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AN OMNIDIRECTIONAL RADIO -RANGE SYSTEM 

BY 

DAVID G. C. LUCK 
Research Laboratories, RCA Manufacturing- Company, Inc., Camden. N. J. 

PART II - EXPERIMENTAL APPARATUS 

Summary- Experimental omnidirectional ranges have been developed 
and tested in flight at frequencies of 6425 kilocycles per second and 125 
megacycles per second. In each case, a radiating system consisting of five 
vertical antennas and a metallic ground mat was used. Each transmitter 
was of a normal radiotelephone type, supplemented by a pair of balanced 
modulators, an impulse keyer, and a set of modulation controls. Full moni- toring of the effect of all transmitter adjustments was provided. Essentially normal aircraft receivers and antennas were employed. Both cathode -ray azimuth indicators and pointer -type deviation from course indicators were provided. 

1- INTRODUCTION 

THE previous section of this paper' compared the various methods 
available for radio guidance and showed the place in this art 
occupied by devices which indicate directly, continuously, and 

automatically the direction of mobile receiving craft from special fixed 
transmitters. We have called such devices "omnidirectional radio 
ranges." The previous part of the paper also gave a detailed explana- 
tion of the principles of operation of one form of omnidirectional 
range system and an analysis of the effects of various possible sources 
of instrumental error. In what follows, familiarity with this explana- 
tion is assumed in order to avoid repetition. The purpose of the present 
part of the paper is to describe apparatus developed in the course of 
experiments on this type of omnidirectional range. The results ob- 
tained in these experiments and some methods of using the instrument 
for aircraft guidance will be described in a third part, to appear later. 

Experiments on an omnidirectional range system were begun at 
Camden early in 1936, a frequency of approximately 61/2 megacycles 
per second being chosen for reasons of convenience. The first flight 
test, in November 1936, gave the expected automatic bearing indication 

1 "An Omnidirectional Radio -Range System. Part I- Principles of Operation" by David G. C. Luck, RCA REVIEW, Vol. VI, No. 1, p. 55, July 
1941. Hereafter referred to as I. 
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OMNIDIRECTIONAL RADIO -RANGE SYSTEM 345 

in all directions, but the accuracy attained was not of a practically 
useful order. Continuing work on details of apparatus and operation 
resulted, by the Spring of 1937, in usefully accurate and stable omni- 
directional bearing indication. Field tests were continued through 
the summer of that year to complete the work. 

In view of the strong general trend of aviation radio toward ultra- 
high frequencies and of the success of the early work, it was decided 
to undertake the development of an omnidirectional range to operate 
at 125 megacycles per second and to have instrumental errors not 

Fig. 1- 6425 -kc omnidirectional range. 

exceeding three degrees. Work was begun early in 1938 and equipment 
was built and installed by the latter part of that year. As there was 
at that time considerable interest in the project, an attempt was made 
to get the new system into operation early in 1939. As a result of the 
accuracy required and the problems of ultra- high- frequency technique 
encountered, however, quantitatively acceptable flight results were not 
attained until the late summer of that year. Flight testing continued 
until early in 1940 and the apparatus was kept in operative condition 
until dismantled upon the closing of Central Airport at Camden, New 
Jersey, at the end of July 1940. Testing being then practically com- 

pleted, the system has not been set up again. 
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2- DESCRIPTION OF APPARATUS 

A- Medium Frequency (6425 Kilocycles Per Second) 
a-- Antenna System 

Figure 1 is an aerial photograph in which the radiating system 
used at the medium frequency is shown in relation to its surroundings. 
The two power lines in the background and the swamp in the fore- 
ground, in conjunction with the general slope of the ground toward 
the swamp, made the location far from ideal for accurate directional 

Fig. 2- 6425 -kc range antenna system. 
radio work. The northeast corner of Central Airport, Camden was 
just off the lower left corner of the picture. 

The wooden -lattice tower supported five 30 -foot vertical wires 
accurately located at the corners and center of a 12 -foot square, with 
diagonals accurately aligned in true north -south and east -west direc- 
tions. A counterpoise, erected in a level plane tangent to the highest 
part of the sloping ground, comprised a 24 -foot square of expanded 
copper sheet, fringed with 96 equally spaced radial wires extending 
75 feet from the center of the antenna system. The circular area cov- 
ered by the counterpoise shows clearly in the picture. 

The transmitter was located directly at the center of the base of 
the antenna square, as Figure 2, taken before erection of the counter- 
poise, shows. The central, broadcast antenna terminated directly at 
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OMNIDIRECTIONAL RADIO -RANGE SYSTEM 347 

the top of the transmitter. Each corner antenna was connected to the 
center of the square, at ground level, by a short radial length of coaxial 
line with the outer conductor grounded immediately under the antenna, 
but otherwise insulated. Outer conductors were continuous along each 
full diagonal of the antenna square ; the inner conductors were split 
at the center of the square and there fed by short balanced lines from 
the transmitter output terminals to ground level. These highly sym- 
metrical directive antenna circuits were ungrounded, and they appar- 
ently maintained antenna balance to ground quite well. Antenna height 

Fig. 3- 6425 -kc experimental range transmitter. 

was about 1/5 wavelegth and spacing 1/10 wavelength at the operating 
frequency. b- Transmitter 

A very simple transmitter was used, shown by Figure 3. On the 
bottom shelf will be seen power -supply and impulse- keying equipment. 
On the shelf above, speech modulating equipment was installed later. 
The second shelf from the top carried a crystal oscillator and two driver 
amplifiers, feeding radio -frequency excitation upward to the 150 -watt, 

broadcast -channel pentode amplifier on the top shelf and downward 

to the directive -channel balanced modulators on the middle shelf. 

