current acts, as 
is well known, as an oscillating electric dipole coaxial with the rod. A 
small plane loop similarly acts as a magnetic dipole coaxial with the 
loop, with electric field in the loop plane. Either type of dipole radiates 
uniformly in any cone of directions making a constant angle with its 
axis, giving no radiation along the axis and maximum radiation in the 
equatorial plane perpendicular thereto. A parallel pair of dipole anten- 
nas, of either type, may be placed close together in a common equatorial 
plane and fed with currents of accurately equal amplitude and opposite 
phase. This array is called an Adcock antenna system. 

In the plane perpendicular to and bisecting the line of separation 
of the antennas, the fields produced by the two oppositely fed antennas 
just cancel, so no signal is received anywhere in that plane. Any point 
elsewhere in space is not equidistant from the two antennas, so waves 
from each of the latter must travel for different lengths of time to 
reach such a point. Consequently, the two waves are not in exactly 
opposite phase upon arrival and fail to cancel exactly. The path dif- 
ference is greatest for points along the extended line of antennas, so 

29 D. G. C. Luck, U. S. Pat. No. 2,208,376; 1940. 
39 J. W. Grieg, U. S. Pat. No. 2,129,004; 1938. 
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points there receive the strongest signals. The instantaneous polarity 
of the signal at any particular place depends on which of the oppositely 
fed antennas is the nearer to that place. 

A polar plot of the signal strength in the common equatorial plane, 
at a constant distance from the center of the antenna system, shows 
the well -known "figure eight" form, the two lobes of the figure being 
circular in shape and representing signals of opposite polarities. 
Analytically, the radio- frequency field e for points at a constant dis- 
tance from the antennas is described by 

e = eocos 0 (1) 

where e° is the field on the line of antennas and O is the angular 
departure of the point of measurement from that line. The field from 
a closely spaced, oppositely fed pair of antennas has the peculiarity of 
being, everywhere except in the immediate neighborhood of the 
antennas, just 90 degrees different in phase from that produced by a 
single antenna located at the center of the pair and fed with current 
in phase with that in an antenna of the pair. 

Feeding the antenna pair through a balanced modulator, excited by 

unmodulated carrier and alternating modulation voltage the radiated 
pattern will pass successively through alternate maxima El, of oppo- 

site polarities, falling to zero between maxima as the modulating 
voltage passes through zero in its alternation. That is, for sinusoidal 
modulation, 

eo = El cos at (2) 
and 

e= E1 cos 0 cos at (3) 

where a /27r is modulation frequency in cycles per second and t is time 

in seconds. 
Suppose that we erect a pair of vertical dipole antennas spaced 

along a north -south line and another pair, symmetrical with respect to 

the first, spaced along an east -west line. We feed both pairs with sym- 

metrically modulated radio -frequency carrier energy, in phase as re- 

gards radio frequency, but with the east -west modulation lagging be- 

hind the north -south modulation by a quarter period of the modulation 

wave. If O is now azimuth measured clockwise from the northward 
geographic meridian through the antenna system, or true bearing from 

the antennas, 
eNs = El cos O cos at (4) 

is the amplitude of the field radiated by the north -south pair. 

eE,v =El COS (0 + 90 °) cos (at - 90 °), or 1 (5) 
elm = -E1 sin O sin at, j 
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is that of the field radiated by the east -west pair. Since these fields 
are in phase at radio frequency, they add algebraically to give 

eD = eNS + emir = Ei (cos B cos at - sin B sin at) , or l (6) 
eD = E1 cos (at + B) 

as the overall directive antenna field. 
A single antenna fed with unmodulated carrier energy producing 

a steady non -directive, or broadcast, field is placed symmetrically with 
respect to the four antennas of the directive array. It is fed with 
radio -frequency current in phase quadrature with those fed to the 
directive antennas. The broadcast and directive fields will then be in 
phase, at a distance from the antennas, in all directions, and so may 
be added algebraically. Representing the steady broadcast field ampli- 
tude by Eo, the resultant field amplitude is 

eE= enc +eNS +eEJV= Eo-I-E1 cos (at +0) (7) 

which is the equation of a limaçon. The pattern would have the special 
one -cusped form called a cardioid if E1 were equal to E0, but we require 
E0 to exceed E1. The phase of the modulation of the radiated field 
amplitude, at constant distance, is always and everywhere at + 0. So 
we see that each stage of the modulation cycle, characterized by its 
own particular phase value, occurs for uniformly smaller and smaller 
values of t, that is, earlier and earlier, for greater and greater values 
of 0, that is, for successively more clockwise directions. In other 
words, Equation (7) represents a limaçon rotating uniformly counter- 
clockwise. 

