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THE CAA VHF OMNIRANGE

SUMMARY

This report describes the development
of a VHF omnirange system operating in the
frequency band of 112 to 118 Mc The range
furnishes magnetic bearing information with
respect to the range station and provides def-
inite track guidance between the station and
any point within 1ts service area

The omnirange produces two 30 cps
signals, one 1s constant in phase and inde-
pendent of the aircraft's position, and the
other varies 1n relative phase directly 1n ac-
cordance with the magnetic bearing of the air-
craft from the station A phase-measuring
device 1n the receiver enables the pilot to
determine his magnetic bearing with respect
to the station and to select and fly a range
course on any desired magnetic bearing

The accuracy of the system 1n operation
at the CAA Technical Development and Eval-
uvation Center, Indianapolis, Indiana, including
the receiver plus ground equipment 1s approx-
mmately 1 5° The ground equipment has
been i1n continuous operation for more than
three years

The VHF omnirange has been selected
as partof the common Civil-Military System,
Transition Program as recommended by the
Radio Technical Commuission for Aeronautics,
report on Air Traffic Control prepared by
Special Commattee 31

INTRODUCTION

In planning a systern of airways to pro-
vide a means of navigation {for all aircraft,
and to provide facilities for the separation
and maintenance of a continuous flow of a
large volume of traffic, 1t becomes apparent
that radio ranges defining courses of tracks
in only a few directions are not adequate to
the task

There are as many as slx alr routes
converging on some of our air terminals under
present operations, and it 1s likely that this
nurnber will be greatly exceeded under an-
ticipated conditions of an expanded air com-
merce To serve adequately such termnals
withtwo-course ranges or four-course ranges
would require such a multiplicity of stations
as to be obviously \mpractical

The CAA has carried out the develop-
ment of two-course visual, two-course aural
VHF ranges 1n accordance with recommen-
datiens made by the RTCA 1n the summer of
1939 Development was completed early in
1942, but the conversion of the airways to
VHF range operation was interrupted by the
war Just prior to 1945, however, the con-
version program was resumed on a limited
scale with the establishment of the Chicago-
New York VHF airway Simultaneously, the
CAA had been working on the development of
a VHF ommidirectional radio range, along the
principles proposed by Dr D G C Luck of
RCA, at the Kansas City meeting of the RTCA
in the summer of 1939 Progress on this
development had taken such a promising turn
that two-course VHF ranges were rapidly
superseded by omnidirectional VHF ranges,
more commonly referred to as omniranges

The general principle of the omnirange
dates back to Lee de Forest, who proposed
rotating a radio bearmn keyed to identify the
sectors forming the 360° sweep of the beam 1
Another omnirange was developad, using a
reotating beam, but with a nondirectional sig-
nal transmitted each time the bearn passed
throughNorth 2 The beam rotated clockwise
so that the time interval between the omni-
signal and the beam alignment with the ob-
server, measured by means of a stop watch,
would be a measure of the observer's azi-
muth A practical form of this type of range
was developed 1n England by rotating a loop
antenna 3 Later this rotation was accom-
plished electrically 4 Others proposed purely

1y 5 Patent No 833,034, 1906

2] Zenneck {Trans Seelig) ""Wireless
Telegraphy," McGraw-Hill, New York 1915,
p 368

3T H Gill and N F S Hecht, "Ro-
tating Loop Radio Transmitters and Their
Applications to Direction-Finding and Navi-
gation," Jour Inst Elect Engr , Vol 66,
1928, p 256

4H A Thomas "A Method of Exciting
the Aerial Systemof a Rotating Radio Beacon,"
Jour Inst Elec Engr , Vol 77, 1935, p
285



electrical means of rotating a field pattern
5,6, 7

developed by the Radio Corporation of Amer:-
cawas describedinapaperbyD G C Luck 8
In a paper’ presented before the RTCA
annual meeting, January 1945, D M Stuart,
Director, Qffice of Technical Development,
described an early model of the CAA omni-
range

The present ommrange has elements
in common with other types of radio ranges
and direction findingsystems, and represents
a refinement i1n practice rather than a fund-
amental departure in principle It may be
likened to the standard four-course aural radio
range with a means provided for precisely
determining the ratio of the two signals at
any poiwnt, and thereby the azimuth from the
station at any point, rather than at points lying
only on certain specific courses where the
signal ratio 1s unmty

The antenna system 1s the familiar ar-
rangement of five radiating elements located
at the corners and the center of a square,
which 15 so widely employed wm direction
finding and radio range systems Opposite
pairs of antennas are operated 180° out of
phase, and the electrical spacing between the
elements 1s small compared to the wavelength,
sothat a figure-of-eight field pattern results
This field pattern 1s rotated, so to speak, by
means of a capacity goniometer which s
drivenby asynchronous motor at 1, 800 rpm
The rotating goniometer acts as a balanced
modulator, eliminating the carrier frequency,
and supplying sideband energy at carrier
frequency +30 cps to the two antenna pairs
Since the entire field 1s, mn effect, rotated
once for each rotation of the goniometer, 1t 1s

for use 1n an omnmirange The ommrange

5P H Evans and J W Grieg, U 5
Patent No 1,933, 248, 1933

J W Grieg, U 5 Patent No
006, 1935

7G H BrownandD G C Luck, U §
Patent No 2,112, 824, 1938

8D G C Luck, "An Ommdirectional
Radic-Range System,'" Part I, RCA Review,
Vol VI, No 1, July 1941, Part 1, RCA Re-
view, Vol VI, No 3, JTanuary 1942

90 M Stuart, "The Omnidirectional
Range " Presented before the RTCA Annual
Meeting, January 1945, and later published
in Aero Digest, June 15, 1945

1,988,

obvious thateachdirection in space will have
a certain phase of the rotational frequency
associated with it, and that this phase will
change degree for degree with a change in
azimuth relative to the station If then we
have a signal supplying a 30 cps voltage of
reference phase which 15 independent of azi-
muth, we can determine azi1muth from the
station by comparing the phase of the two 30
cps signals

The purpose of this report 1s to present
a detailed technical description of the latest
CAA omnirange system and to indicate what
improvements have been made over the
earlier model

GROUND STATION EQUIPMENT

General

A block diagram of the essential com-
ponents of the ground station transmitting
equipment 1s shownin Fig 1 A conventional
VHF transmitter has its final stage amphitude
modulated by a subcarrier and simulianeous
voice The subcarrier itself 1s frequency
modulated at 30 cps The output from the
final stage 15 fed to the center antenna of the
5-loop array and also to the mnput of the mod-
ulation eliminator A goniometer functions
as a mechanical sideband generator and de-
livers 30 eps sideband energy to 1ts output
circuits Output No 1 of the goniometer de-
livers 30 cps sideband energy of 0° audio
phase to one pair of diagonally opposite loop
antennas Qutput No 2 of the goniometer
feeds 30 cps s1deband energy of 90° audio
phase to a second pair of diagonally opposite
loops The four antennas are arranged 1n the
form of a square around the center loop an-
tennaand fed in such a manner as to produce
two figure-of-eight field patterns The two
figure-of-eight patterns are 1n both space
and time phase quadrature and can be vis=-
ualized as a2 si1ngle figure-of-eight pattern
with a positive lobe and negative lobe rotating
at an audio rate of 30 cps, which, produces
amplitude modulation (in space) of the main
rf carrier, transmitted from the center an-
tenna This energy, when detected 1n a suit-
ably desi1gned receiver, 1s known as the
"variable phase'' signal The 30 cps signal
produced 1in the recewver from the frequency
modulated subcarrier 1s termed the 'reference
phase'' signal The purpose of the subcarrier
modulationis to provide a means of discrim-
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Fig 1 Block Diagram of VHF Omnirange Transmitiing Equipment

inating between the two 30 cps voltages 1n the
receiwver

Fig 2 1s a view of a CAA omnirange
ground facility using a 30-foot tower The
antennaarray is located inside the cylindrical
housing on the tower The transmaitiers and
assoclated equipment located in the building
onthe ground are shown in Fag 3 Approxi-
mately half the equipment 1s ''standby”’ to
permit mawntenance while providing contin-
upus service

Antenna Array

The polarization most desirable for an
omnirange cperating in the 100 Mc region of
the radic spectrum was determined by ex-
periment The first CAA omnirange was 1n-
tended to produce horizontal polarization
However, the difficulties encountered with an
antenna array designed for this purpose led to
the desi1gn and testing of two sumpler vertically
polarized arrays 10 An improved horizon-
tally polarized array also was developed and

carefully flight tested during 1945 11 Allthree
arrays were tested at the same site, under
1dentical conditions, using the same aircraft

The two vertically polarized arrays produced
approximately the same amount of scallc:pmg,12
whtle the horizontally polarized array pro-
duced approximately one-fourth as much

103 R Anderson and H F Keary,
"Comparison Flight Tests Between Omna-
directional Radio Range Antenna Arrays,'
C AA Unpublished Memorandum, December
19, 1944

lls R Anderson and H F Keary,
"S1x-loop Ommdirectional Radio Range Flight
Tests,'" CAA Unpublished Memorandum, May
15, 1945

12S(:allopmg 1s defined as the amplitude
of the course deviation indicator's fluctuations
due to the effect of reflections from trees,
buildings, wires, the earth's surface, etc



= Fopuy Bumdl WOy gm gk i » = b w P
B NGRS e e DT Tk e
Sk Fr mwwmf [% SN BoA Prnt R TR & @
wm B il WM‘. T PR o Rl . ERoont o~
L PPN, ¢ M U e [ B wiwgr ey ade BOF P
T R P A
P it P 2it, %
umhm f, Limn H
[ A

e
o
Fe

day

ke

b

L E ¥

b et gk

PR
-
&

e Wﬁwﬁ%
S L
e
ﬁﬁx%ﬁ

At =y
MMMW wywwmwm

fm@% 3 b

LAk AR L
5 s wwwmw%%ﬁ g
ok Mwwwxmww : “peharat me”xwm-wu

.M ¢ %

i §
3
Wma sty

savk W

B I
oy
L
Fa &wmy w
. wmﬁ 2
s S
ugen o5
-
iy
2 CPHE
;iﬁ G
A T Tty
LR, o B "
LR Al .,%ﬂ,wﬁxw LTS ‘
- ® akTy TEm aﬁmﬂ uidn 2% % v B e
N " gt ¥ Red Tl o Tyt
¥ FHe P PRURS vl e % 3 ¥
S ¥ -y W&W;Zﬂ*wﬁ Te
3 P ﬂ.ﬂﬂﬂ»i% Tk xwaﬁ ¥, FEET o wE
' RGO S
Lot R B
wh LRREE w#w 1) ﬁmﬂﬁm aw% TR eEmE
: MEE AN Y Lt
|1 ETR mﬁw Py I
4 o Bheeds VR Y gy aRT T RS,
M - ﬁww R 2 L TR o Mu *
¥ eyt Mwwﬂkwﬁw S LR §
o gl T s -
- s B R i i
MW:% T wguiw e
! * %
y bl mtﬁ M, AT N
(LR G A T
i gl b el R L, " x
L3 P " PR I S R R A T iy
w Gy ¥ xw 35w wl BT N 5,8 b b o
W i e M&M b 3 * TR o« 3 'l Mm&txa,&mu.»tw :
- Tk e - - ER = A
it S R S A R~ 1
5 N 5 LAY . w Eod ot
e 1 g selg 8 mwwm% . - . By ;ww;ww, i
L M L S LR A w8 E Lrai 7 i T
t Ll "I - £1y ¢ -
- o, RAEL - " * £ - -
- S R e e R
- BT RES Y, Wy s T R e R A
R L s T
o = wR ¥ o
by B s | A -

Fig 2 Omnirange Ground Facility

terns produced by the antenna array 1s 1llus-

trated 1n F1g 5

scalloping as either of the vertically polarized

The pair of antennas with

The maximum amount of scalloping

for the vertically polarized arrays
and+0 7°for the horizontally polarized array
The site used for these tests was considered

Arrays
was +3

currents I} produces the figure-of-eight pat-

tern ESB].