Parallel grid excitation, push -pull plate modulation with only alternat- 
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ing plate voltage applied, and push -pull output were the operating 
conditions of the balanced modulators. 

Two -phase, 60 -cycle power with good waveform, for the balanced 
modulator plates, was derived from the single -phase supply line by 
shunting one plate -transformer primary with a capacitor and feeding 
the combination through a variable series inductor. This inductor was 
made from a small Variac by introducing an air gap into its core. The 
whole combination was fed from a standard Variac giving amplitude 
control. This scheme worked well, but the control of phase and ampli- 
tude by the two Variacs was not independent and readjustment was 
necessary whenever balanced -modulator tuning changes altered the 
load. 

Fig. 4- Station -announcing phonograph. 

A novel item in the speech equipment was the simple film phono- 
graph shown in Figure 4, which repeated the 3- second announcement 
"Central Airport, Camden, New Jersey" at 15- second intervals. A 
normal 16 -mm sound track projected beyond the edge of the large disc, 
around which it was wrapped. It ran, at normal linear speed for this 
type of film, past a fixed scanning line of light. Modulated light passing 
through the sound track was reflected, through a geared sector mask 
to cut out four of every five announcements, to a phototube in the 
cylindrical shield. A high -pass filter, with a 60 -cycle rejection point, 
was interposed between the speech amplifier and speech modulator to 
minimize 60 -cycle hum modulation of the broadcast carrier signal.' 

c- Monitoring 
Four carefully compared radio- frequency ammeters, installed at the 

bases of the four corner antennas, served both to show that antenna 
2 I-Sect. 3, C, p. 76. 
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symmetry was maintaining equal currents in the two antennas of each 
diagonal pair and to permit adjustment of north -south and east -west 
directive -pattern amplitudes to equality.3 One of the two windings 
of a dynamometer meter was connected across each balanced -modulator 
plate- transformer primary, so that the desired condition of phase 
quadrature between the two modulating voltages' resulted in a null 
indication on this meter. 

Phase of the reference keying was not controlled in the medium - 
frequency set -up, but was merely initially set to a convenient value, 
the particular value being of no importance in a single transmitter so 
long as it remains constant between receiving- indicator zero checks.5 
The desirability of being able to get such zero checks at any time was 
not at first realized, so no provision was made for non -directional trans- 
mission of calibrating modulation. Calibration was accomplished by 
turning off the balanced modulator delivering the smaller signal at 
the receiving point, thus causing the receiving indicator to read that 
cardinal bearing which lay nearest the true receiver bearing. Provision 
was made, however, for supplementing the keying impulses -normally 
occurring once per modulation cycle -with three others to give four 
equally- spaced impulses per cycle for use in making complete receiving 
indicator adjustments. 

Toroidal pickup windings were placed around the bases of the 
antennas and connected directly to the plates of a cathode -ray oscillo- 
graph through short unloaded lines, for monitoring radio -frequency 
adjustments. By connecting diagonally opposite toroids together in 
parallel, their electrostatic coupling to the antennas was cancelled. 
Highly characteristic pattern shapes on the oscillograph indicated 
phase balance of the two tubes of each balanced modulator and phase 
quadrature between broadcast and directive antenna radio -frequency 
currents.6 Radio -frequency adjustments were always made with the 
regular transmitter tuning controls. 

d- Indicators 
Regular communication antennas on several aircraft were used for 

reception, the receiver being an aircraft superheterodyne with crystal - 
controlled oscillator. This receiver was modified by being given a very 
flat automatic gain control, broadcast -type intermediate -frequency 
transformers to pass the rapid signal changes of the reference keying, 
and an audio -output transformer having a characteristic which was 

3 I-Sect. 3, C, p. 65. 
4 I-Sect. 3, C, p. 75. 
5 I-Sect. 3, C, p. 74. 
I-Sect. 3, D, p. 77. 
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flat down to 60 cycles. Otherwise it was an entirely normal aircraft 
receiver, which simply fed audio output from its headphone jack to 
the indicators. 

In the cathode -ray indicator7 two loosely -coupled circuits, tuned to 
60 cycles per second, selected the pattern- rotation component from the 
receiver audio output. Output from this filter was applied directly to 
one set of deflecting plates of the electrostatically deflected cathode -ray 
tube, and through a 90- degree phase shifter of adjustable phase and 
amplitude characteristics to the other deflecting plates. Impulses were 
selected from the receiver output by a simple high -pass filter and 
applied to the grid of the cathode -ray tube, momentarily cutting off 
the electron beam and darkening its trace on the screen of the tube. 
Accelerating voltage was applied to the cathode -ray tube, from a 
vibrator unit with vacuum -tube high -voltage rectifier, through the 
normal brightness, focus, and pattern -centering controls. 