We now have a channel, transmitting a signal to which things 
happen at different times in different directions, which can obviously 
be the beginning of a direction -finding system. But, to use it, we must 
make sure that time measurements correspond in all directions. That 
is, we must transmit a suitable clock- setting, or reference phase, signal 
in all directions, over a distinguishably separate channel. We do this 
by switching all radiation completely off, very briefly, while the maxi- 
mum of the rotating limaçon pattern points within the small angle 6k 

(about 1/2 degree) of due North. An analytic expression for the com- 
plete transmitted signal amplitude may be included for completeness : 

Ei n-oo 
e - Eo 1 + cos (at -I 9) 1 - Kn cos nat (8) - E n-1 

The coefficients Kn depend on the exact waveform of the keying im- 

pulses. For instantaneous transitions from "on" to "off" when a t is 
-0k degrees and back to "on" when a t is ek degrees, they would be 
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K _ 
2 Bk 

180 -8,; 

Bk 
sin fir 

180 

B,. 

na 
180 

(9) 

These coefficients decrease only slowly with increasing harmonic 
order n. 

While the basic principle of the beacon is thus very simple, the 
fact that the variation of signal amplitude with both azimuth and time 

is essentially a three -dimensional affair tends to make it difficult to 

visualize all details of operation in their proper sequence. The ele- 

mentary graphic presentation of Figures 1 and 2 may help to clarify 

the situation, each picture being only two -dimensional in its signifi- 

cance. Figure 1 is a sequence of instantaneous polar graphs, snapshots 

Tu T 

' K 
- N,_ _E 

S 

Tw 

I I 1 I 

I 

I 
I 1 I 

Fig. 1 

of the azimuthal variation of signal strength at chosen instants of 

time. Figure 2 is a set of time graphs, oscillograms of signal -amplitude 

variation at fixed points, in chosen azimuths from the transmitter. To 

interconnect the figures, the instants of the snapshots of Figure 1 are 

noted on the time scales of the oscillograms of Figure 2, while the 

azimuths yielding the oscillograms of Figure 2 are marked off on the 

snapshots of Figure 1. 

In Figure 1, the upper row of polar graphs shows separately the 

three component directive patterns, the broadcast unmodulated carrier 

pattern and the north -south and east -west modulated figure -eight 

patterns. Figure -eight lobes in phase with the broadcast signal are 

shown in full lines, while the contraphased lobes are shown dashed. 

The resultant of the two figure- eights, itself a figure -eight of constant 

size, is shown in light lines on each graph. Round dots mark the posi- 

tions of the antennas energized at the instant of each snapshot. It will 

be noted that none are energized at the instants TN: these pictures 

should properly be blank, the signal then being off entirely, but that 
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would be too uninformative, so ghost patterns are dashed in lightly 
to show what would be there if it had not just been turned off. The 
lower row of graphs in Figure 1 shows the limacoid patterns resulting 

NE 

NW 

Tc TN TN* TW Ts,r Ts Tsc c T TN., T. Tsw Ts Tsc Tc TN TN. 

T, Tw, Tsw Ts Tsc Tc TNC TN TNw Ty. It, Ts Tic T1 Tu TN Tiyi 

Fig. 2 

from the addition of the component patterns above them. Uniform 
rotation of the resultant pattern is obtained. 

In Figure 2, the change with azimuth of the time relation between 
the component sinusoidal and impulsive amplitude -modulation waves 
shows immediately. Comparing, for example, the modulation found 
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southeast of the beacon, in Figure 2, with the signal in that direction 
shown by the space graphs of Figure 1, the minimum is seen either 
way to occur at time Tw, the maximum half a cycle later at TSE and 
the reference impulse three- eighths of a cycle later still, at T. The 
slant lines of Figure 2 indicate how the delay between each sine wave 
maximum and the next following impulse is linearly related to the 
azimuth of transmission. In fact, the electrical phase angle represent - 
ing this delay is always directly that azimuth. 

The reason for avoiding a true cardioid is evident from the figures. 
Such a pattern, with zero signal at its one minimum, would not allow 
any impulse to be transmitted due southward, as may be seen from 
the snapshot at Tx and the oscillogram for southward transmission. 
I t is. of course, a fundamental of successful multiplexing that no one 
channel may completely suppress the total signal just when another 
channel must carry information. 

M o 

Fig. 3 

For checking adjustment of indicating equipment, it is necessary 
to know to what azimuth some particular received field variation really 

belongs. To facilitate this, it is convenient to be able to transmit, 
when desired, a signal independent of azimuth and everywhere identi- 

cal with that corresponding normally to one definite azimuth. This is 

accomplished by switching off all power to the directive antennas and 

sinusoidally modulating the carrier current fed to the broadcast 
antenna, with such modulation phase that the reference keying occurs 

just at the instant of peak output. This replaces Equation (8) by 

ea = E.(1 + ni cos at) (1 - %'K cos nat) (10) 

where the modulation depth in should have the same value, E, /En, as 

in normal operation. Figure 3 shows a series of polar graphs of the 

calibrating signal, at instants corresponding to some of those for the 
graphs of Figure 1 for the normal signal. Figure 4 is an oscillogram 

of amplitude variation with time of the calibrating signal. This is, 

of course, the same for all directions. Comparison of Figure 4 and 

Figure 2 shows that the calibrating signal, the same everywhere, is 

identical with the signal normally transmitted due North only. 

a 
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It may be as well to conclude this explanation of the operation of 
the beacon by pointing out that the concept of a signal of single, 
carrier frequency, but of varying amplitude, has been used throughout 
because it seems to give directly an especially clear picture of what 
takes place. The mathematically equivalent concept of a carrier and 
side bands, all of constant amplitude, might of course have been used, 
throughout, instead, but seems less clear in the present case. Only if 
both concepts are intermingled is serious confusion almost certain to 
arise. It should also be noted that nowhere do we deal with a true 
rotating field vector, such as occurs in the somewhat analogous case 
of a synchronous motor. What rotates is the distribution -in- azimuth 
of the otherwise unvarying magnitude of a radiated carrier field of 
constant direction. 