]

Similarly, the pair of antennas

with currents I; produces the pattern Egps

It can be shown that, in free space, the elec=-

tric field intensity 1s represented by

Trees probably

caused the scalloping which was observed

to be beiter than average

The polarization used 1n the present
omnmitange systern 1s horizontal, as a result
of canclusions drawn from the early com-
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radiators 15 shown n Fig 4
mate shape of the horizontal plane field pat-

parison tests
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Fig 3 Omnirange Transmitting Equipment
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simiularly

Egp; = [gl e~IGT Ig sin @ sin (Gb cos 8)

cos pt s1n (G5 cos ¢ sin B):| (2)
where
G =2Lm
A
% = modulation frequency {variable phase
signal)

K, = a constant determined by the umts
t = time

r = distance from the radiating system to the
Tecelver

A = wavelength of the carrier

-8 -— - -

I, [gSmnpt
I, IgCespt

{al

Fig 5 Currents of Radiators and
Theoretical Horizontal Plane
Field Patterns

h, s, b, ¢ and 6 are shown 1n F1g 4

[A = maximum rms current in the carrier
antenna

maximum rms current in each sideband
antenna

Ip

The center antenna produces the circular
pattern of Fig 5(B), which 1s expressed by

-K -]1Gr
E. - LIz e sin B sin {Gh cos 0) (3)
The electric field intensity in the vicimity of

the aircraft due to all five antennas 1s the
resultant of the fields produced by each di-



agonal pair of antennas and the center antenna
as follows

E, =E. +Egp] * Esp3 (4)

T

E; = K] 3G e {IA sin (Gh cos 8) -

Ig sin{Gbcos 8) Vsmz (GScos p s1n@) +

s’ (GS sin ¢ sin G)' cos (pt - B}} {5)

sin (G5 sin ¢ sin 6} (6)
sin (G5 cos ¢ sin 8)

B = arctan |:

M = I—BM Vst(GScos ¢ sinB) +
14 sin{Ghcos 8)

sinZ {GS sin ¢ s1n G)‘} (7}

Equation {5) may be rewritten

E; = ‘@ e 39T sin 8 Ia sin (Gh cos @)

{1 - M cos {pt - B)} (8)

Equation (B) 1s an expression of an amplhitude
modulated wave, the modulation frequency of

which 1s == The mostsignificant character-

2w
1stic about this amplitude modulated wave s

the phase angle of the modulation frequency
B, which varies with ¢ according to equation

(6)
IfGS = 0

G5 s51n ¢ s1n 6 |_
G5 cos ¢ s1n 9j|_ ¢ (9)

B = arctan l:

Hence for small values of GS, a measure of
electrical phase angle 1s a direct measure of
azimuth angle The modulation percentage of
the amplitude modulated wave 15 equal to
M| x 100 Fromequation {7) 1t can be seen
that the variable phase modulation percentage
1s a function of the position of the aircraft

Fig 6 shows how the variable phase modu~
lation percentage varies with vertical angle
and bearing angle The dashed curves are
for parameters used on the CAA VHF omni-
range array at the present time Fig 7 1s
a plot of B-¢, uswng equation (6) for the

present antenna array The terms 'course

' or the equivalent as used

errors', "errors'
throughout this reportrefer to deviation from
the caorrect reading, and are not to be con-
fused with observational or random errors

The diagonal spacing between each pair
of sideband antennas 1s 32 1n  Each sideband
antenna 1s mounted on top »f a pedestal 48 1n
above the counterpoise The carrier antenna
also 1s supported by a pedestal 63 3/8 1n
above the counterpoise The spacing between
adjacent sideband antenna sides 15 3 1in and
the sideband antennas are symmetrically
disposed around the carrier antenna It 1s
important that the sideband antennas ke prop-
erly oriented with respect to each other and
to the carrier antenna A template 1s usually
provided to accomplish this purpose The
five pedestals supporting the loop antennas
are mounted on a circular base plate 40 1n
in diameter The base plate can be rotated
through a 360" angle

Three rf receptacles are mounted di-
rectly under each loop transposition, see
Fig 8 Twoofthereceptacles are connected
directly to the transposition Rf power 1s
fed to the loop antennas through Type RG 8/U
solid dielectric coaxial cable Since the loop
antenna 15 a balanced circuit, 1t 1s necessary

to convert from unbalanced to balanced line
i order to feed the loop inthe proper manner

The conversion 1s accomplished by the use
of a 180° section of RG 8/U unbalanced line

Dhagonally opposite pairs of sideband
antennas are connected through 350° lengths
of RG 8/U cable and excited 1807 out of phase
This lLine length was found to be optimum at
115 Mec for minmimum parasitic currents in
the sideband antennas, induced thereiwn by the
center antenna The 180° phase relation 1s
obtained by reversing the connections at the
transposition i1n one loop antenna of each di-
agonal pair ©One pair of sideband loops 1s
fed from the gonmiometer output No 1 and the
second pair of sideband antennas frorn out-
put No 2 The center carrier antenna 1s fed
directly from the transmitter output stage by
RG 8/U coaxial cable

Tests conducted to determine the oper-
ating characteristics of the VHF loop antennas
imcluded field measurements to obtain the
honzontal plane patterns, impedance measure-
ments to ascertain impedance matching re-
quirermnents, rf current measurements to de-
termine current distribution and balance
around the periphery of the loop, and meas-
urements of parasitic currents due to inter-
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Fig 8 Five-Loop Omnirange Antenna and
Transmission Liine Arrangement

action between loops when grouped together
under normal operating conditions The loop
array was mounted at the center of a circular
platform elevated about ei1ght feet above
ground Provisions were made to rotate the
platform through an angle of 360° A hon-~
zontal dipole connected to a diode was used
as a field detector The field detector was
calibrated by locating the instrument about
100 feet from a loop antenna and comparing
the diode current with the loop antenna cur~
rent measured with a closely coupled rf
milliammeter Field intensity measurements
were made over the frequency range of 112
to 118 Mc

The horizontal plane pattern of the center
loop antenna was obtained by feeding rf power
to the loop and plotting the relative field
strength indicated by the field detector for
each 10° position of the loop, through 360°
The pattern so obtained 1s very nearly circu-
lar in shape The maximum field pattern
change 1nterms of maximum field varied from
7 4per cent at 112 Mc to 1 2 per cent at 116
Mc

It 1s desirable to adjust the length of the
lines connecting the loops of each sideband
pair, refer to Fig 8, for minimum parasitic
which i1s ntroduced by the center
antenna current Since a virtual short cir-
cuit exists at the T joining the two loops of a
pair with respect to parasitic currents, the
impedance conmected to the T by the gomi-
ometer and associated lines will have Little
effect on the parasitic currents The length

current
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of 66 1n of Fig B was arrivea at by trying
various lengths until the parasitic currents
i1 the sideband loops reached a minimum
The minimum parasitic current condition
was determined at 115 1 Mc , however, the
66 1n lengthwas checked throughout the band
of omnirange frequencies and found to vary
from three per cent of center loop current
appearing n each sideband loop at 112 1 Mc
to 5 3 per cent at 117 9 Mc

Since the line lengths jowning pairs of
loops have beendetermined, the correctoper-
ation of the sideband pairs of loops may be
determined prior io any impedance matching
If the current ratio 1s unity and the phase
angle 180° for currents of each pair of radi-
ators, the required conditions for producing
the desired field pattern will be met
versely, 1if the field patterns are figure-of-
eighi 1n shape with deep nulls located 180°
apart, and 1f the maxima are displaced 90°
from the nulls with amplitudes of equal values,
the currents have the correct phase angle and
amplitude

Each sideband pair was energized 1n
turnand relative field strengths measured as
the array was rotated through 360° The re-

Con-

sultant data were plotted and are shown in
Fig 9 It may be seen from the data that
the phase angle between the currents in each
pair of sideband loops 1s 180° and the current
ratio 15 unmity In order to locate the exact
position of the nulls for each sideband pair,
asensitive dc microammeter was used to
indicate the diode current in the field de-
tector The loops were excited with approxi-
mately 200 w of ri power The field detector
was suitably located to indicate a sharp rise
m rectified current when the antennas were
rotated to either s1de of the exactnull position
The accuracy of readings was better than 1°
The center and sideband antennas were
matched to their respective transrmssion
lines with the aid of a slotted line and probe
Prior to matching the lines, the probe was
adjusted for mimmum loading effect on a test
line This was accomplished by terminating
the test line in 2 standard resistive dummy
loadhaving a resistance equal to the charac-
teristic impedance of the test lLine, 1n this
case 52 ohms The slotted line was simply
a section of RG 8/U cable with suitable slots
spaced 1 in apartfor insertion of the probe
With a vacuum tube voltmeter connected at



one point on the slotted line, the probe was
connectedto a pownt along the line about one-~
haliwave from the volimeter toward the load
end The probe was then adjusted until the
voltmeter reading was not affected by the
presence of the probe across the line The
standing wave ratio obtained with the stand-
ard dummy load terminaton was approxiumately
1 62 The center antenna was then checked
and produced a standing wave ratio of 6 0 at
115 Mc Matching was accomplished with a
length of 52 ohm line and an open-circuited
stub, resulting in a final standing wave ratio
of 1 06
matched to present identical loads to their
It 15 important that
the loads presented to the sideband feed lines
be made as clasely alike as possible, other-
wise the figure-of-eight amplitudes will not
be equal and will produce a quadrantal bearing

The sideband antenna pairs were

respective feed lines

error

The antenna array was originally housed
in a shelter eight feet square and approxi-
mately ten feet high Wood and masonite
materials were used throughout in 1ts con-
The over=-all error in the system
was found to he approximately 6 5° This
error 1s typical of a number of flight cali-
bration er rors obtained with the receiving
equipment 1n a DC-3 type aircraft, and in-
cludes all errors contributed by the ground

struction

11

station and receiwving equipment When the
recelving equipment was removed from the
aircraft and set up about one mile from the
omnirange, a ground calibration, obtained
by rotating the antenna array through 360°,
produced an pver-all error of 3°

After aseries of tests failed to uncover
the discrepancy between flight and ground
calibration errors, altention was directed to
the antenna shelter as a possible source of
error The shelter was mounted on a circu-
lar track to enable 1ts rotation through any
With the receiwving equipment
setup approximately one mile distant from the
staton, the antenna shelter was rotated through
360° On-course variations were re-
corded for each 20° of rotation, with the re-
10 11 and 12
show flight calibration errors obtained for
different orientations of the antenna shelter
with respect to the antenna array These
curves show that the shelter contributed some
error to the system The shelter was then
removed and a flight calibration conducted,
resulting 1n an over-all error of 3 5° A
ground calibration taken under similar con-
ditions produced an error of 3 0°

Fromthe results of all the testis, 1t was
concluded that a change in the configuration
of the house was desirable to reduce the error
a cylindrical

desired angle

sults shown in Faig Figs
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wooden shelter eight feet 1n diameter and ten
feethighwas installed Figs 13 and 14 show
the errors measured for flight and ground
calibrations with the cylindrical shelter in-
stalled The calibration curves show com-
plete apreement between ground and flight
tests with the antennas 1n a shelter

Fig 6 shows the expected variation of
modulation percentage of the variable phase