Thus, the cathode -ray indicator contained only two tubes, the high - 
voltage rectifier and the cathode -ray tube itself. The latter was mounted 
in, and magnetically shielded by, a conical housing of thin Nicaloi. 
The indication given consisted of a circle of green fluorescent light, 
with a narrow dark gap moving around it to represent motion of the 
receiving craft around the transmitter. This indication was read 
against a circular engraved- celluloid scale pressed against the tube 
face. A green gelatine light filter was placed behind the scale, to 
improve contrast under adverse lighting conditions by suppressing 
much of the reflection from the white tube face without markedly 
dimming the green cathode -ray pattern. Setting of the scale zero was 
accomplished by turning the scale in front of the tube, or in the rough 
initial stage by turning the tube in its mounting. Accuracy of reading 
at points other than zero was assured by adjusting vertical and hori- 
zontal centering and deflection phase, with a special four- impulse -per- 
cycle calibrating transmission, until the four dark marks then present 
indicated correctly the four cardinal points; finally, relative amplitude 
of vertical and horizontal deflections was adjusted by eye to give the 
best -appearing circle.' 

A deviation -from -course indicator was provided as a separate ac- 
cessory unit.' Pattern- rotation sinusoid output, from the tuned filter 
of the cathode -ray indicator, was applied to a universal phase shifter 
and thence, in push -pull, to the suppressor grids of a pair of pentodes. 
Positive impulses were applied to the normally cut -off control grids of 
these tubes in parallel. A differential plate- current meter indicated 
deviation of the impulse phase from the instant of equal suppressor- 

7 I-Sect. 2, B, pp. 67-70. 
s I-Sect. 3, F, p. 80. 
9 I-Sect. 2, C, pp. 70-72. 
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grid biases, which was in turn determined by the phase -shifter setting 
and by the bearing of the receiver from the transmitter. 

An auxiliary arrangement for aural deviation indication was tried, 
but was not entirely satisfactory. This employed an unsymmetrical 
multivibrator to connect a pair of headphones alternately to each of the 
differential impulse tubes mentioned above. The connection was made 
for a relatively short time to one tube, and for a much longer time to 
the other. On course, a steady 60 -cycle impulse tone was heard, while 
off course to one side telegraphic dots of this tone were heard pre- 
dominantly, and off course to the other side dashes were heard. Avoid- 
ance of timbre changes in the on- course tone was difficult, and in any 
case the tone was not very markedly audible and was hard to dis- 
tinguish from ignition interference. 

Fig. 5- 125 -Mc Adcock antenna system. 

B- Ultra -High Frequency (125.0 Megacycles Per Second) 
a- Antenna 

At the ultra -high frequency chosen for our later tests, with a wave- 
length just under eight feet, the Adcock antenna system consisted of 
five two -foot rods, set at corners and center of a seven -inch square, and 
a fifteen -foot diameter copper ground disc, as shown in Figure 5. This 
system was set up in the middle of a hangar roof and, to avoid ill 
effects from imperfect bonding of the metal structure of the roof, was 
surrounded by a fringe of expanded copper sheet to give an overall 
ground -plane diameter of 45 feet. A vertically polarized antenna sys- 
tem was chosen because it was felt that a set of vertical rods could 
be more easily designed, built, adjusted, and fed than the corresponding 
set of horizontal loops which would have been necessary to provide a 
horizontally polarized signal. 

Across the front of the hangar, about 60 feet from the antenna 
system, there was a brick parapet over 1/2 wavelength high and about 
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six wavelengths wide. To facilitate measurements on the roof, the 
energy approaching this barrier was deflected upward by a large 
inclined sheet of copper netting interposed between parapet and an- 
tennas. Metal uprights supporting obstruction lights were made de- 
mountable and taken down during operation to avoid re- radiation. A 
brick chimney, bearing about fifteen degrees from the antennas, also 
gave rise to standing waves on the roof, but no practical way to avoid 
this disturbance of the field pattern was found. 

All antennas were insulated from ground at their bases and fed, 
through the ground plate, by the system of coaxial lines inside the 

Fig. 6- 125 -Mc antenna feeding system. 

hangar, as shown in Figure 6. The short straight line -segments shown 
immediately below the circular antenna base -plate were quarter -wave 
impedance transformers. With each antenna length adjusted to reso- 
nance, these transformers were designed to have the correct charac- 
teristic impedances to match the antenna base resistance (only three 
ohms for each directive antenna because of the proximity of the other 
antennas) to the approximately 60 -ohm impedance actually charac- 
teristic of commercial 7/8 -inch coaxial line. Curved line- sections seen 
joining the bases of diagonally opposite transformers were half -wave 
stabilizing and decoupling elements, operating as described below. 
The five lines running out of the picture were the matched feeders 
bringing power from the transmitter, which was about eight wave- 
lengths distant. 
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Considering one directive antenna pair only, its feed system is 
shown in section by Figure 7 (a) . The antennas AB and FG were 
shorter than a quarter wavelength, by the small amount necessary to 
produce resonance or zero reactance at the base. The conditions to be 
fulfilled were that radio -frequency currents at the antenna bases B 
and F should always be equal in amplitude and opposite in phase.10 
Introduction of the quarter -wave line- sections BC and EF not only 
inverted the low antenna base resistance appearing at points B and F 
to a chosen higher value at the feeding points C and E, but also insured 
the fulfillment of the above antenna -current relations if equal ind 
opposite radio -frequency voltages were maintained at these feed points. 

