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DEVELOPMENT OF THE ULTRA-HIGH-FREQUEMOY
RADIO RANGE

PART II11 - A VISUAL-AURAL ULTRA-HIGH-FREQUENCY RADIC
RANGE WITH SIMULTANEQUS VOICE

SUMMARY

Thas report describes the development of an ultra-high-frequency two-course
visual radic range with sector i1dentification and simultaneous voice It treats the
basic principles of ths various components of this type of range, such as the mechani-
cal modulator, radio-frequency bradges, antenna systems, and tie lines

The latter part of the report covers further simplafication of the antenna
system and various methods of applying simultanecus voice to this range A naviga-
tional a1d was developed which provided two visual courses, two aural courses to gave
sector 1dentification, station identification, and a simultaneous voice feature for
weather information and airway traffic centrel  The receivang and transmitbting equip-
ment which was used in this development 1s described, and the results of flight tests
are given

This radio range was developed to demonstrate improved methods i1n air naviga-
tion which would simplify the orientation problem The field patterns are arranged so
that the pilot 1s continuously informed as to the gquadrant he 1s i1n by a combination
of wvisual and aural indications These principles were demonstrated and proved to be
a great step forward in the simplafication of the navigation problem

INTRCDUCTION

Previous reportsl’2 describe the application of ultra-high frequencies to
radio range problems The systems described in these reports produce four aural
courses similar to those of the low-fregquency range systems new in use Tre major
disadvantage of the four-course aural range 15 that a complicated and lengthy orienta-
tion procedure 1s necessary 1f the pilot wishes to determine in what quadrant he is
located In bad weatler 1t 1s necessary that a pilot be 1mmediately aware of his
location so that a minimum of maneuvering i1s necessary to reach his destanation Pre-
viously, systems have been proposed to supply quadrant identification for the low-
frequency ranges 3,4 These systems have not been adopted because of their added com-
plexaty

An approach to the problem of supplying information to the pilot as to his
bearing wath respect to the range station has been made at the ultra-hagh frequencies
in the development of an omnidirectional radio range 5

13 C BHromada, "Prelirinary Report on a Four Course Ultra-High-Frequency
Radio Range," CAA Technical Development Report No 2, January 1938

2J ¢ Hromada and F B King, "Development of the Ultra-Eigh-Frequency
Radio Range  Part I - The Ultra-High-Frequency Aural Radio Range," CAA Techmical
Development Report No 42, June 1944

F w Dunmore, "A Method of Providing Course and Quadrant Idemtafication
with the Radio Range Beacon System," National Bureau of Standards Journal of Research,
Vol 11, September 1933

4Francis Pope, U S Patent 2,187,097

b G. G Luck, "An Omnidirecticnal Radic-Range System," RCA Review, July 1941
and January 1942



Further developments in the ommidirectional type of range are rniow 1n progress
and, at thls writing, 1t 18 yet to be determined whether this type of range wall pro-
vide the same degree of accuracy and reliabilaty as the two-course visual range

In May 1939, a subcommittee of the Radio Technical Committee for Aeronmantics *
conducted an experimental program with a Link Trainer which was equipped to simmlate a
four-course aural range, a two-course visual range with sector identification, and an
cmnidirectional range It was the unanimous decision of the group of pilots who parti-
cipated 1n these tests that the two-course vasual range with sector identification was
the preferred type of range

e rd

In August 1939, a contract was awarded to the Internaticonal Telephone Develop—
ment Co , Inc , for the development of the two-course wvisual range with sector identi-
fication The system was completed and accepted by the Civil Aeronautics Adminmistra-
tion in September 1941  Another development contract was awarded to the Internatiocnal
Telephone and Radio Manufacturing Corporaticn in the fall of 1941 for the addition of
a simultaneous voice feature to the system This system was completed and accepted in
July 1942 During this period, engineers of the Radio Development Section constructed
a simultaneous two-course range with voice and sector i1dentification, some of the
features of which were used by the International Telephone and Radio Manufacturing
Corporation in the construction of their range