B- Azimuth Indicator 

An ordinary radio receiver serves to convert the amplitude varia- 
tions of the radio signal transmitted by the beacon into similar varia- 

L N T Ts Tc Tw Ts Tc TN 

Fig. 1 

tions of direct output voltage. The receiver should have good automatic 
gain control to hold the average of this output voltage constant despite 
wide variations of field strength. Receiving antennas should, of course, 
be nondirectional. The receiver -output voltage variation, like the 
signal amplitude variation of Figure 2, comprises a sinusoidal com- 
ponent produced by the pattern rotation and a train of impulses cor- 
responding to the reference keying, but contains as well assorted 
additional components representing received noise of all kinds. The 
task of the indicators is measurement of the phase angle between the 
two differently shaped waves, which is also the true bearing of the 
receiver from the transmitter, without serious disturbance by noise. 

A narrow band -pass filter selects the sinusoidal pattern- rotation 
component from the receiver output. Filter output is applied directly 
to the vertical deflecting circuit of a cathode -ray oscillograph. Assum- 
ing no delay in wave travel, receiver or filter, the filter output voltage 
is 

vf = Vi cos (at + 9) (11) 
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Changing to a new time variable, we obtain 
o 

t' =t +- 
a 

This becomes 

(12) 

v, = V, cos a t' (12a) 

for any bearing O. The vertical deflection of the oscillograph spot is 

v, 
Y=S 

Va, 

(13) 

where Va is the cathode -ray beam accelerating voltage and S is a 

vertical- deflection sensitivity. 
Delaying the filter output a quarter cycle by means of a phase 

shifter produces a quadrature voltage 

vq=Vg sin at' (14) 

Applying this to the horizontal deflecting circuit of the oscillograph 
gives a horizontal deflection 

V4 

X = SH - 
Va 

The overall result is travel of the oscillograph spot in the locus 

(15) 

SnVq 2 2 

X2 -h Y2 = sin2 a t' -I- cos2 a t' (16) 
Va Va 

If S V1 and S,,Vq are equal, this becomes 

S 
X2 + Y2 = ( 1= constant, (17) 

Va 

a circle centered at the undeflected position of the spot. At the instants 
when t' is an integral multiple of 2ir /a, the spot is just at the top of 

its path. It travels, clockwise, along that path at constant speed, the 

arc traversed subtending an angle at the center equal to the value 

of a t'. 
Impulses may be segregated from the receiver output by a high - 

pass filter and used to decrease momentarily the cathode -ray accelerat- 

ing voltage Va. As transmitted, the impulses occur when t is an 

integral multiple of 27r/a, but -in terms of the new time variable - 
this is when a t' exceeds an integral multiple of 27r by the azimuth O 

(Equation 12). A decrease of Va increases both spot deflections pro- 

portionally (Equations 13, 15), so that each impulse momentarily 
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increases the radius of the circular spot path. As the impulses occur 
O degrees after the spot passes the top of its path, the outward jog on 
the uniformly swept circle marks off this angle, the true bearing of 
receiver from transmitter, directly. The angle may be read against a 
circular scale, having its zero at the top adjacent to the swept circle. 
It is now clear that the assumption made above, of no delay in sinusoid 
transmission, merely means equal delay of sinusoid and impulses. 

Figure 5 shows graphically all essentials of the operation of the 
cathode -ray azimuth indicator. At the left center is shown an oscillo- 
gram of the filtered receiver output, used for vertical deflection, and 

Fig. 5 

above this appears an oscillogram of the quarter -cycle -delayed filtered 
wave used for horizontal deflection. The instant at which the limaçon 
points at the receiving airplane in azimuth 9, as in the full -line graph 
of Figure 6, is marked on the oscillograms of Figure 5 by Ty. Other 
special instants, at which the cardioid points in the cardinal directions, 
are marked in Figure 5 as in Figure 2. Keying impulses are shown at 
the instants of their occurrence, TN, at the lower left. Projection of 
the marked values of deflecting voltage, along the light lines, onto the 
perpendicular axes of oscillograph deflection gives the instantaneous 
deflection components. Instantaneous resultant deflections are given 
by the intersection of corresponding projection lines and are marked 
by dots and labeled according to the time of their occurrence. The 
locus of resultant deflections- -the path of the spot -is shown by the 
heavy circle connecting the resultant points. At time TN, the impulse 
kicks the spot outward, marking the jog seen in the figure. From To 

to TN, the limaçon maximum of Figure 6 rotates counter -clockwise 
through the azimuth angle O. Since the indicator spot is at the north 
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point of its scale at TO and thereafter moves clockwise in step with the 
limaçon, at TN, it has also swept through the azimuth angle O and the 
jog then marked by the impulse indicates directly the value of 0. 