14 Ground Calibration Error With Cylindrical Shelter Installed

signal with vertical angle Flight tests were
conducted to verify the theory and to deter-
mine the characteristics of the course while
passing over the station Fig 15 shows re-
productions of recordings of the course de-
viation indicator deflection and the reference
and variable phase signals when flying over
the omnirange The level of the variable
phase signal 15 essentially a measure of the
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modulation percentage as long as the recewer
1s 1n automatic volume conirol The modula-
tion percentage wncreases near the station as
predicted by theory, when Gh = 240” and
Gb = 180°, as shown in Fig 6 It 1s inter-

esting tonote that there are three nulls 1n the

recording of the reference phase signal

Since the reference phase signal 1s radiated
from the center antenna exclusively, equation
{3) accounts for the three nulls since Gh =
240° The middle nulls caused by the null of
the center loop while the other two nulls are



v | 1
SEGTION LINE

| | 4 |
o T

1 § 3 T T

_ — 0 AZ FLIGHT ON
L [ ,

T
Tt

; T E? T \ \ 1
- | | 1 ‘l ! ] | | — ‘
| ] | 1 r

g i B e T
‘76_—_,;@4 i _,_;T;ft{; N S S LR A f: REFERENGE PHASE LEVEL
3 / ] / / i ! 1 ! __ GONVERTER OUTPUT
“V" RECEIVING ANTENNA ON LOWER NOSE OF NC-244 (G-45)—-+ . : S
SENSITIVITY 20 DEGREES, 5 DOTS TQ 5 DOTS
HEIGHT ABOVE GROUND 1500

]

=
SSe

j;?i

i _K_INDIGATED AIR SPEED 150 MPH
— Y RECEIVER RC-103 AND CONVERTER NO 4
I

A \ﬁ\ T
=~ —

71 270" AZ FLIGHT ON SECTION LINE —

I

r-

Fig

i I J—
Y A B 7 VARIABLE PHASE LEVEL —
/ ’ _/ / / / CONVERTER OUTPUT _
;7 7 A A S A |
7 7 VA R SRy SR B S — 7 7 7 7
7 A A S A SR S SR AR A ;7 7 7 i ,

l6 Flight Test Recordings of Variable and Reference Phase Signal Levels and Course
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caused by reflections irom the counterpoise
Flight tests were conducted with the center
loop of the array lowered to a position below
the sideband loops The dimensions for this
mode were Gh =120° and Gb = 180° Fig
16 shows the deflection of the course line de-
viation 1indicator and the reference and vari-
able phase sipnal levels, as obtawned during
a filight over the station The single null
would be expected by considering equation (3),
where Gh = 120°, and the decrease 1n vari-
able phase signal modulation near the station
was predicted by the theory as indicated in
Fig 6

Figs 17 and 18 show the vertical plane
field strength pattern of the present omni-
range antenna array mounted on 15 and 30
foot high counterpoises, respectively The
measurements were made while flying away
from the station and include the pattern of a
horizontal V receiwving antenna located on top
of the vertical stabilizer of a DC=-3 airplane
It will he seen that the lobes, at small values
of 8, are essentially independent of counter-
poise height, because the energy 1s reflected
from the counterpoise instead of the ground
On the other hand, the lobes at large values
of 8 are dependent upon counterpoise height
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since little energy 1s reflected from the
counterpoise at these angles, and the earth
reflects a considerakle signal

Gonlometer and Subcarrier Generator

The goniormeter consists of two me-
chanical sideband generators on a common
drive shaft, rotatingat 1, 800 rpm One side-
band generator 1s oriented 90° with respect
to the other so that the electrical cutputs of
the two generators are 1n phase gquadrature at
the modulation frequency as shown in Fig 19 (A)
The important capacities of one of the side-
band generators are shown schematically in

Fig 19B) The gonwometer plates are shaped
in such a way as to make

€, =K, (1 - cos pt) (10)
C, =K; (1 4 cos pt} {11)
for the No 1 sideband generator, and

C3 = K, (1 +sn pt) (12)
Cyq = K3 (1 - sin pt) {(13)
for the No 2 sideband generator

where

K3 = a constant, depending upon the maximum
capacity attained between plates
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pt = the number of degrees of rotation of
the rotor

Fig 20(A) 1s aschematic diagramof sideband
generator No 1 A voltage E of frequency
E%, 1s applied to the circuit It 1s required
thatthe expression for the load current I} be
found This may readily be done by applying
Thevenin's theorem and finding the open cir-
cuit voltage '

e' = E (C_l _ .C_Z)

14
C) +C, ( )

The generator E 1s then replaced with a short
circuit and the circuit appears as shown in
Fig 20(B)

e
Il =
-2/w%G|C, (15)
2Z, + 1 1)
=) (wcl +¢.)C2
:_E_ MCI -UCZ

Substituting the values of Cj and Cy from
equations (10) and (11} in equation (16) gives

_ E wKj cos pt

) = =727k (17)
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19 Electrical Components and
Connections of Goniometer

Fig

Equation (17) may be shown to contain only
the upper and lower sidebands of an amplhitude
modulated wave, by substituting the instan-
taneous value of E into equation (17)

wK2 cos pt

I :EmSLnutETZOKZ (IB)
E wK
= Tm('Tme— [sin (wt + pt) +
sin {wt - pt}] (19)

Equation (19) clearly indicates that the cur=
rent 1n load 2Z, 1s made up of twg frequencies,
ane —2‘% higher, and the other 37 lower, than
the carrier frequency ﬁ

An analysis of the No 2 sideband gen-
erator gives the following expression for the
load current

wKj; sin pt )

I = E(J - ZwZ Ky (20)
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Fig 20 Schematic Diagrams of Sideband
Generator

This equation takes a form similar to equation
{(19) when E;; sin wt 15 substituted for E as
follows

E wK>

- ZwZOKZ)[cos {wt - pt) -

m {
2\

Izz

(21)

cos (wt + pt)]

Equation (21) shows that the No 2 output con~
sists of sidebands only and is similar to (19}
but 90° out of phase at the modulation fre-
quency

Fig 21shows aview of the goniometer
Two rotors, each having four plates, are
mounted one at each end of a longitudinally
split rotor shaft to form one section of the
sine wave modulating capacitors The rotor
15 driven at a speed of 1, B0OO rpm by means



Fig 21 View of Goniometer With Shield
Flates Removed

of a synchronous motor The stators con-
sist of five plates each, angularly displaced
by 90° The goniometer receiwves unmodulated
r{ power from the modulation eliminator and
delivers two rf outputs having amplitudes
proportional tothesine and cosine of the
rotational angle of the goniometer Trans-
mission line balance sections are required to
permit operation of the balanced goniometer
from concentric coaxial cable The medium
for coupling rf carrier from the modulaticn
eliminator to the sine wave modulating ca-
pacitors consists of a paiwr of rotor plates,
located near the center of the rotor shaft and
inclose relationto a set of stators consisting
of two plates each Faraday plates prevent

18

capacitive coupling between the modulating
A 360° dial
witha vernier indicator permits determination
of the rotor position The dial 1s adjusted to
indicate zero when the rf power from one of

stators and the coupling stators

the two output circuits 1s a minimum

A schematic diagram of the goniometer
circuits 1s presented in Fig 22 The 1nput
impedance tothe goniometer 1s 40 to 60 ohms
resistive, and -10to +10 ohms reactive, over
the frequency range of 112-118 Mc The 1n-
putis resonantat 115 Mc The rated rf power
1nput 15 approximately 100 w

lf the gomiometer 1s terminated and
energized 1n the same way as 1t 1s 1n normal
operation, but instead of rotating at 1,800 rpm,
it 15 turned by hand, data for a set of curves
may be obtained similar to those of F1g 23
where, curve 1 1s the voltage from one out-
put, and curve 2 is from the other output
There1s a phase reversal after passing through
a minimum, which 1s not indicated on the
figure This may be checked by measuring
the resultant f1ield of the carrier pattern, plus
the pattern produced by one goniometer out-
put. Ithas been found inpractice that sufficient
accuracycan be obtained if the null locations
are 90° apart, £2°, and the maxima are equal
to within £5 per cent The wave form should
be a true sime wave with not more than five
per cent harmonic distortion

A dynamic test of the goniometer, to
determine quickly its operational performance,
consists of termuinating one output of the goni-
ometer at a time, 1n a 52 chm dummy load,
and reading the 30 cps phase produced by the
other goniometer output at the station monitor
The difference between the two phase readings
should be 90° x1°

The 9 96 kc subcarrier, which 1s fre-
quency rmodulated at 30 c¢ps 1s produced by an
electromechanical subcarriergeneratorin
the form of a tone wheel
generator and goniometer are driven on a
commeon shaft Teeth, machined into the pe-
riphery of the wheel, vary the magnetic field
durwng rotation, producing a voltage in a pick-
up coil

The subcarrier generator was designed
fromdata obtained from the following analysas,
the FM wave desired at the output of the sub-
carrier generator may be expressed by

The subcarrier

e = Epy] sin (2rfgt + m s 2wigt) (22)
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where pickup 1s opposite a tooth, the voltage e will
be zero, since the time rate of change of flux
Em = a constant 1s zero The flux distribution 1s unchanged
when a tooth 1s directly opposite the pickup
fo = carrier frequency The flux will vary as the tooth passes the pick-
up and a new cycle starts, when the next
f1 = modulation frequency tooth 1s opposite the pickup
m = modulation index Hence, from equation (24}
The voltage appearing across a winding of N 2wigt + m s1n 2wigt = 2mn (25)

turns depends on the time rate of change of
flux and other factors which are assumed
constant

deé
e:K3NE

(23)

where

K4 = aconstantdepending upon core material,
units, etc

From eguations (22) and (23)

e = K3N%% = Eq ) swm(2nf t + msin2nft) (24)
Equation (24) shows that 1f the flux ¢, varies
with time in a definite manner, the desired

voltage wave will be produced It can be seen
from the diagrarm mn Fi1g 24 that, when the

where
n denotes the tooth number starting withl

If the wheel 1s designed so that one revolu-
tion produces one complete cycle at the fre-
quency fj, the time for one revolution equals

fy

Then

Z“foTll' + msin (walﬁ) = 2rn) {26)
hence

io
n) =f, - the total number of teeth (27)
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Fig 24 Subcarrier Generator Teeth and
Pickup Arrangement

Since

fo =9 96 x 103 cps

f; = 30 cps

Hence, n, = 332 teeth The spacing between
teeth 1s determned from equation {25) by
converting time t, 1nto angle x since

x = 360tf] degrees (28)
Substituting equation (28) wnto {25) gives

xf,

= 2wn {29)

fl +msinx =

Equation (29) gives the location of a given
tooth indegrees, x, when the tooth number 15
substituted for n  The location of each tooth
1s found in this way The t oth shape in the
manufactured tone wheel, however, was not
made to follow equation (24) exactly, because
of the difficulties and cost involved in ma-
chining Thell effects caused by the approx-
imate design used, give rise to production of
harmonics, of combinations of {5 and {1, which
are filtered out 1n practice The actual tooth
shape 1s similar to that shown 1n Fig 24

The ocutput from the pickup co1l 18 somewhat

21

more than 0 6 mw into a 600 ohm locad An
accurate phase adjustment of #10° 1s pro-
vided to permit exact adjustment of the phase
of the reference phase signal with respect to
the variable phase signal This adjustment
1s accomplished by moving the yoke, con-
taining the pickup coil The wheel provides a
reference phase signal that can be securely
locked 1n step with the 30 cps variable phase
signal

Intestinp the subcarrier generator, it1s
desired todetermine the amount of amplitude
modulation presenton the 9 96 kc subcarrier
and to ascertain the exact mean frequency of
the subcarrier and the modulation index The
amount of amplitude modulation on the 9 96
kc FM subcarrier was measured by means of
a cathode ray oscilloscope and 1s of the order
of 3 5 per cent