1 
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Fig. 7- Operation of ultra- high -frequency antenna feed. 
By use of the well -known phase- inverting property of half -wave trans- 
mission lines, equal and opposite voltages were constrained to occur at 
points C and E by interconnecting them through the half -wave line 
section CDE. In the normal case, when the feed lines from the trans- 
mitter were well balanced and were supplying equal and opposite 
voltages at C and E, the line CDE simply bore a standing wave and 
transported no power. Should point C, for example, tend to be fed at 
a higher voltage than point E, the half -wave line would carry power 
from C to E to oppose this unbalance and maintain the required phase 
and amplitude relations. 

Midway between the antennas of a directive pair there was also a 
non -directive antenna, as shown at HI of Figure 7 (b) . Current in this 
antenna tended to induce equal and co- phasal currents in the adjacent 

lo I-Sect. 3, D, p. 78. 
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antennas AB and FG; this result was not in itself particularly harm- 
ful, but was found quite annoying because it made the input impedance 
of the non -directive antenna depend on the circuits feeding the direc- 
tive antennas. Consider for the moment that the half -wave stabilizing 
line CDE is cut at point D and the feed line to point C from the trans- 
mitter is disconnected. Then the quarter -wave line CD, open at D, 
appears as a short- circuit at C; thus, the impedance at C is zero inde- 

Fig. 8 -U -H -F omnidirectional range transmitter. 

pendent of any feed line which may be connected there. The quarter - 
wave line BC, effectively short- circuited at C, appears as an open 
circuit at the antenna base B, so that any voltage induced in the 
quarter -wave antenna AB can cause no antenna current to flow to 
ground. By symmetry, the voltages induced in antennas AB and FG 
by current in HI are equal and in phase, so that the induced voltages 
transferred to the hypothetical cut at point D by the lines BCD and 
FED are identical and this assumed cut in the Mine can be mended 
without altering anything. Thus, the half -wave line section acted to 

t 
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short -circuit both point C and point E for any co- phasal voltages 
appearing there, at the same time as it equalized any contra- phasal 
voltages there applied. 

b- Transmitter 
Figure 8 shows the appearance of the 125 -megacycle range trans- 

mitter. Its general arrangement is shown in the block diagram of 
Figure 9, where heavy lines represent radio -frequency paths, double 
lines modulation paths and light lines power supply. Above the dotted 
line appears a normal 200 -watt, 125 -megacycle radiotelephone trans- 
mitter. This employed a third- harmonic, low temperature -coefficient 
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Fig. 9 -Block diagram of omnidirectional range. 
crystal controlling a pentode acting as oscillator and electron -coupled 
frequency doubler, a full -wave doubler stage, a push -pull tripler, and 
a neutralized push -pull buffer amplifier as its exciter system. This 
exciter energized neutralized driver stages operating at final frequency 
and a neutralized push -pull power -output stage was modulated up to 
50 per cent by a class -A audio power amplifier. An RCA -804 was used 
as the oscillator, four 845's as the modulator, two 806's in the power - 
output stage, and pairs of RCA -834 tubes in all other stages. Grid -leak 
bias was used on all radio -frequency stages, with just enough cathode - 
resistor self -bias to prevent overloading in the absence of excitation. 
For tuning, all 125 -megacycle circuits employed "trombone" variable 
inductances, resonated by tube -plate and neutralizing capacitances. 

Below the dotted line of Figure 9 are indicated the elements dis- 
tinguishing the omnidirectional range from an ordinary transmitter: 
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a pair of balanced modulators, an impulse keyer, and their associated 
power controls. Figure 10 illustrates the circuits of a neutralized 
amplifier and one of the pair of balanced modulators driven by it; the 
other modulator was identical with the one shown. The sliding contacts 
which permitted inductance variation may be seen to have been at 
positions of relatively low current in the standing waves on the elec- 
trically long inductance trombones. Only alternating voltage was 
applied to the balanced modulator plates. Small, differentially variable 
condensers were connected between modulator -tube plates and ground 
to permit balancing of the modulator output. These were adjusted by 
watching the pattern on a cathode -ray oscillograph tube with one pair 
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NS MODULATION 
PHASE CONTROL 

+1250 

Fig. 10- Balanced modulator. 

of plates coupled to the modulator output, as shown, and the other 
pair coupled to the carrier power -amplifier output. In general, 
the oscillograph pattern was a patch of dim light bounded by two 
crossed ellipses. Variation of the phase of the steady reference wave 
from the carrier amplifier, by adjustment of the tuned circuit shown 
in one of the deflecting circuits, ordinarily permitted either bounding 
ellipse (but not both together) to be collapsed to a straight line. 
Correct adjustment of the differential capacitor, giving equally phased 
outputs from both tubes of the modulator, was the only condition that 
permitted both ellipses to be closed at once. 