Correct indications appear only if the indicator spot is at the zero 
of its scale exactly when the transmitted beam points directly at the 
receiver. This could be checked by reading the indication when at a 
known bearing from the transmitter, but such a known bearing is not 
always likely to be available when needed. It is to permit checking at 
any time that the calibrating signal of Figures 3 and 4 can be trans- 
mitted upon request. This special signal, everywhere just the same as 
that sent due north in normal operation, will give a bearing indication 
of zero degrees on any correctly adjusted indicator. Deviation from 
this value can be corrected, if present, by rotating the scale, as is done 

w- 

Fig. 6 

in setting other aircraft instruments, or by providing an adjustable 
electrical delay between the receiver output and the band -pass filter. 

C- Deviation Indicator 

It is a great convenience, in radial flight directly toward or away 
from the range beacon, to avoid the necessity of repeatedly reading and 
interpreting the quantitative azimuth indication of the cathode -ray 
instrumentai This reading may be anywhere around the scale and, in 
radial flight, must merely be held constant. 

From the filter separating out the pattern- rotation component of 
the receiver output, two outputs varying in push -pull fashion may be 

derived, one increasing as the other decreases. Suppose the push -pull 

filter output to be connected to the second control grids of a pair of 
multigrid vacuum tubes, with the tube plates connected to a zero -center 
meter so that the latter reads the average value of the difference of the 
two plate currents. If the first control grids of both tubes are normally 
biased beyond plate -current cutoff, but are brought momentarily to 

31 D. G. C. Luck, U. S. Pat. No. 2,208,377; 1940. 
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zero bias by the reference keying, plate current will flow only during 
the keying impulses. The relative average current values in the two 
plate circuits will be determined by the relation of the push -pull filter 
outputs at the keying instants. 

Due east of the transmitter, the reference impulse comes just as 
the strength of the rotating pattern has fallen halfway from its max- 
imum to its minimum value, as may be seen from Figures 1 and 2. In 
that direction, the oppositely varying currents will be equal at the 
instant when a reference impulse occurs, as shown at A in Figure 7. 

In this figure, the ordinates of the light full and dashed curves rep- 
resent, respectively, the values that the two oppositely acting plate 
currents would have if turned on. Impulses are outlined in light lines, 
three different timing conditions being shown. The short heavy lines - 

/ 

/ 

/ 

r 
/ 

é A ç 

TE TN TW TS TE TN TW 

Fig. 7 

represent actual plate currents during impulses. For a receiver a little 
north of east, the limaçon maximum will sweep by a little later and the 
keying will occur just before the receiver output has fallen to its half- 
way value, as shown at B in Figure 7. One tube plate current will pre- 
dominate and the meter will deflect one way. South of east, maximum 
signal will be received earlier and the keying will come more than 
halfway down, as at C Figure 7. The other current will predominate 
and the meter will deflect the other way. Thus, the zero -center meter 
is made, by a differential vacuum -tube circuit, to indicate sense and 
magnitude of small deviations of the receiver position from the radial 
course due eastward of the beacon. 

Signals in various azimuths from the beacon differ only in the rel- 
ative -timing of reference keying and pattern- rotation modulation. 
Therefore, the signal in any chosen direction may be changed to simu- 
late the eastward signal merely by delaying the effect of pattern rota- 
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tion. Using a fully variable phase shifter between the narrow band - 
filter and the vacuum -tube grids, any desired delay may be introduced, 
so the condition at A of Figure 7 may be produced for any chosen 
course and the meter will then indicate deviations from that course. 
Examination of Figure 7 will show that there are two instants during 
the cycle at which an impulse would produce equal currents. Similar 
deviations from these two balance conditions will produce opposite 
indications. To avoid this ambiguity, a rough bearing scale may be 

applied to the phase shifter and care be taken, in setting the meter to 
zero when on a course to be held, that the reading of this scale shall 

agree approximately with that of the cathode -ray azimuth indicator. 
Since the deviation indicator is only useful when near a chosen 

course, it should reach full deflection for quite small deviations. But 
large deviations must not injure the instrument. These conditions can 

be met by limiting the push -pull signal applied to the switching tubes, 
as indicated in Figure 7 by the dotted straight lines cutting off the 
signal peaks. 

3- -SOURCES OF ERROR 

A- General 

Obstacles, ground contours, and ground- conductivity variations are 
able to affect markedly the travel of radio waves. In this way there 
arise "terrain errors" in all radio direction -finding. These are, in 
principle, neither better nor worse with an omnidirectional range than 
with any other radio system. However, the continuous indication given 
by the former makes the course of such vagaries unusually clear and 
so minimizes the difficulty they can cause. Terrain errors need not be 

further mentioned here, except to point out that when caused by 

obstacles near the directive radiator they are called "site errors" and 
may be especially bad. In consequence, it is important to select as large 
a clear site as can be found for erection of the beacon antennas. 