The subcarrier mean frequency may be
checked by means of a suitable frequency
discriminator circuit and a standard signal
generator which provides frequency modu-
lation at any modulation index up to 20 The
frequency discrimwnator circuit1s adjusted to
indicate zero output for the mean frequency
of the FM subcarrier The standardfrequency
signal 15 then substituted for the subcarrier
and 1ts frequency 15 adjusted until zero out-
put 1s obtained The mean frequency of the
subcarrier then corresponds to the frequency
of the standard signal generator The sub-
carrier modulation index 1s checked by com-
parison of the af voltage at the output of the
irequency discriminator, against that pro-
duced by a standard signal generator, fre-
quency modulated at 30 cps, the modulation
index of whichmay be adjusted to any desired
valueupto 20 A subcarrier modulation index
of 16 was obtained by this test

Modulation Eliminator

The modulation eliminator was developed
to remove the 9 96 ke subcarrier modulation
and voice modulation from that portion of the
omnirange transmitter output which 1s fed to
the gonmiometer Provision 1s made for pro-
portioning the transmitter output between the
carrier and sideband antennas

Referring to Fi1g 25, let us assume a
bridge circuit made of three equal lengths of
coaxial transmission line, and a fourth length
which 15 180 electrical degrees longer than
the others The transmitter supplies power
io the bridge at the junction marked A The
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Fig 25 Block Diagram of Modulation
Eliminator

other three terminals of the bridge are con-
nected to 1mpedances Z_,, Z), and Z,,
which are normally pure resistances 2,
represents the load impedance presented by
the capacity goniometer The characteris-
tic impedance of each of the transmission
lines of the bridge also 15 2 When Z; = Z,.
the bridge is balanced A voltage E.. at pownt
A setsuptravelingwaves inthe branches ABC
and ADC, which arrive at point C equal 1n
magnitude and opposite n phase Thus, the
voltage Eg atpoint C 1s zero When Z, # Z1,
the output voltage E_, 1s not zero and power
1s delivered to the load
The oscillograms reproduced in Faigs

26(A)and 26(B) show the required performance
of the modulation eliminator All instantan-
eous voltages that exceed the modulation
troughvalue are reduced to the trough value
This 1s accomplished by making both Z] and

Z‘Z resi1stive loads The value of ZZ 1s a

e
function of input voeltage, equal to m—ﬁ-, for

all values of e; equal to or less than the
trough value, see Fig 27 When the instan-
taneous voltage e3 exceeds the trough value,
1t 15 convenient to consider e3 as the sum of
two voltages, e and ¢; Theparte) sees Z,

Aep Aep
ds 21 A while Z; appearsto e; as A Since
dep dep

Aip #Zy, while g =2, for reasons

stated, e will produce no output, whereas,
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VOLTS
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w
-
-
o
=3
[Al OUTPUT
Fig 2b Voltage Wave Forms of Modulation

Elimunator

e and values of ey less than e will produce
an output Pownt A, Fig 26(A), corresponds
to pownt A, Fig 26(B), and Z; # Z,, there-
fore E, # 0O A short time later at pouwnt B,
Fig 26(A), Z, = Z) for the increment exceeding
the trough value,
voltage outputis that marked by pownt B, Fig

26(B) Only that portion of the applied volt-
age, which exceeds the trough value, 15 can-

so that the instantaneous

ceiled at the output of the modulation elimin-
ator

While a complete analysis of the modu-
lation eliminator would be very complex,
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swnce 1t 1nvolves treatment of instantaneous
voltages, some understanding of 1ts operation
can be had by a steady state analysis This
1s given 1n the following analysis, where
Zp = Z) for the first part, and Z, # 71 for
the second part

When Zp = Z;, there 1s a virtual short
circutt at C, Fig 25, since E;, = O Fig
28(A) llustrates one-half of the bridge under
this condition It can be shown that

- E5
- Z
2cosl + X
_]Z-Cllsul

Ej (30)

Referring to Fig 28(B), the equivalent
circuit of the other half of the bhridge,

(A} UPPER HALF OF BRIDGE SHOWN IN FiG BS

2, =2,
e VIRTUAL SHORT AT Z,
o O

I # +180°

/ /

Eg Zg Eg Zo

(B8] LOWER HALF OF BRIDGE SHOWN N FIG 25

£ V4 Zg Zg # +180° £
/ / | | / /
e | ——
-1, A7
Zq Es Es2 D Eo Zy
~F

{G) SGHEMATIC DIAGRAM OF BRIDGE WHEN VARIABLE AND
DUMMY LOAD 1S NOT EQUAL

(D) CIRGUIT DIAGAAM OF (G) SIMPLIFIFD

F,g 28 Circuits Used in Analyzing
Operation of Bridges

Es

2cosd +; %sml
also
E 1
I =5 (32)

22 2 cosd + ] %g- sin i

Let the variable load Z, be changed to Z, +
4Z This change 1s equivalent to inserting
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a generator in series with Z3 + 4Z; n ac-
cordance with the Compensation Theorem 13
28(C) and 28{D) represent the bridge
circuit arrangement for determining the
change in current due to a change 1n 2,

Figs

B -tand + 12
Zs —Zolcot 28+ (33)
-1, 4Z
a1, = S (34)
-1, 42, Z
2 2 ©s
Egz = (35)

2(Z; +4Z;) + Zg

By using the lossless transmission line
equation for voltage, and equation (35), the
following expression for Ej 1s obtained

B' - - 1
o 2cos{ +3sini

=1 AZZ Zg
2(Z2+ 4Z3) + Zg

(36)

Equation{36) may be rewritten using equation
(32) with the result

131 g Shea, "TransmissionNetworks
and Wave Filters," D Van Nostrand Co ,
New York, p 56

Inc

Bl - 1 AZZ Zg
o 2cosk +3smi 2(Z,+ AZ,) + Z
2 2 s
Es 1
Z (37)

2 Zcoel’r_]-z—c'sm’\
Z2

and finally

= + +
> (12 AIZ)(Z,2 AZZ)

Eg 1
Z2 2cos)+3%!51n1
2

AZ
L- 2 Zs\} (Z, + 4Z,) (38)

where the primes denote that 7, 1s replaced
by Z; +4Z,

The efficiency of the bridge 1s defined as

Efficiency = liﬁ + IEIJ_Z +
ZO Zl

2 -1 2
E) £y (39)
Z, T 4Z, Z,
where
Zao» Zl' and ZZ + AZZ are real Table Il 1s a

TABLE I
Conditions  Z, = 52 + 10 ohms E, = E'l (The power output 1s held
constant at 15 watts )
E, =0 |E5| = 28 Vv

A tabulation of
values of {, Z,and Z, + 4Z,

Z, +4Z,
Ldegrees Zy ohms ohms |Es|
45 393 + 30 16 + 30 78
90 393 + 30 16 + 30 6 2
90 108 + 30 2700 + 30 58 9
45 108 + 30 2700 + ;0 127
180 393 +30 16 + 30
22 5 393 + 30 16 + 30 135

pertinent voltages and efficiencies of the meodulation eliminator for several

Vaolts Efficiency
|E 1\ |E2| lE2| Percent
55 55 13 6 44 5
46 9 46 9 19 2 35 6
122 122 152 9 2
87 2 87 2 92 5 17
No output Ep =0 0
73 73 35 4 14 2



tabulation of data obtained on the modulation
eliminator using equations (30) through (39)

A rear view of the modulation eliminator
unit 1s shown in Fig 29, and a schematic
diagramofthe umitis givenin Fig 30 Three
of the four bridge arms are composed of solid
dielectric lines one-eighth wavelength long
at 115 Mc The fourth arm of the bridge 1s
also composed of solid dielectric line and 1s
five-eighths wavelength long The ML-322
diodes were especially designed for applh-
cation in the modulation eliminator The
plate=cathode dc resistance 1s approximately
80 ohms 1n the forward direction and ap-
proaches infinity inthe reverse direction In
order to obtain a low wvalue of diode plate-
cathode resistance for satisfactory operation
of the circuit, the spacing between plate and
cathode was held to about 0 010 1n The plate
to cathode capacity of the dicdes 15 neutralized
by a variable inductor consisting of a short-
circulted section of 70 ochm coaxial line

The modulation eliminator 1s tested by
observing the output of the unit on an oscil-
loscope with the dc path of the elimnator
opened and then closed When the dc path s
open-circuited, the modulation eliminator 1s
inactive so that the oscilloscope will display
the modulation at the output of the transmutter
The transmaitter should be modulated 30 per
cent with 9 96 kc signal for this test The
dc path should then be closed to permit the
unit to function, and the envelope observed
The modulation percentage should be three
per cent or less

Typical power measurements of a
modulation eliminator are

P, = power output of transmitier = 185 w,
PZ = power mto eliminator = 58 w,

P, = power output of eliminator = 13 15 w,
P4 = power 1nto carrier antenna = 127 w,

P
efficiency of modulation elimiwnator :ﬁl =226
2

per cent,

_1141;31 = 75 7per cent
1

efficiency of system =

These data were obtained with carrier only

from the transmitter The modulation elim-

25

mnator current was 56 ma, and since the unit
15 set to lLimit to the trough value of the am-
phitude modulated envelope, the theoretical
maximum efficiency of the equipment, meas-
ured as above withthe 9 96 kc modulation off,
18 67 per cent This assumes that only the
power represented by the voltage above the
trough value 1s lost

Transmitter and Audio Equipment

The omnirange tr ansmltterl4 1s designed
todeliver an output of 200 w of carrier in the
frequency range 108 to 127 Mc, capable of
being modulated 100 per cent over the range
60 to 12,000 cps The wnput circuit of the
audio section provides for si1multanecus
transmisston of three modulations, including
volce, a 9 96 kc subcarrier, and a 1, 020 ¢ps
tone for the purpose of station identification
The voice and subcarrier levels are each set
to produce 30 per cent modulation of the
carrier while the tone signal 15 adjusted for
10 per cent modulation

Montitar

Proper operation of the ommirange re-
quires that the 30 cps signal of the variable
phase channel and the 30 cps signal of the
reference phase channel be exactly 1n phase
at mapgnetic north In order to mawntawn a
check on this relationship under continuous
service conditions, some form of monitoring
must be employed In the early stage of de-
velopment of the omnirange the method used
to indicate the relative phase of the two 30 cps
voltages was similar in principle to that used
in omnirange recewvers Calibration of the
equipment was obtawned by substituting s1gnals
from afrequency modulated 9 96 kc oscillator
equipment Relays 1n the phase comparison
circuit operated an alarm to indicate when
the phase relationships of the two 30 ¢cps
signals were out of limats

A more recent system developed by the
Hoffman Radio Corporation achieves essen=-

l4y s Dept of Commerce, CAA, "In-
stallation Instructions for VHF Omnirange"
Federal Airways Manual of Operations IV-B-
2-3 Also, refer to Federal Airways Manual
of Operations IV-B-1-3 "Description and
Theory of VHF Omniranges' for further equip-
ment description



Fig 29 Rear View of Modulation Eiiminator
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Fig 30 Schematic Dhagram of Modulation Eluminator

tially the same results by a different approach
to the method of comparing the relative phase
of the two signals In addition to warning of
a shift 1n the relative phase of the signals,
alarm circuits are provided to indicate a de-
crease namplitude of either the variable
phase or reference phase signals A block
diagram of the momtor 1s shown in Faig 31

Station ldentification
Identification of the omnirange 1s pro-

vided in two ways One method utilizes an
automatic voice system for the benefit of air-
craft pilots who are unfamiliar with the Inter-
national Morse Code Station i1dentification
15 transmitted by voice approxiumately every
20 sec
film which 1s moved continuously by a motor

The voice 15 recorded on a sound

and suitable arrangement of gears and pulleys
to provide repetition of the transmission at
any desired interval between 10 and 20 sec

The voice level at the pickup head 15 ampuified
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and fed to the driver unit of the carrier modu-
lator The outputfromthe carrier modulator
1= adjusted to produce 30 per cent modulation
of the rf carrier