Thermocouple radio -frequency voltmeters were connected across the 
feed lines to the directive antennas and served as antenna -circuit tun- 
ing indicators. Some care was required in installation to avoid spurious 
readings of these indicators caused by standing waves on the feeders 
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at harmonic frequencies. The output required from the balanced mod- 
ulators was surprisingly low. Directivity, both vertical and horizontal, 
of spaced antenna pairs gave a geometrical power gain of 21/2 with 
respect to the single carrier antenna ; thus, an unmodulated directive 
signal of maximum strength equal to that of a 200 -watt broadcast 
carrier would require only 80 watts into one pair of directive antennas. 
Since about 40 per cent modulation was found convenient, only 16 per 
cent of the latter power was required, or a peak output of 12.8 watts 
from each balanced modulator. Modulation being sinusoidal, average 
output was one -half the peak output, and the average power require- 
ment was shared equally between two tubes in each balanced modulator. 
Thus, the average output power required per tube was only 3.2 watts, 
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Fig. 11- Impulse keyer circuit. 

and the peak per tube 12.8 watts, to provide 40 per cent modulation 
of the 200 -watt broadcast carrier, successively in all directions. Actu- 
ally, sufficient output to modulate a two -kilowatt carrier was easily 
obtained from the RCA -834 balanced modulators, without approaching 
limiting ratings or encountering serious instability. At the time this 
work was done, tube limitations at high frequencies prevented a two - 
kilowatt carrier output from being obtained economically at 125 mega- 
cycles per second and caused the adoption of the 200 -watt figure. 
Directive modulation was set at the desired level, which was not in 
any way critical, by choice of balanced -modulator output coupling. 

Figure 11 shows the circuit of the impulse- keying equipment. Key- 
ing phase was determined from the alternating component of the out- 
put of the full -wave rectifier supplying plate power to the speech 
amplifier. The rectifier output was connected to a series of circuits 
tuned to 240 cycles per second and terminating in a peaking trans- 
former, of the usual type employing an easily- saturated lamination in 
one core leg, with push -pull output. Each side of the peaking- trans- 
former output fed one grid of a twin triode, so that with both grids 
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biased just to cut -off in the absence of input, there appeared across the 
common plate -load inductance 480 equally- spaced voltage impulses of 
double polarity per second, or eight per modulation cycle. Accurate 
tuning of the 240 -cycle circuits was essential to assure uniform spac- 
ing of these impulses. By biasing one triode completely off and adding 
a modulation- frequency component to the bias of the other triode, it 
was possible to select one of the eight impulses, which appeared alone 
60 times per second, or once per modulation cycle, in the common triode 
output. These impulses gave sharp control of the discharge of a 
capacitor through a non -oscillating gas triode, which improved their 
shape without affecting their timing. Positive impulses from the gas- 
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Fig. 12- Modulation control and monitoring circuits. 

triode cathode circuit were amplified to give large negative impulses 
for keying the grids of the tripler stage. These rendered this stage 
inactive for periods of rather less than 100 microseconds, accurately 
recurring once or eight times per modulation cycle at will. 

Two -phase supply for the balanced modulators was easily obtained 
in the case of the ultra- high- frequency transmitter, since this took its 
power from a three -phase line. As shown in Figure 12, the east -west 
balanced modulator was fed directly from one phase of the supply, 
through an amplitude adjusting Variac. The north -south modulator 
was connected between the variable tap of a Variac, across the east - 
west supply phase, and the third supply line ; this Variac permitted 
phase adjustment over a x-30 degree range with the desired quadrature 
condition at midrange. The small vector diagram in the figure shows 
the phase and amplitude relations involved. Calibration and reference - 
keying phases were controlled in just the same way as the north -south 
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modulation phase." It will be noted that the transformer feeding cali- 
brating signal to the speech modulator was provided with a series re- 
sistor and shunt capacitor. These permitted initially bringing the 
proper Variac setting to midrange, despite phase shift in the speech - 
modulator circuits; they at the same time permitted setting the cali- 
brating modulation at the same level as the normal directive modula- 
tion. In the circuit supplying the impulse -selecting bias voltage to the 
impulse generator, a resistance -capacitance network permitted initially 
selecting for normal range operation, from the eight impulses per 
modulation cycle provided by the peaking transformer, the one that 
allowed the impulse -phasing Variac to run nearest mid -range. This 
control system worked very smoothly in itself, but sudden line phase 
changes, probably due to changing load distribution on the supply sys- 
tem, were sometimes observed. All modulation switches were ganged, 
as indicated in Figure 12, to permit changing over from normal direc- 
tive running to non -directive calibrating transmission with a single 
operation. 

The simple film phonograph of Figure 4 was remodeled by removing 
the sector disc, adding to the phonograph disc a cam to key the Camden 
telegraphic identification signal KM, and adding a set of time switches. 
It then automatically transmitted a telegraphic identification signal on 
each minute, a telephonic identification on each intermediate half - 
minute, and a brief calibrating signal on each quarter -hour. The motor 
being synchronous, these signals were usable for checking clocks in 
aircraft. Telegraphic transmission, either by hand or by cam, was ac- 
complished by energizing a relay to change the twin -triode bias, in the 
impulse generator of Figure 11, from the single impulse to the eight - 
impulse- per -cycle condition. 

It will be seen from the above figures and description that an omni- 
directional range transmitter is rather simpler than the pair of separate 
transmitters which make up a single present -day low- frequency "simul- 
taneous" radio range. The omnidirectional range is, in effect, the voice 
channel alone of a simultaneous range, plus a pair of low- powered 
balance -modulator stages and an impulse keyer. The radio -frequency 
goniometer and course -bending artificial lines of the course -type range 
are not necessary with an omnidirectional range. It is, however, very 
convenient to be able to simulate their action, to a limited extent, to 
compensate for small differences between individual transmitters 
and installations and for slight variations which may occur from time 
to time in a given installation. This we did, without interrupting oper- 
ation, by the simple set of modulation- frequency phase and amplitude 
controls described above. 