Many different sorts of imperfection in operation of the equipment 
itself can also produce errors of bearing indication, however, and these 
it is worthwhile to consider in some detail. The procedure followed in 

each case below is to consider a single possible source of error to act 
alone, choosing suitable parameters to characterize that error source 
quantitatively. In the presence of an error source, the variation of 

azimuth indication with true bearing is determined and the difference 

between indicated and true bearings computed. This gives the error 
produced, as a function of true bearing, in the form of a correction to 
be added to true bearing to give indicated bearing. As the method is 

always the same only one or two cases will be worked through as 

examples, the results alone being given for others. - Errors in a properly 
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operating system will be small, so that first approximations are ade- 
quate and the relations of the individual errors to their causes become 
very simple. 

B- Conditions for Ideal Operation 

Consideration of the various errors of a real system may well be 
prefaced by an enumeration of the conditions which would have to be 
fulfilled by an ideal system. When all modulation phases are referred to 
that of the north -marking impulse train, the modulation phase condi- 
tions for perfect operation become: calibrating and north -south direc- 
tive modulation must be in phase, and east -west directive modulation in 
phase quadrature, with the reference impulses. Pattern modulation - 
amplitude relations for perfect operation are : north -south and east - 
west directive -modulation amplitudes must be equal to each other and 
to the calibrating -modulation amplitude, no rotation -frequency modula- 
tion of the broadcast carrier (hum) may be present during directional 
operation, and the amplitude of the fundamental- frequency component 
of the impulse modulation must be negligible compared with that of the 
desired directive modulation. 

There are also certain radio -frequency relationships to be fulfilled 
for perfect operation, as radio -frequency current variations in all four 
antennas of the directive array must at all times be in phase quadrature 
with that in the broadcast antenna, while currents in the two antennas 
of each directive pair must be accurately equal in magnitude and 
opposite in phase. It is a great operating convenience, though not 
fundamentally necessary, to have no coupling between any two antennas 
save those of a single directive pair. 

Geometrically, the antennas must be accurately parallel and vertical, 
over an accurately horizontal, symmetrical ground plane free of undu- 
lations or obstacles for a large distance in all directions. The antennas 
must be located accurately at the corners and center of a square having 
its diagonals aligned accurately north -south and east -west and must 
be close enough together to ensure the true cosine form of Equation 
(1) (p. 62) for the figure -eight patterns. 

At the receiver, any time lag between pattern- rotation variation of 
the received field and the resulting variation of vertical deflecting 
voltage at the cathode -ray tube must be the same as the time lag oc- 
curring between impulsive field variation and impulsive velocity -mod- 
ulating voltage applied to the cathode -ray tube. The receiver must not 
have its output affected by slight variation of the radio frequency of 
the received field, and it is a great convenience to have the amplitude 
of the voltage variations applied to the cathode -ray tube accurately 
independent of received signal level. No spurious receiver output 
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voltage variations due to local signal sources, obstacle motions, or 
receiver variations are, ideally, permissible. The vertical and hori- 
zontal cathode -ray deflecting voltages must be accurately in phase 
quadrature and must be related in amplitude so as to give equal ampli- 
tudes of cathode -ray spot deflection. Electromechanically, the cathode - 
ray -tube deflection components must be accurately linear, symmetrical 
functions of deflecting voltages and deflection axes must be rectilinear 
and mutually perpendicular. Mechanically, the cardinal points of the 
uniform indicator scale must be accurately aligned with the deflection 
axes of the cathode -ray tube. Rotation of the scale as a whole after 
alignment is, however, permissible if phase compensation is available. 

Manifestly, ideal operation is not practically realizable. It is, how- 
ever, rather amazing how nearly the ideal may be approached by careful 
attention to the control of each error source, especially if some error 
sources can be adjusted to cancel the effects of other, less tractable 
ones. While not all of the above enumerated conditions for perfection 
are explicitly present in the case of some other versions of the omni- 
directional range principle, close scrutiny will usually reveal an equiv- 
alent for each of them in any given case. Often, additional conditions 
must also be satisfied. For example, many types require overall ampli- 
tude linearity of the entire electrical system. This requirement is 
largely relaxed in our case because of the smallness of the fundamental 
rotation- frequency component of the impulsive timing wave, a feature 
which minimizes cross -talk between the directive and reference modu- 
lation channels. 

C- Transmitter Modulation Conditions 

To return to the subject of errors produced by individual causes: 
if both north -south and east -west modulation are equally displaced in 
phase from their ideal relations to the reference wave, an error equal 
in magnitude to the common phase displacement and independent of 
azimuth is produced. For a single range this is of no consequence, as 
it may be compensated by receiving indicator zero setting. But in a 
network of range beacons such displacements, peculiar to individual 
beacons, require realignment of indicators whenever receivers are 
tuned from one beacon to another to ensure concordant bearings. For 
this reason, such errors must be avoided for each beacon, as they will 
be if both directive -modulation channels are individually correctly 
phased. If the calibrating modulation is incorrectly phased with respect 
to the impulsive reference wave, an azimuth -independent error of like 
amount will be produced in a less direct way. This error will become 
effective by being transferred to receiving indicator zero settings, so 
that any indicator set by a beacon with such an error will read incor- 
rectly on any beacon thereafter received. 