This report treats the basic principles of a two-course visual radio range
with sector i1dentification and simultanecus voice The development of the methods

used to obtain these basic requirements i1s described, and flight data of the completed
systems are given

THEQRETICAL DISCUSSION

Theory of Radiating System

The basic field patterns which are necessary to produce a two-course visual
radio range with sector identification are shown in figure 1  Two overlapping bean-
shaped patterns, one of which 15 modulated with 150 ¢ycles and the other with 90 cycles,
form the visual courses which extend, say, east and west  If the receiver 1s commected
to a visual indicator, the indicator will point to one side when north of the course and
to the other side when south of the course TWhen located directly on course, the indi-
cator will point to the center With this arrangement, there 1s no ambiguity as to
whether a pilot i1s north or south of the course.

Another pair of bean-shaped patterns modulated at 1020 cyeles 1s oriented at
right angles to the visual cardioids. The aural patterns are keyed in an interlocked
DU rhythm, the D signal appearing to the east of the range station and the U signal
to the west of the range station A station identification 15 also given at regular
intervals with the antemna phase-reversing relay locked first on one side and then on
the other side By observang the vaisual indicator and listeming to the aural signal,
the pilot can immediately establish the quadrant in which he 1s located In addaition,
the intersection of the aural patterns forms two aural courses rumning north and south
which can also be used for navagaticnal purposes

In a practical setup, the patterns shown in figure 1 represent only the modu-
lation on a carcular carrier field pattern Continnous carrier makes 1t possible to
use a receiver with automatac volume control, the advantages of which wall be discussed
later in the report  Also, the addition of simultanecus voice to the range was planned
from the beginming ¢f the project, which further emphasized the necessity of radiating
a circular carrier pattern

The basic entenna configuration used to produce the bean patterns i1s shown in
figure 2 The three-loop array consists of a center loop which radiates a circular
pattern and a pair of antiphased loops which radiate a cloverleaf-shaped pattern These
loops are spaced on either side of the center loop 2t a distance 5 electrical degrees



The expression for the relative field due to the cutside radiators, assuming
unmt current represented by sinat i1n each radiator, 13

E 2 s1n (S sin @ } coswt, (1)

0=
where @ 1s measured from the normal to the line of antennas

The field due to the center antenna wath current represented by ceswt 1s
circular and 1s represented by
E;, = k coswt, {2)

where k 1s the ratio of the current in the center loop to the current i1n either of the
s1de loops.

Since the current in the center antenna 1s phased at 90° to the current in the
side antennas, the field due to the array 1s

E=k* 2 sin (S s1n 6}, {3

the sign of the field due to the side antennas depending upon whether the relative phase
of the current in one of the si1de antennas leads or lags the current in the center an-
tenna by 90°

Figure 3 shows the circular and the cloverleaf patterns for an array with 3=
120° and various values of k The combined pattern of the array for various values of
k 15 shown 1n figure 4 The right hand pattern i1s formed when the phase progressicn
in the three antennas from left to right is + 909, 0°,—90° Similarly, the left hand
pattern 15 formed by the oppesite phase progression, —90°, 0%, +90° Thus, to reverse
the position of the bean pattern 1t 1s only necessary to reverse the phase of either
the center or of the side antennas

The effect of k on the number and size of the minor lobes also 1s shown 1n

fagure 4 In this figure patterns are shown when k 18 1 0, 1 4, 1 73, 1 85, 2 0, and