" I-Sect. 3, C, pp. 74-76. 
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c- Monitoring 
Instruments were provided to monitor separately the effect of each 

modulation -phase or amplitude control; these instruments as well as 
the control circuits are shown in Figure 12. For the north -south direc- 
tive modulation and the calibrating modulation, simple center -zero 
dynamometer meters served to indicate phase quadrature with the east - 
west modulation, the desired operating condition, by the absence of 
deflection which is characteristic of such meters when their two wind- 
ings are fed with currents 90 degrees apart in phase. Differently sensed 
deflections corresponded to phase differences more and less than 90 
degrees. The meter circuit constants were chosen to make indications 
independent of small circuit variations and consequently highly reliable. 

NORTH FIELD 
PICKUP r - - - - -1 

NS 
MOO LEV. 

FROM N5 
BAL MOD 
INPUT 

EAST FIELD 

PICKUP 

Fig. 13 -Field monitoring circuits. 

FROM Ew 
BAL MOD 
INPUT 

Because of the large ratio of root -mean -square to average value of 
the short, widely- spaced reference impulses, an attempt to indicate 
their phase by a dynamometer meter resulted only in overheating the 
meter without producing useful deflection sensitivity. However, a dif- 
ferential electronic circuit, of the type shown associated with the im- 
pulse control of Figure 12, gave good results. In proper operation, the 
reference- modulation impulses occurred just as the east -west modulat- 
ing voltage passed through zero; that is, just when neither rectifier of 
the monitoring circuit passed any currént from the sinusoidal supply. 
Thus, both rectifiers then passed the same impulse current, had the 
same average output and, therefore, produced no deflection of the dif- 
ferential meter. With improper impulse phasing, one rectifier output or 
the other predominated and the meter deflected in the corresponding 
sense. 
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The use of cathode -ray oscillographs to monitor radio -frequency 
phase equality of the outputs from the two tubes of each balanced 
modulator has been described above. It is also necessary to monitor 
the radio -frequency phase relations between directive and non -directive 
radiated fields.12 Electronic wattmeter circuits located at and coupled 
to the antenna bases gave very sensitive and convenient indications- 

Fig. 14- Monitor unit. 

of the zero -center sensed type -of departures from the desired condi- 
tion. However, this system was found to be too dependent on indicator 
circuit conditions to have the degree of reliability necessary for satis- 
factory monitoring. 

Antenna- current phase was finally monitored by the system shown 
in Figure 13. Small tuned -loop pickups with diode rectifiers were 
placed due north and east of the antenna system and distant by about 

12 I-Sect. 3, D, p. 77. 
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one wave -length, so that each was in the null of one directive signal 
and was subject only to the broadcast carrier and the other directive 
signal. Carefully grounded and shielded cables carried the low -fre- 
quency output from these units, visible at the edge of the ground disc 
in Figure 5, to the transmitter. There, the direct- current components 
from the two pickups were added, to give an indication of the non - 
directionally radiated carrier level, and the alternating components 
were fed (across differentially adjustable resistors to equalize the 
pickup unit sensitivities) to separate, modulation- frequency narrow - 
band -pass filters. The filter outputs were separately rectified and 
metered, by microammeters which indicated the two directive modula- 

Fig. 15.-U-H-F receiving antenna on airplane. 

tion levels, and by dynamometer meters which checked field- modulation 
polarity with respect to modulating input and so guarded against gross 
radio- frequency phasing errors. 

Modulation depth being greatest when carrier and suppressed - 
carrier modulated fields are in phase, phasing adjustments were made 
by means of the transmitter tuning controls to maximize the modula- 
tion -level indications while maintaining the correct modulation polarity. 
Close spacing of transmitting antennas and monitoring pickups caused 
the fields at the pickups to differ from those at great distances and 
consequently resulted in the radio -frequency phasing being incorrect by 
about 10 degrees. This effect, being the same for both directive fields, 
caused no direct bearing errors,13 whereas greater pickup spacing re- 
sulted in excessive disturbance by nearby obstructions. Modulation - 
level meter sensitivities were equalized, during calibrating transmis- 
sion when both pickups were known to receive the same modulation, by 
a differential adjustment of the meter -circuit resistances. These meters 
were also used in bringing calibrating and directive modulations to 
the same level. A differentially connected modulation -level meter, which 

13 I-Sect. 3, D, p. 77. 
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gave a central zero reading when the two systems were equalized in 
the calibrating operation, permitted bringing the two directive modu- 
lation depths accurately to equality by adjustment of the east -west 
amplitude -controlling Variac to give a zero reading during normal 
directive operation. 

All monitoring instruments were grouped together, as shown in 
Figure 8 and more clearly in Figure 14. The cathode -ray oscillographs, 
the only monitoring instruments actually operating at radio frequency, 
were built into the transmitter proper. The four meters of Figure 12 

Fig. 16- Complete aircraft equipment (without antenna). 

and the five of Figure 13, with their associated equipment, were mounted 
in the separate housing shown in Figure 14. 

d- Indicators 
For receiving, a vertical rod antenna, shown in Figure 15 mounted 

on the top of a transport airplane, was used. The circular ground plate 
at the antenna base was for the purpose of reducing interference from 
imperfect bonding of the airplane structure. A crystal -controlled 
superheterodyne, made for another purpose but having the flat auto- 
matic gain control and high audio fidelity which are characteristic of 
modern ultra- high- frequency aircraft receivers, was used. Audio out- 
put from a receiver phone -jack actuated the indicators, which also drew 
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tube plate power from the receiving dynamotor. Figure 16 shows the 
entire aircraft installation, less antenna. The large unit, which is the 
receiver, and the next smaller one, which contains the auxiliary appara- 
tus for the indicators, were mounted out of the way. The three small 
units -a control box, a deviation -indicating meter, and a cathode -ray 
indicator in its cylindrical magnetic shield- constituted the cockpit in- 
stallation. Both indicators were mounted in standard aircraft instru- 
ment holes. 