A second method of station1dentification
employs International Morse Code signals
A motaor driven keyer, with sumitable cam and
contact arrangement, transmits a series of
dots and dashes 1n code to produce the
wdentification letters assigned to the station
The af tone used in this connection s 1, 020
cps Modulation of the rf carrier 1s setat
ten per cent Code identification 1s trans-
mitted at 15 sec ntervals

AIRBORNE EQUIPMENT

Since 1943, there have beenmany models
of omnirange recewving equipments developed
and tested Although many cutstanding im-
provemenis have been made 1n the receiving
equipments, the general principles of omni-
range operation remaiwn the same Several
types of navigation receivers are now avail-
able on the market and others are 1n process
ofdevelopment In addition, the development
of a low cost, lightweight, private flyer re-
cewver was sponsored by the CAA, and several
such recewvers are now being marketed

General Performance Requirements

Some of the important requirements for
the recewving equipment may be listed as
follows

1 The range courses and bearing shall be
shown in a visual manner

2 It shall be passible for the pilat to select
rapidly any range course to or from the
station

3 The course deviation indicator shall, ef-
fectively, amplify the course sensitivity 1n
degrees by approximately five times when
comparedtoa 360" indicator of sirnilar size
4 An off-course condition shall produce a
direct voltage which can be used with auto-
matic pilot equipment and with a course line

computer

15Francis J Gross and Hugh A Kay,
“"Imtial Flight Tests and Theory of an Ex-
perimental Parallel Course Computer,"
CAA Technical Development Report No 83,
September 1548
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5 The receiwving equipment shall operate on
localizers as well as on two-course and omni-
range facilities
6 The equipmentshall be capable of receiving
volce communications from localizers, ranges,
control towers and communications stations
7 Itshallbepossible toprovide an automatic
indication of the magnetic bearing to the
station
RF, 1IF, and Detector

In general, the receivers are comprised
of either a single, double, or triple super-
heterodyne rf section and an audioc converter
section, consisting of filters and measuring
circuits which connectto externalnavigational
Fig 3215 a block diagram of a
typical navigation recewver which operates on
the omnirange system and other navigational
facilities, such as the two-course range, the
90-150 cps localizer, and the phase localizer
The freguency selection is accomplished by
either manually tunming the rf wnput circuits

indicators

and simultaneously varying the frequency of
a local oscillator, or by step tuning 1n con-
junction with crystal control of the local
oscillator "Crystal saver' circuits areused
1n step-tuned recei1vers to decrease the
number of crystals required to provide 280
channels at 100 kc intervals over the fre-
quency range of 108 1 to 136 Mc A delayed
action age circuit 15 used to provide satis-
factory operation of the measuring and wn-
dicating circuits A highleveldetector having
excellent linearity 1s requited to minimize
cross modulation of the various modulation
components, including the unwanted compo-
nents produced by propeller modulation

Fig 33 shows the results of tests made
ontwodifferent makes of receivers to deter-
mune their sensitivity and ape characteristics
The method used for these tests consisted of
applying a sumnulated omni rf signal through a
matching resistor to the input of the recewver
and measuring the indicated course~width

The results of selectivity tests made on
these recewvers are shown n Fig 34 The
method used for these tests consisted of
varying the frequency and output of a signal
generator to maintain a constant age condition
in the receiwver The rigi1d selectivity re-
quirement for airline type receivers 1s nec-
essary to minimize interference between
stations operating at 100 kc separation, when
the aircraftis flown at altitudes above 20, 000
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feet It 1s not expected that private-flyer to each other, and, when the subcarrier fre-

type aircraft receiving equipment will be used
at such high altitudes

The detector output of the receiver con-
tains a combination of several signals Suit-
able filters are necessary to separate these
signals The most important filter 1s the 30
cps low-pass unit which attenuates the un-
wanted signal caused by propeller modulation,
see Fi1g 35

Subcarrier Limiter and Frequency
Discrimunator

Fig 36 shows several types of limiter
and frequency discrirminator circuits which
The
Iimiter 1s required to remove any amplitude
modulation on the subcarrier, which may be
caused by the transmitting equipment, pro-
peller modulation or cross modulation in the
recewver detector circuit The discriminator
circuitshownin Fig 36(A) 15 a common type
and operates as shown in the vector diagrams 1,
2, and 3 Referrmngtodiagram 1, the voltage
E, adds to the wvoltage Ej to produce a re-
sultant voltage E4, which 1s applied to rec-
tifier V] to produce a rectified output voltage
across resistor R In a similar rmanner,
voltage E, adds to the voltage E4 to produce
Eg, which 1s rectified by V, to produce a
rectified output voltage across R, The rec-

have been used 1n navigation recewvers

tified voltages across R, and R, are opposed

quencyis 9 96 kc, diagram 1 applies, giving
a resultant zero voltage output In diagram
2 the subcarrier frequency 1s higher than
9 96 kc, and, the resultantdifference between
vectors E4 and Eg appears across the Rl R.2
output circuit Diagram 3 shows the condition
when the subcarrier frequency 1s lower than
9 96 k¢ The repetition of these vector con-
ditions at all points throughout the 30 cps
modulating cycle will result 1n the production
of a continuous 30 cps voltage across the out-
put ofthe discriminator Figs 36(B)and 36(C)
show two other limiter and discriminater
circuits both of which operate similarly to
thatshowninFi1g 36(A). Thecurves nFig 37
show the characteristics of the different
types of imiter carcuits  The characteristics
of the discriminators are given in Fig 38

These were determined by applying a variable
frequency signal to the input of the himter,
and measuring the dc output of the discrim-
nators on a high impedance dc instrument

Phase Shift Methods

The phase angle to be measured by the
phase shifter is thatbetween the 30 cps Eppg
signal, which has the same phase at all di-
rections from the range station, and, the 30
cps Ey ap signal, which has a phase which 15
a function of the magnetic bearing of the air-
craft from the station The Eyap signal 1s
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in phase with the Epgy signal at magnetic
north of the staiion As the aircraft 1s flown
clockwise around the station, the phase of the
Evyap signal lags that of the Eggy signal by
an amount equal to the magnetic bearing of
the aircraft from the station

Asshownin Fig 39, a quadrature cir-
cult arrangement 15 used to provide the 90°
phase difference required for the phase shifter

umt If R :-w—lc at 30cps, the phase of E'1 will
be advanced 45" and the phase of E, will be

retarded 45° from the phase of E The
stators of the inductive type phase shifter
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Fig 35 Thirty-cps Low Pass Filter
Characteristics

unit will have voltages E, and E, of equal
amplitude, but having a phase difference of
90° The magnitude of the resultant rotor
output 1s proportional to

VE';' sin @ +E% cos® @ = Ep

where
@ = rotor angle 1n degrees

If E1 = EZ' then Ep 1s constant for any phase

angle
The phase angle of Ep 1s ¢ and

E;swn b
p = arctan EZ <os ©
For equal voltages, when El = EZ' ¢ =0
The error introduced by unequal voltages E;
and E; will be the difference of ¢ and 61n
degrees The error caused by a five per
centdecrease n E; 15 shown 1n the following
tabulation
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Rotor Rotor Rotor Rotor
Position Phase Error Position Phase Error
(degrees) (degrees) (degrees) (deprees) (d: prees) (degrees)
0 0 0 0 0 0
45 46 4 +1 4 45 45 5 +05
90 90 0 g0 91 +10
135 133 6 -14 135 135 5 +05
180 180 0 180 180 G
225 226 4 +1 4 225 225 5 +05
270 270 0 270 271 +10
315 313 6 -14 315 315 5 +05
The error caused by incorrect phasing of Errorsalsomaybe caused by variation
Ej or E; 15 shown for a 17 increase 1n the i power supply frequency at the transmatter

phase angle of E; in the following tabulation The quadrature relationship of voltages E| and
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EY remawns unchanged, but their amplitudes
will vary with a change 1n frequency

At 30 cps, R =X and E‘1 :E‘Z =0 707 E
where
X R
[N L1 ~— PR b V—
B = d E! =
1 R?-+:v{§arl 2 yYRr? +X§

At a frequency of 31 5 cps, the difference 1n
amplitude bet\iltareenE'1 and E:Z 15 5 0 per cent,
which will cause an error of the amount
shown 1in the following tabulation

Rotor Rotor
Position Phase Error
(degrees) {degrees) {degrees)
0 0 0
45 46 4 +1 4
90 90 0
135 133 6 -1 4
180 180 0
225 226 4 +1 4
270 270 0
315 313 6 -14

In order that errors produced by the
inductive type phase shifters be held to a
negligible value, the units are usually con-
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structed of high permeability laminated core
material similar to Mu-Metal, with a skewed
rotor winding connected to a high impedance
load The number of turns on the two stators
must be the same, and the two magnetic fields
must be 1n exact quadrature

Fig 40 shows two arrangements of an
improved method for using the inductive type
phase shifter umit In this method a single
tube 1s used to feed the phase shifter, and an
RC circuit 1s connected across each stator
The use of a single tube 1nsures greater re-
liability The vector diagrams show the oper-
ation of this circult arrangement

Aresistance type phase shifter as shown
schematically mFig 41(A)alsc has beenused
This phase shifter utilizes a square shaped
resistance element which provides a variation
of phase equal to the angular pownter position
The amplitude of E, varies with the angular
position of the potentiometer arm, having four
minima of 0 707 El’ or 0 707 EZ at 90° in-

tervals The use of a circular shaped re-

En E4 g0

[

8
ANGULAR POINTER
POSITION

D%
-4
=
Fig 41 Schematics of Resistance Type
Phase Shifters
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sistance element requires that the resistance
distribution be made to vary sinusowdally
through four cycles 1n order to obtain phase
variation which will be directly proportional
to the angular position of the pointer n de-
grees The resistive type phase shifter shown
in Fig 41(B) provides a phase variation pro-
portional to the angular position of the pointer
This 1s accomplished by the use of two um-
formly wound square type resistance cards
In general, the inductive type phase
shifter provides the simplest means of ob-
taining accurate phase variation, which 1s
directly proportional to the angular position
of the rotor and provides constant output for
all phase angles The resistance type phase
shifter does not provide constant output, and
15 difficult to construct to provide accurate
phase variation proportional to the angular
pownter position The results of extensive
tests made on omnibearing selectors of both
the \nductive and resistance types show that,



with good quality units and properly adjusted
circults, the measured error can be held to
lessthan1® The error inhighgrade inductive
units, ncluding the operating circuit, has
been found to be less than 1/2°

Phase Comparison Methods

The Ey AR signal fromthe phase shifter
unit, commonly known as the omnibearing
selector, 1s mixed with the Egpp signal ina
phase comparison circuit, in which a zero-
center mnstrument indicates the phase con-
dition Fig 42shows one type of phase com-
parison circuit which has been used in navi-
gation recewvers The circuit operates a dc
instrument, which 1s a desirable feature,
since adequate damping 1s easily cbtained
and operation 1nto automatic pilot control
systems 1s possible From an inspection of
the circuitdiagram, Fig 42(A), 1t 1s evident
that current through rectifier Gl causes powunt C
to be positive with respecttopoint D Current
through rectifier G, causes point C to be
negative with respect to D Other polarity
conditions may be deduced as follows
1 If the currents through rectifiers G1 and
G, are equal 1n magnitude, the net charge
accumulated by the 1,000 mf capacitor, 1 e ,
the sum of the currents through the indicator,
15 zero over each alternating current cycle
2 1f the current through rectifier Gy s
greater tnan that through G, pownt C has a
positive potential with respecttoD Indicator
current I will flow from pownt C to D
3 If the current through rectifier G; s
greater than that through G;, pownt D has a
positive potential with respect to C, and in-
dicator current I, will flow from point D to
C, causing the indicator pointer to deflect 1n
a direction opposite to that in (2)