2 5 TWhen the field from the center antenna equals the maxamum field from the side an-
tennas, k w11l be equal to 2 and there will be one minor lobe  When the field from the
center antenna equals the field from the side antermas at right angles to the course, k
w111 equal 2 sin (S sinm 90) or 1 732, and there will be two mnor lobes For values of
k between 1 732 and 2, there will be three minor lobes since the circle wall antersect
each half of the cloverleaf pattern in four places For the case where there are three
minor lobes, each of these lobes wall be smaller than for the case where there are only
one or two mnor lobes. When k 15 less than 1 732 there will be one minor lobe whose
s1ze progressively increases as k 1s decreased When k 18 greater than 2, there will be
no minor lobes

Figure 5 shows the effect of the spacing& S, mith a constant current ratio,
k=2 In this figure graphs are shomn for 5=90%, 105°, 120°, 140°, 160°, and 1B0°

Two characteristics of the bean patterns are of interest, the sharpness of the
pattern intersections and the clearance between the patterns at angles other than in
the vieinity of the course. Course sharpness has been arbitrarily defined as the ratio
in decibels of the two patterns at 1 5%off course

k+ 2 sin (Ssinl5°)
Sharpness = (4)
k— 2 sin (5 san 1 5°)

k + 2 sin (0 026 8)

k — 2 sin (0 026 5)
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For small angles, sin A = A where the angle 1s expressed in radians

k+ 0000918
Sharpnegs =———— {s)
k—000091 5

where S 1s given in electrical degrees

Figure 6 shows the variation in course sharpness as k 1s changed, for values of
5 corresponding to 120°, 140°, and 160°

The pattern clearance must be such that the visual indicator in the airplane
does not leave 1ts extreme position except when approaching the vacinmity of the course
If 1t 1s desired that the visual indicator show full-scale deflection at 10° off course,
then at any angle in the quedrant the pattern clearance must be equal to or greater
than the ratio at 10°, 1f the pointer i1s to remain off scale at angles greater than 10°

k + 2 sin (8 sin 10°)
Clearance - (6)
k — 2 sin (3 sin 10°)

k + 2 sin (0.1736 3)

> .
“k —2sin (01736 8)

There are either one or two points i1n each gquadrant where the minor lobes are
a maximum and, hence, the clearance 1s a minimum. One of these points 1s at right angles
k+2s1n 8
to the course and the clearance 15 equal to E———E—————g-whenever k 15 greater than 2 sin 5
— 2 s51in

The other point of mnimum clearance occurs whenever k 15 less than 2 and 1s located at
tre angle where the cloverleaf pattern bas its maximum value, or sin (5 sing)=1 This

k+ 2

angle 1s s:Ln_l (2?) and the clearance at this point 1s

The most desirable pattern, i1f 1t could be obtained, 13 a cardicid since there
would be no minor lobes in the field pattern In order to obtain a true cardioid, the
spacing S would have to be 90° or less This 1s a difficult condition to achieve in
practice because of the physical size of the loops. At 100° spacing the cormers of ad-
jacent loops almost touch and, for this reason, a mimumum spacing of 120 has been de-
c1ded upon in order to reduce the mutual coupling between the antenna elements The
maximum spacing must be less than 180°, since with 186°spacing, four courses would be
obtained instead of two. In the final design, a spacing of 120° was decided upon since
1t gave a physically realizable array, the field patterns of which most nearly approached
cardioids

In designing the three—element array two parameters must be considered, the
spacing S and the relative current ratiec k. Since 1t was decided to use a 120° gpacang,
1t 15 only necessary to examine the effect of changing k¥ The sharpness and clearance
are governed by the following relations

k+011
Sharpness at 1 5% off course=——  {7)
k—011
k+1732
Clearance at right angles to course=———  (8)

k-1 732
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Clearance at 42 6° (angle at which k+ 2 {9)
cloverleaf has 1ts maxamum value) =

k-2
The limating ratic on the clearance i1s the pattern ratio at 100, or

k+071
Clearance =——— (1c)
k—07
When maxaimum clearance for all angles is desired, the value of k may be solved
k +1.732 k+2
graphically by plotting and
k—-1732 k—2
against k and determiming the point of intersection The optimum value of k wall al-
ways lie between 2 and 2 s1n S and wall give a pattern with three minor lobes

2>k >2 sns

These curves have been plotted for 5§=120" and are shown in figure 7 Sance
we are 1interested only in the mmmum clearance, 1t 18 necessary to plot only the
minimum values of these curves In figure B similar curves have been prepared for
values of 5 corresponding to 120°, 140°, and 160°

The value of k for which the clearance will be a maximum can be solved for
analytically by equating the clearance at right angles to the course and the clearance
at the angle where the cloverleaf 18 a maximum.