The indicator system employed in the ultra- high- frequency work 
was rather more complex than the one previously used, in the ways 
enumerated below. A phase- shifting control was introduced into the 
audio line from receiver to indicators to avoid the need of mechanical 
rotation of the azimuth indicator scale for zero setting. To reduce the 
receiver power output required for indicator operation, an amplifier 
was incorporated into the filter for the sinusoidal signal component. 
This filtering amplifier was made of the selective- feedback type,14 to 
avoid the weight of high -quality low- frequency reactors, and was 
equipped with an automatic gain control, to hold its output very con- 
stant and thereby relax the requirements on the receiver automatic gain 
control. A local impulse generator was incorporated into the impulse 
signal channel to improve the shape and equalize the size of the im- 
pulses applied to the indicator, as well as to compensate for the wide 
difference between the size of impulses received at sinusoidal modula- 
tion maximum (when receiver is north of transmitter) and at minimum 
(when south of transmitter) .'5 This generator was a quiescent unsym- 
metrical multi- vibrator, operating through one cycle only when trig- 
gered by a received impulse. Finally, to improve the appearance of 
the cathode -ray indication by substituting a bright notch for the dark 
gap formerly used as the indicating mark on the bright circular 
cathode -ray trace, a simple radial- deflecting device for actuation by 
the impulses was added.16 

As most of the circuits of the indicator, while not novel, are a 
little out of the run of ordinary radio circuits, they are shown in some 
detail in Figure 17, grouped according to function by the dashed lines. 
The filtering amplifier with its automatic gain control and the impulse 
shaper are strictly auxiliaries ; they may be regarded simply as special, 
selective receiver- output stages. The vibrator -type high -voltage supply 
for the cathode -ray tube, having a vacuum -tube rectifier and a trans- 
former winding to feed the heaters of the tubes with cathodes at high 
voltage, is not shown. Had the receiver not happened to have an over- 

14 "A New Type of Selective Circuit and Some Applications" by H. H. 
Scott, Proc. I.R.E., Vol. 26, No. 2, p. 226, Feb. 1938. 

15 I-Figure 2. 
16 I -Sect. 2, B, p. 68. 
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size dynamotor, the vibrator supply would have been arranged to pro- 
vide plate voltage for the above auxiliary tubes also. 

To the right of the dot -dash line in Figure 17 appear the indicators 
proper. Placed ahead of the filter amplifier to avoid unproductive load- 
ing of the latter, the zero- setting phase control really belongs func- 
tionally in this part of the picture. The resistance -capacitance network 
between this control and the first amplifier grid served to keep impulse 
voltages out of the sinusoidal- current circuits and to compensate nor- 
mal phase displacements in the receiver audio circuits and filter, so as 
to permit the control to work near the center of its ±15- degree range. 
Following the filter, a resistance- capacitance bridge was used to give 
the 90- degree phase shift necessary to produce a circular trace on the 
cathode -ray -tube screen ; the four deflecting plates of the tube were 
connected to the four corners of this bridge network with a normal 
centering control for each pair of plates, and with sensitivity -equalizing 
potentiometers for one pair of plates. To the four corners of the bridge 
were also connected four equally spaced fixed taps on an ostensibly 
uniform, high -resistance carbon -composition ring. Two diametrically 
opposite, freely rotatable brushes bearing on this ring permitted pick- 
ing off a voltage, balanced to ground and of reasonably constant ampli- 
tude, which could be continuously varied in phase throughout a 360 - 
degree range. This control was used to set the deviation indicator to 
any desired course. 

Operation of the radial deflecting system was directly similar to 
that of the familiar Heising constant -current modulator used in trans- 
mitters. The high- voltage supply fed the accelerating train of the 
cathode -ray tube and the plate- cathode circuit of a pentode, in parallel, 
through a common resistor. Normally cut off, the pentode had most of 
the time no effect on the operation of the cathode -ray tube. When a 
momentary positive voltage from the impulse shaper was applied to 
the pentode grid through a high -ratio isolating transformer, the pen- 
tode plate current in the common resistor dropped the accelerating 
voltage applied to the cathode -ray tube. This slowed the electrons in 
the cathode -ray beam and made them momentarily easier to deflect. 
The impulse thus appeared on the fluorescent screen of the indicator 
tube as an outward- pointing notch or jog on the bright circle of the 
normal cathode -ray trace. To compensate the dimming tendency of the 
extra radial spot velocity during the jog, a positive impulse voltage 
was applied to the control grid of the cathode -ray tube. This voltage 
was obtained by by- passing a portion of the common voltage- dropping 
resistor to the cathode of that tube. Focus was maintained during the 
jog by equalizing the time constants resulting from stray shunt capaci- 
tances, and by adjustment of a small trimming capacitor connected 
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between first and second anodes of the cathode -ray tube. Careful shield- 
ing was necessary to prevent the impulse voltages on the accelerating 
circuits of the cathode -ray tube from affecting the deflecting circuits. 