Vector diagrams b to f, inclusive, -
dicate phase relationships and indicator cur-
rents for various conditions It has been
shown that the resultantdirecicurrentthrough
the indicator varies \n amplitude and direction,
depending on the phase relationship of the
applied voltages Since the nstrument in-
dicates average currents, the pointer de-
flection will be proportional to
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where
K 15 a constant

It follows that the current [ changes sign as
0 passes through 90° and 270°, respectively
This action 1s desirable, since 1t provides
"sensing’ to the instrument indication, when
used in the omnirange system Sensing 1s
defined here as the relative direction of
motion of a course deviation indicator needle,
resulting from departure of an aircraft in a
definite direction from the desired flight path
The fact thatthere are two phase angles where
the course deviation indicator current is
zero, makes itnecessary thatboth phase con-
ditions be resolved and indicated Two
methods of doing this are shown in Fig 43
The methods used have a second phase com-
parison circuit operating at 90° phase dis-
placement from the first phase comparison
circuit, together with an instrument to pro-
vide the indication desired The sensing
action of this indication 1s used 1n the omni-
range system to show whether the numerical
reading of the omnibearing selector for an
on-course indication of the course deviation
indicator, represents the bearing to or from
the station This instrument 1s commonly
referredto as a TO-FROM indicator In the
circuits shown, a small portion of the Eyanr
and EREeF voltapes 1s rectified and fed to the
course deviation indi1cator, to operate the
flag alarm movement, which 1s now included
in the latest type indicators

The results of tests made to determaine
the output current from the phase comparison
circuit, when the phase of EyaR 1s varied
through 360°, are shown in Fig 44 For
these tests, the rf input to the receiver was
modulated with a simulated omnirange signal
Two types of test equipment were available
for these tests, a special laboratory type,
built at the Technical Development and
Evaluation Center, and a commercial type
supplied by the Collins Radic Co

Flight and laboratory tests conducted to
determine the damping required 1n the course
deviation indicator circuit to provide the best
performance, showed that damping capacitors
inthe order of 5, 000 mf or greater are satis-
factory for ommrange courses, when opar-
ating from a source i1mpedance of approxi-
mately 1,000 ohms [t was found, however,
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Fig 42 Phase Comparison Circuit and Vector Diagrams

that when flying localizer courses, the re-
sultantlagin the indicated course was objec-
tionable, and that a capacity of 1,250 mf 1s
more desirable As a result of these tests,
1t was recommended that a nonpolarized,
electrolytic capacitor of 1,250 mi be used on
course deviation indicators when the source
impedance 1s approximately 1, 000 ohms

Minimum Omnirange Instrumentation
Anexample of omnirange nstrumenta-
tion using the instruments described thus far,
1s 1llustrated in Fig 45 In the example
shown, the aircraft 15 south of the station
and flyinga course to the station and beyond

The omnibearing selector 1s set for a course
of 350" When flying this course to the sta-
tion, the sensing 1s such that, when the needle
of the course deviation indicator deflects from
zero center, 1t1s necessaryto fly the aircraft
inthe same direction in which the needle de-
flects, 1n order to cause the needle to return
to zero center, 1 € , if the aircraft 1s flown
to the left of the courze, the needle will de-
flect to the right To return to the course
and have the needle read zero, the aircraft
must be flown toward the right

For the 350" omnibearing course to the
station, the magnetic compass 1n the aircraft
reads 350° also, neglecting crab angle and
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mstrument errors As the awrcraft passes
directly over the station, the TO-FROM and
course deviationindicators will show several
rapid fluctuations After passing the station,
and continuing onthe same course, the course
deviation indicator will show on-course and
have the same sensing as when approaching
the station, but the TO-FROM wndicator will
pownt to the word FROM indicating that the
magnetic bearing of the aircraft from the
station 15 350° The magnetic compass will
continue to read 350° since no change of
heading has been made

lf, after continuing on this course, the
aircraft makes aturn of 180° to fly the same
course back to the station, the course devia~
tion indicator and TO-FROM indicator will not
change, except for small variations due to
banking, etc However, the magnetic com-
pass will now read 170° and the sensing will
be reversed Therefore, 1t 1s necessary to
change the omnibearing selector, to show a
course of 170° to the station This will cause
the TO-FROM indicator to point to the word
TO., and show the correct sensing of the
course deviation indicator It should be
poiwnted out that, under the correct conditions
of flying omnirange courses, the omnibearing
selector should read approximately the same
as the mapgnetic compass

Fig 46 1llustrates how the omnirange
may be used to provide position and ground
speed information to the pilot The inter-
section of the two lines cerresponding to the
bearings observed from any two stations
gives the position of the aircraft A second
similar observation made sometime later will
provide information that can be used io de-
termine actual ground speed of the aircraft

The circuits and instrumentation de-
scribed thus far cover the minimum require-
ments for omnirange operation As shown in
the block diagram, Fig 32, a switch 1s pro-
vided in the omnirange circuit, which alseo
permits operation of the receiver on the phase
comparison locahzer facilities

Omnibearing Indicators

To provide an automatic and continuous
indication of the magnetic bearing to the omni-
range station requires additional circuits and
instrumentation Four methods which have
been used to accomplish this are shown 1n
Fig 47

The method shown in Fig 47(A) makes
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use of a cathode ray tube as the indicator and
operates on the principle of controlling the
intenstty of the electron beam, which 1s
making a circular trace on the screen A
phase splitting circuit 1s required to provide
quadrature 30 cps voltages to the horizontal
and vertical deflection plates for producing
A triggering circuit pro-
duces sharply peaked pulses for the control
of the electronbeam The resulting indication
1s a sharply defined spot on the screen, the
angular position of which 1s determined by
the phase relationship of the two voltages
Epgr and Eyag  This type of indicator
operates at a 30 cps rate, and, therefore,
cannotbe damped for the purpose of removing
rapid variations caused by noise, reflecting
objects (either stationary or moving), pro-
peller modulation, etc

The method shown in Fig 47(B)uses adc
selsyn instrument as the indicator The de=-
sign of the instrument 1s similar to that of a
magnetic compass, except that a magnetic
shield 15 provided to prevent the earth's
magnetic field from actuating the compass

the circular trace

needle, and two magnetic colls are arranged
at right angles to each other to produce the
magnetic f1eld which actuates the compass
needle The circuitoperates on the principle
thattwo phase comparison circuits, having a
90" phase relationship with respect to each
other, will produce two direct voltage com-
ponents whichare proportional to the sine and
cosine, respectively, of the phase angle be-
tween the two 30 cps input voltages The two
direct voltapes produce two magnetic fields
in the selsyn instrument, and the resultant
field causes the compass needle to indicate
the phase angle between the two 30 cps nput
voltages  Satisfactory damping can be ob-
tained by the use of capacitors connected
across eachlield co1ll The mmstrument itself
can be damped by a high pole-strength/mass
ratio of the cylindrical permanent magnet,
and by the damping effect of the copper
housing

A third method which has been used to
provide automatic indication of phase angles
1s showninFi1g 47(C) The nstrumentshown
has two stators at right angles to each other



COURSE

OMNIBEARING DEVIATION GBYRO
SELECTOR INDICATOR COMPASS

PILOT HAS CHANGED BEARING
SELECTOR TQ 170" MAGNETIC
BEARING TO STATION SENSING
NOW CORRECT

APPROAGHING ON COURSE
SENSING INCORRECT
—— —

OFF COURSE 10" TO RIGHT

ON COURSE MAGNETIC BEARING
350° EROM STATION

MAGNETIC BEAE’ING/"‘
TO STATION 350

ARCRAFT ON COURSE MAGNETIC
BEARING 350°TQ STATION

MRCRAFT APPROACHING SELECTED
COURSE OF 350° (MAGNETICY JQ
STATION CORRECT SENESING

Fig 45 Omnirange Instrumentation



N
TRAGK
) N

VOR
STATION
NO 1

43

Fig 46 Ommirange Utilization for

and a single rotor winding The two stators
are supplied by the EREF signal in a manner
that provides 90° phase difference in the two
stator voltages This produces a 30 cps ro-
tating field The rotor 1s supplied by the
EVARSLgnal This 1s, 1n effect, a phase meter
si1milar in principle to the type commonly
used 1n electric power generating stations
The power required to obtain satisfactory
operation s excessive, and no easy method
of damping 1s known The most seriwous de-
fect of this type of indicator 1s that, eddy
currents generated inthe rotor produce large
errors when either supply voltage varies in
amplitude

Fig 47(D)shows a fourth method of pro-
viding an automatic phase indicator As
shown 1n the diagram, the Egppy signal 1s

VOR
STATIO
NG 2

Determining Position and Ground Speed

split 1into quadrature components and fed to
the stators of a phase shifter unit The rotor
outputis fed into a servo amplifier, where 1t
1s combined with the Ey o signal in a phase
detector circuit The phase detector circuit
consists of two tubes which are connected to
two saturable reactors which, 1n turn are
connected to a balanced two-phase induction
motor When an unbalance exists, the motor
rotates, and, by means of a gear arrangement,
turns the rotor of the phase shifter unit to the
pantwhere abalanced condition exists Vector
diagram 1, Fi1g 47{D), shows the condition
when the circuit 1s balanced The voltages
E] and E; combine with voltage E5 to pro-
vide equal voltages E4 and E 5 to the grids of
tubes V] and V, Under this condition, the

two saturable reactors have equal currents
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flowing through them, and, as a result, the
induction motor will not rotate, since its
supply circuit 15 1n a balanced condition
Vector diagram 2 shows the condition when
the circuit 1s unbalanced Voltages E4 and
Es5 are of different amplitude and, as a re-
sult, the currents through the saturable re-
actors are of different amphtudes This
creates an unbalance in the motor circut,
causing 1t to rotate and turn the rotor of the
phase shifter to a position where a balanced
condition again exists

Fig 48shows the results of tests made
to determine the error of two different types
of omnmibearing indicators when using lab-
oratory test equipment Curve A shows the
error of a dc selsyn mstrument when oper-
ating 1n the circuit shown in F1g 47(B), and
curve B shows the error of an inductive in-
strument when operating 1n the circuit shown
in Fig 47(D}

Radio Magnetic Indicator

The navigation indicators described thus
far provide omnirange bearing and course
information independent of the aircraft head-
ing Aninstrumenthas beendeveloped that 1s
known as the radio magnetic indicator {RMI)
which, when used in combination with the
omnunirange and flux gate or gyrosyn systems,
will automatically show both the heading of
the aircraft and the magnetic bearing of the
aircraft to the station The nstrument 1s,
in effect, an ommbearing indicator, as pre-
viously described, together with a servo unit
operating from the flux gate or gyrosyn sys-
tem The complete omnibearing indicator
rotates toa position determined by the heading
of the aircraft The pointer of the instrurment
will point to the station, and this indication
1s analogous to that of the 360° indicators
used with low frequency automatic radic

FLUXGATE OR
GYROSYN SYSTEM

PHASE NOI

PHASE NO2Z

CONTROL WMOTOR

NO 2 OMNIBEARING REPEATER DR ADF

Fig 49 Radio Magnetic Indicator Circuit
Diagram

compasses Fig 49 shows the circuits of
this instrument Fig 50 1llustrates the use
of omnirange instrumentation, which 1s simi-
lar to that shown in Fi1g 45, except that the
radio magnetic indicator 1s included
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Aarrcraft Antenna