1 

www.americanradiohistory.com

www.americanradiohistory.com


Oi1/NIDIRBCT1n.1iAL RAf71O-RANr:F, cy.cTF..N 76 

In the event of north -south directive modulation only being out of 
phase with the reference wave. by an amount i',. Equation (4 ) for the 
north -south field becomes ,, cos 9cos (at -4 P,) (18( 

which combines with Equation , 5) for the east -west pattern and with 
the broadcast pattern to give 

E. 4 F, fens coo P, cos at (cos l sin P, 4- sin A) sin at I 19 

for the complete radiated field amplitude. This is trigonometrically 
equivalent to 

f, E, ` 1 / sin 2 sin P, cos (at + #1) (.,01 

where 4, is the angle which will now be indicated as the bearing of a 
ref eicer and is given by 

cosA sin P, sin 

cos A cos P, 

Calling 0, A. the error to be added to true bearing A to give indicated 
bearing 0,. el. use of Equation (21 ( for fi, in the usual t ^ioumetrie 
formula for the tangent of the difference of two angles gives 

sin 5ens 0 4 coo' sin P, sin 0 cos 0 ens P, 
tan p, (22) 

sin' I + cos' 0ens I', + sin Acos Osin P, 

This is in turn trigonometrically equivalent to 

tan e, sin 
P, 

2 

tan 0, 

c i w 20 Pi 2 cos ri 

1 + sin -- sin (24 
2 

sin I', 
°J 

(21) 

1 

Since P, and, in consequence. p,. is small in proper operation. a first 

approximation to Equation (23), obtained by letting tan p, - p,. sin 

1', P, P, 
. and ens - 1 is satisfactory: this yields 

a a 

p P,cosAcos P, 21. 1241 

This error. as was to be expected. is therefore zero east and west 
of the range, where the misadjusted north -south pattern falls to zero, 
and grows to a maXimum directly equal to the pattern misphasing in 
directions due north and south of the transmitter. In case the east- 
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west modulation only is misphased, by P_ degrees, a similar process 
gives 

p. = P2 sin 0 sin (0 - P2/2) (25) 
as the relation valid for small errors. This error is zero north and 
south of the range and rises to equal the phase displacement east and 
west of the range. 

If the figure -eight pattern modulation amplitudes are unequal, the 
north -south one being greater than the average of the two and the 
east -west one less than the average by the fraction A of the average, 
the resultant field is 

e = E0 + E1 [ (1 + A) cos at cos 0 - (1 - A) sin at sin 0] (26) 

which is the same as 

e =E0 +E1 N/1 +A'2 +2A cos 20 cos (at +02) (27) 

1 -A 
tan 02 = tan 0 (28) 

1 +A 

Calling ¢_. - 0, this time, e, we have 

where 

A sin 2 0 

tan E = 
1 + A cos 2 0 

Which for small inequality is 

e = - 0.57 A sin 2 0 

(29) 

(30) 

with A in per cent and e in degrees. This is a quadrantal error, the 
factor sin 2 0 indicating that e has maximum absolute values for four 
azimuths, 45, 135, 225, and 315 degrees; e max. is one degree for 
A =13 per cent, or a total difference between pattern amplitudes of 
31/2 per cent. 

Modulation of the rotation frequency present on the carrier during 
directional transmission -that is, hum -also produces an error of 
indication. Hum of modulation depth H per cent and phase G degrees 
results in a pattern 

H 
e = Eo 1 (at - G) + Ei cos (at - 0) (31) + cos 

100 

For low hum levels, this gives an error, in degrees of 

HE0 
0.57 (0 + G) (32) =- sin 

E1 

This error has maximum magnitude in two directions, bearing 90 -1- G 

and 270 + G degrees, and may be called a duantal. error ; for a normal 

4 
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directional modulation depth E, /Eo = 0.40, the maximum error is 
1.42 H degrees. 

Reference keying has a fundamental- frequency component which 
acts as hum on the carrier. Since the keying comes at maximum north - 
south directional output, but just at zero east -west output, it acts also 
to unbalance the two pattern amplitudes and so to produce quadrantal 
errors of the amplitude inequality type discussed above. For narrow 
rectangular impulses keeping the signal off for K per cent of the time, 
the errors are 

KEo 
H = 1.14 sin 6- 0.57 K sin 2 0 (33) 

E1 

which varies up to maximum values of 1 degree if K is 1.1 per cent, 
with E1/E0= 0.40. Obviously, these two error components may be 
compensated by injecting broadcast hum and intentionally unbalancing 
the unkeyed directive patterns by the proper amounts. 

Should a balanced modulator have tubes of unequal emission, or for 
other reasons show an amplitude unbalance, the only effect is to intro- 
duce harmonics into the modulation waveform. No error is produced 
in this case. 