Not the least of the features of the cathode -ray indicator system 
was the straightforwardness of the routine by which it was initially 
adjusted to give clear accurate indications at all parts of the azimuth 
scale. The indicator trace, before setting -up adjustment, was gener- 
ally a defocused, decentered tilted ellipse. After rough preliminary ad- 
justments to give proper pattern shape, size, focus, and brilliance were 
made, final adjustment for accurate indication was done as follows. 
With the range transmitting a calibrating signal with eight impulses 
per cycle, the zero- setting phase control was adjusted to give north and 
south indications in error by equal amounts and the east -west center- 
ing control was then set to give north and south readings of exactly 
zero and 180 degrees. Adjustment of the NS phase control to give 
equal errors at East and West was then followed by adjustment of the 
NS centering control to give east and west readings of exactly 90 and 
270 degrees. Finally, the EW amplitude control was set to give the 
best average reading at the 45, 135, 225, and 315 -degree points. Since 
there was very little interaction between these controls, adjustment 
with eight equally timed impulses per rotation cycle was easily made 
to bring the eight marks then visible to read exactly correct at the 
four cardinal points and correct on the average at the four primary 
intercardinal points of the scale. With commercial cathode -ray tubes 
the correctly adjusted pattern usually had a slightly elliptical shape, 
but because of the method of adjustment used, this did not seriously 
impair accuracy of indication at any part of the scale. 

Zero -setting and deviation -indicator course- setting controls were 
the only ones, except for a power switch, brought out on the face of 
the control box (a third knob visible in Figure 16 actuated a manual 
volume control, later superseded by the filter -amplifier automatic gain 
control) . The other controls affecting accuracy and appearance of in- 
dication were available under a dust cover on this unit. It will be seen 
from Figure 17 that all elements affecting readings were of a simple, 
stable sort and, except for the zero setter, were directly associated with 
the cathode -ray tube. The zero setter itself had to be used to compen- 
sate any phase -shift variations in the receiver and filter. While it 
was the custom to check and trim all adjustments frequently in the 
test work, it appeared that all the covered controls were very stable 
when not disturbed and that even the zero setting needed little atten- 
tion during steady operation. The automatic calibrating transmissions 
at quarter -hour intervals gave a more than adequate zero check, and 
brief eight -mark periods forming part of these transmissions served to 
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show up and identify any inaccuracy which might develop in any of 
the other indicator adjustments. 

To actuate the deviation indicator, sinusoidal voltage of freely 
variable phase, taken from the tapped -ring course -setting resistor de- 
scribed earlier, was applied in push -pull to the suppressor grids of two 
pentodes, as may also be seen from Figure 17. Impulsive voltage, taken 
from the accelerating train of the cathode -ray tube, was applied to the 
control grids of these tubes in parallel. The control grids were biased 
somewhat beyond cutoff and swung to zero grid ; excess impulse volt- 
age beyond that point was taken up by grid- current drop in a large 
series resistor. The suppressor grids were biased to the middle of 
their negative control range and were also fed through series resistors 
of high value. Their control of plate current was thus limited, on the 
one hand by cutoff and on the other by grid- current drop in the series 
resistors. This arrangement gave high phase sensitivity near the zero - 
point of the sinusoidal voltage, but avoided meter overloading for wide- 
ly different phases. 

A zero -center microammeter connected between the plates of the 
two pentodes, which had separate plate -load resistors, indicated the 
differential impulse current through these resistors, while a capacitor 
shunting the meter protected it from mechanical damage by the high 
peak currents. Because an impulse occurring at either of the two in- 
stants of zero sinusoidal voltage during each cycle would give equal 
plate currents and zero meter deflection, the sinusoid -phase control 
used for course setting was provided with a rough azimuth scale to 
avoid ambiguity. Because final course settings were made by bringing 
the meter to zero when the cathode -ray indicator showed the craft to 
be on the desired course, the accuracy of this scale was unimportant. 
Another result of this initial zero setting was that differing normal 
plate currents of the two pentodes were not directly harmful. However, 
to minimize the disturbing effect of noise impulses, it was found to be 
desirable to adjust the two load resistors to compensate for tube differ- 
ences. This was easily done by using the eight- impulse -per -cycle trans- 
mission, the adjustment then being made for a zero meter deflection 
which was independent of sinusoid phase. 

Weight is, of course, a major consideration in all aircraft equipment 
and the weight of our experimental apparatus was probably greater 
than it should be. An ultra -high- frequency receiver will be necessary 
equipment in any case; its weight need not be charged to the omni- 
directional range. The weight of the deviation indicator with its cable 
was 1.8 pounds and is probably irreducible, as is the 3.3 -pound weight 
of the cathode -ray indicator with its 9 -wire cable from the control box. 
The control box itself weighed 3.8 pounds and, while some reduction 
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might be possible, it is probable that the total weight of the cockpit 
installation of control box, two indicators and their cables cannot be 
much less than 8 pounds. The auxiliary unit of the system, with its 
multiconductor cable to the control box, weighed 23.2 pounds. Here, 
design changes might make an appreciable reduction. In particular, if 
the auxiliary equipment were built integrally with a receiver, the added 
weight could be made much less than the above value. The degree of 
refinement and complexity justifiable in the indicator system can only 
be determined by experience in service ; it is difficult to see how it can 
be much simpler than the early form described in Section 2A, d. 
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