Since the s1gnal radiated from the omni=
range station 1s horizontally polarized, it 1s
necessary that the arrcraft antenna be de-
signed to receive horizontally polarized sig-
nals One type of antenna which has been
used extensively for reception in the frequency
band of 108 to 122 Mc is the V type antenna
the parts of which are 1llustrated 1n Fig 51
The diagram in this 1llustration shows the
method used to convert from a balanced an-~
The
impedance matching between the antenna,
whichhas beendetermined to have a radiation
resistance of approximately 33 ohms, and the
standard 52 ohm RG B/U cable, 1s accom-

tenna to a coaxial transmission cable
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Balun Arrangement and Component

plished by using a one-quarter wavelength
balun section having 42 chms impedance Also
shown in this figure 15 a calculated field pat-
ternfor an antenna having one-quarter wave-
length elements and an apex angle of 80°

The aircraft antenna 1s usually installed
either ontop of the fuselage behind the pilot' s
compartment or onthe tail structure as shown
m Figs 52 and 53 For this reason, it is
necessary to make antenna measurements
over a ground plane and also in free space
Standing wave ratio measurements of the V
type antenna between 108 and 122 Mc for free
space conditions showed a mimumum of 1 3
and amaximumof3 0 Simular measurements
made aver a ground plane showed a standing
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Fig 52 Antenna Mounted on Fuselage

wave ratiomimimumof 1 4 and a maximum of
30 A slotted transmission line was used to
make these measurements Fig 54 shows the
comparison of gain measurements with re-
spect to a standard dipole antenna

Receiwvers and Their Characteristics

Inthe early stage of development of the
omnirange system, several experimental air-
borne receiving equipments were developed
and tested. One experimental model developed
in 1945used alocalizer recewver, Air Forces
Type BC-733-D whichwas modified for omni-
range operation by attaching an ommirange
converter unit and changing the frequency
range from 108-112 Mc to 113-117 Mc  The
recelver was of the superheterodyne type
and had s1x crystal-controlled channels
Many difficult problems were encountered 1n
the development of the omnirange converter
unit and navigation controls, however, the
performance obtained in laboratory and flight
tests was very good [Either of two types of
omnibearing selectors could be used, one
was an nductive type, and the other was a

resistive type The automatic omnibearing
indicator was a dc selsyn instrument The
modified receiver weighed 30 1b and oper-
ated from either a 14 or 28 v dc supply Be-
cause of the bandwidth limitation of these
experimental receivers, theywere eventually
replaced by commercial navigation receivers
which became avatilable in 1946

The f1irst commercial cmnirange re-
cewving equipment was developed in 1946 by
the Aircraft Radio Corporation The recewver
15 an 8-tube superheterodyne having con-
tinuously variable tuning over the frequency
range of 108 to 135 Me Bearing indication
1s provided by means of suitable navigational
mdicating instruments Plate voltage 1s ob=-
tained from a dynamotor power supply The
equipment, exclusive of cables and the like,
welghs approximately 30 lb , and units are
produced for operation on either a 14 or 28
v dc supply This equiprent i1s designed to
recelve omnirange, phase comparison, and
tone localizer signals, as well as communi-

cations
Fig 55 shows the Type 51R-1 airline
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type equipment recently developed by the
Collins Radio Co The receiver 1s a double
superheterodyne whichmay be tuned from 108

53 Antenna Mounted on Vertical Stabilizer

to 135 Mc 1n 100 ke steps by a remotely con-
trolled mechanism called an'' autopositioner "
Bearing information 1s provided by a complete
s et of instrurments 1ncluding, a course de-
viation indicator with flag alarm, an omni-
bearingindicator, a radio magnetic indicator,
and anomnibearing selector with a TO-FROM
meter Plate voltages are obtained from a
dynamotor power supply available for either
14 or 28 v dc operation In addition, the full
mstrumentation requires a source of 28 v
400 cps The total wei1ght of the complete
unit 15 approximately 48 1b , and reception of
either tone or phase comparison localizer and
omnirange facilities, \naddition to communi-
cations, 1s provided

Laten 1947, aprogramwas undertaken
by the CAA to create commercial interest in
the development of a low cost, Light weight
navigation receiver for private flyer use A



Fig 55 Collins Type 51R-1 Navigation Recewver
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specification was prepared which provides
for the minimum of performance considered
essential for ittinerant flying To wnsure that
the objective of the program be achieved, bids
were obtained on the basis of develaping and
delivering ten complete receivers and fur-
nishing quotations for additional gquantities
As a result, a contract was entered into with
the National Aeronautical Corp , the low
bidder Fig 56 shows the Model VRA-1 equip~
ment which was supplied on this contract
The receiver 1s a 7-tube superheterodyne
having continuously variable tuning over the
frequency range of 108 to 122 Mc Bearing
information 1s provided by a tapped-potenti-
ometer type bearing selector, a TO-FROM
indicator, and a single needle type course-
deviation indicator Plate voltage may be
obtained by either a 12 or 14 v vibrator, or a
24 vdynamotor power supply The totalweight
of the unit, exclusive of cables, 1s 151b and
the equipment provides for the reception of
omnirange, phase comparison localizer, and
communication signals Provision 1s made
for adding a VHF transmitte r unit to this
equipment

OMNIRANGE OPERATIONAL
CHARACTERISTICS

Siting of Ground Stations
The YHF omnirange requires reasonably

good sites, and 1t 1s important that suitable
sites be selected Surfaces formedby objects
such as trees, buildings, wires, hills, etc ,
re-radiate or attenuate energy from the an-
tenna system, causing course deviation in-
dicator fluctuations Course errors result
if the fluctuations are very slow A large
number of installations offering a variety of
siting conditions have been studied to deter-
mine siting requirements for satisfactory
operation of the omnirange

Tao briefly summarize siting require-
ments, 1ithas been found that the site must be
located on flat terrawmn or on top of a knoll
having uniform contours for a distance of
1, 500 feet and cleared of all obstacles, such
as large buildings, woods, power lines, etc ,
capable of serious re-radiation, toadistance
0f 1,000 feet In addition, all obstacles with-
mn 2,000 feet should subtend an angle 1n the
vertical plane ofless than 2 0°, and the power
line to the station should be installed under-
ground for a distance of 750 feet

16.']' M Lee, R G Pamler, and B M
Lahr, "An Investigation to Determ1ine the
Characteristics of Horizontal and Vertical
Polarization for Very High-Frequency Two-
Course Visual Radio Ranges,” CAA Technical
Development Report No 58, July 1947
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Examples of conditions found at two
sites on level terrain are shown in Figs 57
and 58 Inthe installation 1llusirated in Faig
57, flight tests revealed anaverage scalloping
of +2° at a radwus of 25 mules, while at the
site shown i Fig 58, scalloping was limited
to £1°

Aninstallation in a mountainous location
indicated that satisfactory results could be
obtained 1f the ranpe 15 installed on a flat,
level-topped hill, at least the height of sur-
rounding terramn In mountainous terrawn it
has been found desirable to locate omnirange
stations on high ground which 15 as level as

51

possible in the vicimity of the station In all
cases 1t has been found that a counterpoise
15 feet in height or less provides superior
courses to a 30=-foot type

Distance Range and Course Deviation
Indicator Fluctuations

Flighttests have confirmed the fact that
VHIE navigational facilities are lLirmted to a
usable distance range approximating line-of-
sight Certainrare cases have been reported
where the distance range was found to be much
greater than line-of-sight for a short time
However, this phenomenon has not been ex-
perienced at the Technical Development and
Evaluation Center

Fig 59 shows reproductions of flight
recordings of the course deviation indicator
deflections, when flying a straight ground
track from an omnirange station, and when
flying over the station at 10, 000-foot altitude
The variation 1n course-width 15 indicated by
the deflections on the recording, for adjust-
ments of the omnibearing selecior, of +10°
It w1ll be observed that the course deviation
indicator fluctuations are very small in am-
plitude on this recording Course fluctuations
are caused mainly by poor site conditions at
the range stations and, therefore, some
stations will show more course fluctuations
than others Although a 20° course-width
was used for these tests, flight experience
has shown that a 30° course-width 15 more
satisfactory from the pilot’' s viewpownt The
site conditions at this range station are con-
sidered good The course fluctuations shown
onthe recording made at 10,000 feet indicate
a cone area directly over the station where
the bearing nformationis notaccurate How-
ever, these violent fluctuations are such that
they provide a posi1tive position indication
over the station

Course Stability

The prototype VHF omnirange whichhas
been operating for more thanthree years, has
been montored continuously Faults have
occurred at the station, due usually to a tube
failure, causing, for example, low power out-
put with very high 9 96 kc modulation, at
which time a course measurement by the
monitor was not possible because of low si1g-
nallevels However, duringnormal operation
the course monitor has indicated a maximum
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of 1°deviation from the correct reading

Fi1g 60shows asetof momtor readings which
were taken over a pertod of 30 days The
monitor antenna 1s located on a line, magnetic
north of the station, where the two figure-of-
eight patterns are of equal magnitude, so that
any change in relative sizes of the patterns
willbe observed Coursesinother directions
have beenchecked either by a theodolite flight

calibration of the facility or by turning the
antenna array through 360° 5Stability com-
parable to that indicated at the monitor was
found

During the development of the omni-
range, the capacity goniometer was fed with
unmodulated carrier from the amplifier
driving the final rf stage of the transmaitter
This arrangermnent proved ansatisfactory, be-
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Fig 60 GCourse Shift as Indicated by the VOR Monitor Versus Time
cause detuning of the power amplifier changed presence of the reference phase si1gnal The

the phase between the energy fed to the goni-
ometer and the center antenna, resulting 1n a
change 1n courses and in the modulation per-
Figs

61 and 62 show typical examples of the changes
i 30 cps modulation percentage and course

centage of the variable phase signal

The modulation
eliminator was incorporated 1n the equipment

error caused by detuning

for the express purpose of eliminating the
instability caused by detuning effects

Station Accuracy

Following the completion of the proto-
type omnirange, a series of tests was con-
ducied to determine the accuracy of the
bearing information transmaitted from the
station Inthese tests the antenna array was
rotated through 3607, and the phase of the
variable phase signal {obtained from a field
detector) was compared on a cathode ray
oscilloscope with a known amount of phase shift
introduced by an accurately calibrated phase
The calibration which was
obtained in this manner 1s shown in Fi1g 63

measuring device

Eighteen months later, the accuracy of
the station was again checked using similar
techniques, except for the substitution of a
phase standard for the earlier phase meas~
The results of these tests are
14 To simplify these cali-
bration tests the subcarrier was not trans-

uring device
shown 1n Fipg

mitted s1ince 1t had previously been deter-
mined that no error was introduced by the

errors of Figs 63 and 14 may be caused by a
departure from quadrature relationship n
the two outputs of the capacity goniometer,
unequal amplitude of the figure-of-eight pat-
incorrect location of the nulls of the
and the like Re-
{flecting upon the theoretical treatment 1n an

earlier part of this report, Fig 7illustrated

terns,
figure-of-eight patterns

the error curve that was predicted for an
omnirange installation, but those shown in
Figs 63 and l4donotadhere tothe theoreiical
pattern
not fully understood at this time, but 1t 1s not
surprising that a difference exists, since the

The reasons for the diufference are

octantal error curve shownin Fig 7 1s
based on point source radiators, each pro-
ducing a circular field pattern of constant
phase The radiators used in practice are
far from point source radialors, their patterns
are notexactly circular, and the rf phase may

vary with azimuth

Flight Calibration

The flight calibration of an omnirange
systemis described in a previously published
report, 17 and only a brief description of the
method used will be givenhere Fig 64shows
the method used to calibrate an omnirange

17T S Wonnell, "Flight Calibration of
VHF Omnirange System' Technical Develop-

ment Report No 69, July 1947
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station and consists of recording the voltage
applied to the course dewviation indicator as
the aircraft circles the station at a radwus
of 6 to 15 miles The omnibearing selector
15 advanced 1n 10° steps to keep the course
deviation indicator on scale and to provide a
recording whereby the indicated magnetic
bearing from the range station may be ob-
tained The indicated bearing 1s compared
with the magnetic bearing, as measured by a
theodolite operated on the ground at the range
station