D- Radio- Frequency Conditions 

Radio -frequency effects are calculated much like the modulation - 
frequency conditions just discussed. However, the complete wave, of 
which we have only written down the amplitude heretofore, must of 
course be used explicitly in the radio -frequency analyses. Sometimes 
intractable forms are encountered and approximate handling is neces- 
sary. If the broadcast antenna carrier current is misphased equally 
with respect to the modulated carrier currents in all four directive - 
array component antennas, no direct error is produced. But frequency 
modulation of the radiated energy then takes place and may give rise 
in a poorly aligned receiver to spurious amplitude modulation and con- 
sequent errors. Leakage of unmodulated carrier through a balanced 
modulator, in phase with the modulated output, causes no error. Quad - 
rature -phase carrier leakage causes a little azimuth -dependent fre- 
quency modulation, but no direct errors. 

If feed to one directive pair only is misphased with respect to that 
to the broadcast antenna, by B degrees, frequency modulation is present 
and a combined quadrantal and octantal error is produced as well, as 
given when B is small by 

B a 1 B 2 tan 0/2 
sin 2 0 -I- sin 4 0 (34) 

cos 0/2 229 sin 0 cos 0/2 916 
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Both B and /3 are in degrees and sin ¢ = El /E0. For El /E0 = 0.40, 
a maximum error of 1 degree occurs for a misphasing of 91/2 degrees. 
High- frequency balanced modulators tend to give different output 
phase from each tube : if one tube of a modulator gives misphasing 
+ B and the other tube -B degrees, the above result for the error 
produced remains unaltered. 

The result of Equation (34) above was obtained by writing down 
the two directive and the one broadcast wave components of the total 
radio- frequency field, taking account of radio -frequency phase, and 
reducing the resultant of the three components to the form of a single - 
frequency and amplitude -modulated wave. Assuming B small, the rad- 
ical representing the modulated amplitude was expanded by the binom- 
inal theorem and only the first term of the expansion was retained. This 
rather complicated first term was expressed as a Fourier series, with 
coefficients calculated by direct integration. The phase of the funda- 
mental- frequency term of the Fourier Series, as a function of B, was 
then compared with O to give the final result of Equation (34) . This 
procedure, while more complicated, is essentially similar to that fol- 
lowed in determining the errors caused by modulation- frequency mis- 
adjustments. 

The signal from a pair of spaced, non -directive antennas fed with 
equal and opposite currents results from failure of the two antenna 
fields to cancel exactly. This failure to cancel is normally caused only 
by the different time delays for wave travel from transmitting to 
receiving antenna, which result from one transmitting antenna being 
nearer to the receiving antenna than the other. But if the contraphased 
currents in the antennas of a pair are not of exactly equal amplitude, 
an additional departure from cancellation occurs, and in such a way 
that the resulting extra radiated field component is in radio -frequency 
phase quadrature to the desired field. This produces only a negligible 
direct error for moderate degrees of current inequality, but does give 
rise to frequency modulation. 

The forms of misadjustment causing frequency -modulated radia- 
tion to occur give, individually, only small direct errors. The frequency 
modulation itself is also harmless, unless misalignment or mistuning 
of the receiver enables it to be converted there to amplitude modula- 
tion. But the combined presence of two or more such misadjustments, 
by permitting out -of -phase field components to combine, may give rise 
to appreciable direct errors. Therefore, the limits on broadcast carrier 
misphasing, modulator misphasing or unbalance, B, and antenna pair 
current inequality are more severe than consideration of each fault 
separately would imply. If the carrier pattern is misphased with 
respect to both directive patterns by C degrees while north and south 
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antenna currents differ by M per cent, the resultant error in degrees is 
tan tp/2 

_ - 0.0045 - MC cos (0 - 45 °) (35) 
d sin 

where sin ip is again El /Ea. With El /E° = 0.40 and antenna spacing, 
d, of 1/10 wavelength, the error reaches 1 degree when MC is 43.7. 
This restricts M to 6 per cent when C is 7 degrees, for 1- degree peak 
error, so is still not very stringent. 

Failure of the currents, of equal amplitude, in the antennas of a 
directive pair to be exactly opposite in radio -frequency phase also 
modifies the manner of cancellation of their fields. Specifically, if the 
antennas are closely spaced, the figure -eight pattern amplitude is de- 
creased from its value with correct phasing and a modulated broadcast 
pattern is also radiated by the pair. If the phase difference between 
north and south antenna currents is less than 180 degrees by the small 
angle D degrees, the resulting error, in degrees, is 

5=0.0044D2 sin 2o+0.159-D sin 9 
d 

(36) 

If d = 1/10,x, this gives a maximum error of 1 degree for a misphasing 
of only % degree. This is the most critical condition encountered, and 
is of course matched by similar behavior of the other antenna pair. It 
should be noted, however, that if the error caused by antenna misphas- 
ing can be determined, it can be compensated by introducing the proper 
modulation of the broadcast pattern. 

E- Antenna Geometry 

Directive patterns rigorously following a cosine law are only pro- 
duced if the push -pull antennas of a pair are infinitesimally separated. 
The modification of the pattern shape for small finite separations is 
such as to give rise along the horizon to an error 

d 2 

X = 23.6 - sin 4 0 (37) 

which decreases with increasing angular altitude. This is the well - 
known octantal error of widely spaced Adcock antennas and reaches 1 

degree, at its maxima, for spacing d = 1/5 À. 

Unequal spacing of the two pairs merely requires different antenna 
currents to give equal pattern amplitudes and, so long as those ampli- 
tudes are equal, produces no error. Improper orientation of a pair has 
the same effect as phase displacement, of the same amount, of the 
modulation of the supply to that pair. Stray coupling between pairs 

www.americanradiohistory.com

www.americanradiohistory.com


80 RCA REVIEW 

is equivalent to misorienting each pair, while stray coupling between 
pair and broadcast antennas may be equivalent to broadcast modulation. 

An antenna system tilted out of the vertical, but remaining per- 
pendicular to a locally tilted ground plane introduces an error on the 
horizon 

= - 0.0044 S'2 [sin 2Q + sin 2 (0-Q)] (38) 

for a tilt of S degrees from the vertical in azimuth Q. This reaches 
maxima of only 1 degree for a tilt of 101/2 degrees. 

F- Receiving Indicator Conditions 

At the receiver, incorrect phasing of deflecting voltages applied to 
the cathode -ray tube produces the same errors as corresponding mis- 
phasing of modulating voltages at the transmitter, errors given by 
Equations (24) and (25). Decentering of the circular cathode -ray 
pattern with respect to the circular azimuth scale of the indicator 
displaces the deflection axes of the tube out of line with the cardinal 
axes of the scale. A simple geometrical construction permits analytical 
determination of the decentering error which, for small decentering 
of r per cent of the pattern radius, toward azimuth A of the scale, is 

«=- 0.57rsin (0+A) (39) 

degrees. This error resembles that caused by transmitter hum, and 
has maximum absolute values of 1 degree, at right angles to the direc- 
tion of decentering, for 1% per cent decentering. Deflection amplitude 
inequality produces errors in the indicator similar to those produced 
by directive modulation amplitude inequality in the transmitted field 
(see Equation 30). 

Cathode -ray tubes of usual commercial construction are not always 
accurately linear in deflection sensitivity or input impedance. How- 
ever, if pattern centering, deflection phases, and relative amplitude 
are given optimum values, all cardinal points will be indicated correctly, 
primary intercardinal points will be correct on the average and the 
residual errors at intermediate points will be small. To permit setting 
all five variables easily and accurately, it is convenient to be able to 
transmit, when required, a calibrating signal keyed off eight times at 
equal intervals, rather than once, per cycle. With this signal, one may 
adjust so that all cardinal and primary intercardinal points are cor- 
rectly indicated at once. This adds another condition at the trans- 
mitter: that the intervals between adjacent keying impulses, during 
such special transmission, shall each be accurately 1/8 cycle of the 
modulation. It also provides another transmitter function, since the 
seven extra marks can be switched on and off for telegraphic commu- 
nication, which may be read either visually by the extra marks on the 

i 
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indicator or aurally by the change in keying tone, without disturbing 
bearing indications. 

4- CONCLUSIONS 

From the foregoing general discussion of the place of radio in 
navigation, and the description of principles and conditions of opera- 
tion of one particular radio navigational device, some conclusions may 
be drawn. Radio -range beacons are inherently accurate and are adapt- 
able to ultra- high- frequency operation. They create no extreme inter- 
ference problems and divide responsibility equitably between ground 
and flight personnel. Therefore, the decision of our government a 
number of years ago, to develop radio ranges as the major radio aid 
to air navigation in this country, was a very wise one. Recent develop- 
ments in the ground and airplane direction -finder art have opened new 
vistas of convenience and flexibility in navigational use of radio. Com- 
parable refinement of radio ranges is needed to enable them to retain 
their outstanding position in the face of these new and attractive 
alternatives. The impending change to ultra -high frequencies permits 
a free choice now of the course which development shall take. Indis- 
tinguishability and restricted number of courses with presently used 
ranges point clearly to possible lines of development. 

The rotating beacon principle is well suited to the provision of a 
type of radio range more flexible and convenient than those now in use. 
l;y employing basically simple electrical means to eliminate mechanical 
motion altogether, limitations on speed of rotation are removed. This 
permits automatic, direct indication of the position of a receiver any- 
where around the range beacon, or of deviation of the receiver from a 
chosen line through the range. In effect, a radio range course is avail- 
able wherever wanted, with no ambiguity. With such an "omnidirec- 
tional radio range" the indicating means, like the beacon, are basically 
simple. 

Many conditions must be fulfilled for ideal, error -free omnidirec- 
tional range operation. Analysis of imperfect fulfillment of these con- 
ditions shows errors resulting from small imperfections to be moderate 
in amount. Tolerances on adjustments are therefore reasonable. Great 
flexibility of strictly electrical beacons and indicators permits provision 
of convenient adjustments for fulfilling all necessary conditions for 
all- around accuracy. 

A system which combines the advantages of the range beacon with 
the convenience of its new alternatives emerges from these considera- 
tions. An experimental model of such a system and the results obtained 
with it, as well as ways of using it in flight, will be described in a 
further paper. 
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