The interpretation of the recording ob-
tained by this method 1s explained with ref-
erence to the sample recording reproduced in
Fig 64(C} The exact magnetic bearing, as
ocbserved by the theodolite operator, 15 shown
by the leading edge of the marker pen de-
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Tuning

flection at the top of the recording The omni-
bearing selector settings are shown at the
lower part of the recording

Starting our interpretation of the sample
recording fram the left, 1t 1s seen that with
an omnibearing selector setting of 190° at
Pownt B, which 15 center scale the indicated
bearmng of the aircraft is 190° Pownt B s
extended to Point C which, with respect to the
markings made by the theodolite operator, 1s
i error by +1 B° The distance between AD
1s equal to 5° and by sumple proportion the
error of Point C 15 obtained

Fig 65 1s a reproduction of a typical
omnirange calibration recording, and Fig &4(0)
15 the measured over-all error curve of the
recelver and transmitting station The error
curve shows thatthe station mustbe corrected
by 3° toplace 1t at the average error position
and the resulting over-all error will be
£11/2°
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Polarization Errors

Tests have demonstrated that, while the
omnirange antenna array radiates honzontally
polarized energy, currents induced on the
surface of the pedestals supporting the side-
band loops, radiate energy that s vertically
polarized This vertically polarized energy
will produce omnibearing indications which
are at guadrature with true bearing infor-
mation, and errors caused by such radiation
are termed polarization errors

Ifanaircraft equipped with a navigation
receiver flies over a fixed ground check pownt
at a number of different headings, the indi-
cated omnibearing may be found to vary with
heading The aircraft has only one correct
omnibearing when over the ground check point,
and 1t 15 independent of heading consequently,
the change 1n the omnibearing with heading
15 one form of polarization error and i1s re-

ferredtoas push-pullerror The termcomes

from early navigational aids work where the
course was observed to be pushed ahead of
the aircraft, or pulled toward the aircraft
when flying across course The aircraft re-
cewves primarily the signal from the hori-
zontally polarized wave however, as the
heading 15 changed, the ratio of vertically to
honzontally polanzed pickup vanes, producing
different omnibearing indications when over a
ground check pownt Polarization errors in
general vary with the type of aircraft and
with the location of the receiving antenna on
the aircraft Tablell shows how the push-pull
error may vary with heading Many attempts
have been made to reduce the polarization
error Themost successful of these was the
placement of Uskon cloth around the pedestals,
as a group, and insulated from the pedestals
by wooden strips This cloth, has an rf re-
sistance of about 377 ohms per square, and
extends from the top flange locaied 39 1/4 1n

TABLE 11

(Aircraft Located at 0° Azimuth)

Bearing Selector Readings for the Following Headings

Maximum
Qver=-all
Headings (degrees) 0 90 135 180 225 270 315 Error
Pedestials exposed -1 5 0 -3 0 -2 5 +1 O -3 0 -6 0 70
Uskon cloth around
pedestals -1 0 0 -1 5 -1 6 -0 5 -1 0 -10 16

Push-pull polarization error tests un a DC-3 aircraft with a recewving antenna located just

behind the astrodome
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above the counterpoise to a level 3 1/4 n
above the counterpoise Table II lists the in-
dicated bearings observed when the vertically
polarized field was reduced by a factor of
approximately four by the use of Uskon cloth

Another form of polarization error ac-
curs when an aircraft 1s 1n a bank or turn
Under these conditions, the indicated omni-
bearing may change even though 1ts direction
from the station 1s unchanged This type of
polarizationerror is generally referred to as
attitude error Flight tests made before and
after the Uskon cloth was installed showed
that the installation of the cloth decreased
the attitude errors Table III lists the maxi-
mum errors observed in 360° turns, at a 30°
bank, duringa flight test in a DC-3 airplane
The tests were conducted at various distances
from the station using ARC-15 receiving
equipment and the tai1l V antemna Table IV
shows a comparison of the attitude errors
noted when using the tail V anienna and the
forward V antenna These tests also were
conducted 1n a DC-3 airplane using ARC-15
recewving equipment The Uskon cloth was n
place during both tests

TABLE III

Maximum Error

Distance With Cloth Without Cloth
From Station Installed Installed
{mles) (degrees) (degrees)
13 75 1 5 £ 2 25
23 1 75 3 4
38 +2 1 +3 1

Attitude error at various distances with and
without cloth installed

Propeller Modulation

In the early stage of development of the
amnirange system, 1t was observed that air-
craft propellers caused medulation of the re-
ceived signals The modulation produced by
the propellers caus ed the course deviation
indicator to oscillate at an amplitude and
rate depending on the amplitude and rate of
the propeller modulation Flight tests were
conducted on gmnirange systems using 30,
40, and 60 cps {for the variable and reference
phase signals It was determined that a fre-
quency of 30 cps would be the most desirable

5%

TABLE 1V

Maxi1mum Error

Distance Tall V Forward V
From Station Antenna Antenna
(miles) {degrees) (degrees)
13 75 +1 75 2 0
23 = 1 B6 =1 8
a8 +1 75 + 1 25

Comparison of attitude errors when using
ta1l V antenna and forward V antenna

since the cruising propeller rpm of all known
aircraft produces a propeller modulation fre-
quency higher than 30 cps Sunultaneous
flipht recordings of omnirange courses using
a 30 ¢cps range system and a 60 cps range
system are shown tn Fig 66 The engine
speed was adjusted to provide a propeller
modulation of approximately 60 cps It will
be observed that the 30 cps range ts free of
variations caused by propeller modulation
when using the tail V antenna, and shows only
a small variation when using the forward V¥
antenna which1s located near the propellers
Recent ymprovements 1n navigation recewver
design provide further improvement in free-
dom from propeller modulation effects

Interference Between Stations

Flighttests have been conducted to de-
termine the interference characteristics ex-
1sting between omnirange stations operating
onthe same carrierfrequency and on adjacent
frequency channels of 100 kc separation
ARC-15 navigation receiwvers were used for
all tests

Todetermine the interference area be-
tween two omnirange stations operating on the
same frequency, the stations at Allentown, Pa,
and Raleigh, N C , separated by 383 mules,
were both tuned to 117 5 Mc The arca be-
tween the two stations was flown at various
altitudes from 12, 000 to 20, 000 feet and fixes
were obtained by means of the MEW radar
installation located at the Washington National
Airrport The information obtained 1in the
flighttests 1s showninFi1g 67 The munimun
interference altitude appears to be approwi-
mately 14, 500 feet since below this level the
limiting factor 15 1nadequate signal stiength
Above 14, 500 feet, the interference ai1ca con-
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s15ts of a combination of severe audio hetero-
dyning and varations of the course dewviation
indicator Summarizing, whentwoomnirange
stations are operated on the same frequency,
the useful distance range at high altitudes 1s
approximately 40 per cent of the spacing be-
tween the stations

The investigation of adjacent{irequency-
channel interference was made using omni-
range stations located at Raleigh, N C , and
Spartanburg, S C The Raleigh station was
operated ona frequency of 117 4 Mc, and the
Spartanburg station on a frequency of 117 5
Mc The geographical separation was 192
miles The information obtained in these
flight tests, Fig 68, indicates that from ap-
proximately 60 per cent at 6,000 feet to 75
per centat 13, 000 feet of the total distance 1s
usable without interference In this test 1t 1s
important to note that the results obtained are
dependent to a great extent on the selectivaty
characteristics of the receiving equipment
The use of an airline type Teceiver such as
the Collins 51R would have provided vastly
different results inthe usable distance range

Additional information concerning the
co-channelinterference problemmwas obtained
by laboratory tests and 15 shown in F1g 69
For these tests, s1mulated omnirange signals
from two signal generators were fed to an
airhine type recewver and the ratio of the rf
signal levels was varied The phase of the
variable phase si1gnals were adjusted to cause
the greatest interference on the indicators

Power Frequency Variation

Insome remote sections of the country
where 1t may not be possible to obtain a stan-
dard commercial source of 60 cps power, 1t
may be necessary to operate the station from
local power, or perhaps, to utilize the emer-
gency supply which 1s standard equipment at
all CAA radio range stations In some cases
these sources of power do not maintain a con-
stant frequency of 60 cps, and deviations as
muchas 22 cps may be experienced At those
stations where the power supply frequency
variation exceeds =0 b cps, astabilized 60 cps
tuning fork type generator and amplifier will
be installed to supply power to the goniometer
and subcarrier equipment

In order to determuine the errors caused
by power supply frequency variation, a number
of tests were conducted in which the goniometer
and the subcarrier generaior were operated

62

[rom a variable frequency power source The
variations 1n on-course indication were ob-
served on two types of navigation receivers
located approximately one-half mile from the
station as the frequency of the power source
to the gonmometer and subcarrier generator
was varied from 57 to 63 cps  Fig 70 pre-
sents the maximum errors obtained with two
types of receiving equipmentunder these con-
ditions Furthertests were made by rotating
the antenna array through an angle of 360°,
in 20° sieps for three values of power fre-
quency The results of these tests are shown
in Fig 71 Thelargeerrors showninFig 70
for receiver No 1 are due to the fact that no
provisionwas made inthe desi1gn of the 30 cps
circuits of the receiwver to minmimize errors
resulting from changes of frequency in the
power supply at the range station The errors
observed using receiver No Zare appreciably
smaller as a result of improved design of the
30 cps circuits

CONCI.USIONS

As a result of several years of study
and development, in addition to four years of
operation of omnirange facilities, the following
general conclusions have been reached

1 Thetheoretical aspects of the phase com-
parison system for omnirange operation are
sound

2 Hoerizontal rather than vertical polariza-
tion provides steadier course indications

3 A transmutter power rating of 200 w 1s
adequate for line-of-si1ght operation to a dis~-
tance of approximately 200 rmiles at an alti-
tude of 20, 000 feet, 100 mules at 5, 000 feet,
63 miles at 2,000 feet, and 45 mailes at 1,000
feet

4 An accuracy of approximately =1 5° may
be realized on radial courses where the sites
are free of serious reflecting objects The
accuracy figure 1s for the complete omnirange
system, receiwvers, plus ground equipment

5 ©GSites located on flat terrain with all ob-
stacles suchas large buildings, woods, power
lines, etec , cleared to 1,000 feet, and all ob-
stacles within 2,000 feet subtending a vertical
angle of less than 2° have proven to be satis~-
factory Nearby hills, higher than the site,
reduce the distance range on radials passing
over the hills

& Generation of sidebands by means of a
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rotating capacity goniometer was found more
stable and reliable than methods using elec-
tronic sideband generators

7 Forunattended operation, a monitor must
be ncluded as part of the ground equipment
This provides the maintenance personnel with
continuous knowledge as to the status of the
facility, and a useful tool for corrective
maintenance The monitor will show up a
fault as soon as 1t occurs, and will further
itnsure that the pilot receives only correct
information

8 Either automatic or manually operated
indicatingdevices may be used to provide the
pilotwithnavigational information. The latter
type, however, define the range course more
accurately

9 Modulationfactors of 30 per cent each are
satisfactory for the reference and variable
phase signals and the remawning 40 per cent
1s adequate for wvolice modulation and 1,020
cps tone identification

10 Propeller modulation of recewved signals
interferes with the omnirange courses under
certain critical conditions of heading and
propeller speed
from60to30cps, for the reference and vari-
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able phase si1gnals, has minimized this inter-
ference

As a result of this development and
operational experience, the VHF ommirange
has been adopted as one of the basic elements
of the Common Civil-Military System, Tran-
sition Program, as recommended by the Radio
Technical Commission {or Aeronautics,
Special Commtiee 31
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