K+2smn5 2+k (11)

k—2 s51n S 2—k

Solvang for k,

kX =2} sin 5 (12)

For a spacing of 120%, this gives a value of 1 86 for k 1f maximum clearance
15 to ex1st 1n the quadrants This 15 the desired condition for the aural system,
that 15, the background signal should be a minimum except when the course 1s approached
If any of the minor lobes were of an appreciable size, the background signal would start
to come up at one of the minor lobes and the pilet might gain the impression that he
was approaching the course intersection

For the visual array, it i1s not necessary that maxamum clearance exist in the
quadrants as long as the full-scale deflection of the vasual indicater 18 cbtained Re-
ferring to figure 7, 1t can be seen that when k 1s greater than 1 2, the wvisual indi-
cator w11l deflect full scale at all angles more than 10° away from the course

A more important consideration 1s the effect of k on the total vasual percentage
modulaticn as the azimith angle changes, remembering that percentage medulation 1s a
function of the shape of the Lean patterns since the carrier field pattern is caircular
Since the two patterns are of different frequency, i1t 15 necessary to add the absolute
magnitudes of each pattern without regard to the algebraic sign The modulation on the
vaisual course due to both patterns will be 2k since the side radiators contribute no
si1gnal at that angle.

At any other angle then,
M (9) =[k + 2 sin (3§ =an 9)] + [k — 2 sin (§ san 9)] (13)

The first term always has a positive sign for positave values of @ , regardless
of the value of k The second term 15 positive for values of k greater than 2 and nega-
tive for some values of § when k 1s less than 2 For values of k greater than 2 the
terms can be added algebraically

M(6)=2% (14)
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Thus, as leng as k>2 the percentage modulation at any angle will be constant
and will be equal to the percentage modulation on the visual course

When k 1s less than 2, the second term will be negative when

k<2 sin (S sin @)
and the percentage medulation will be

K' (§) =4 sin (S sin @),
or 1n terms of the on-course percentage,

M' (@) 2 sin (S s1n @)
w () K

The limting angles where this relation holds

k=2 sin {5 sin 9')
and the limting angles are

-1 -1k
51n {Sln 2 }
S

-1k
Y [ 180 - sin Ef]
sin - E—

a8 =

6 =

(15)

(16)

can be found by letting

(17)

(12)

Between the limiting angles, equation {15) must be used to compute the percen-

tage modulation, while for any other angle, equation (14) 1s wvalid

plot of ¥ (#) and M' (4) against ¢ for various values
on course 1s 40 percent

Figure 9 shows a
cf k, when the total modulation

In order to decide on a value of k for the wvisual system, a compromise must be

made betwsen ¢course sharpness, modulation envelope, and patiern clearance

Table I

shows the effect of k on the characteristics of the visual bean patterns

TABLE I

THE EFFECT OF CURRENT RATTOS ON PATTERN CHARACTERISTICS

k Sharpness | Clearance | Clearance |Clearance | On-Course S5ignal | Max Percent Mod
{ratic) | at 1 5° at 10° at 48 ¢° | at 90° Max Signal Percent dod on
(db) (db) (db) (db) (ratio) Course
(ratio)
10 1 94 15 4 95 11 4 0 333 2 00
14 136 97 151 19 5 D 412 143
1 732 110 76 22 8 o0 0 465 1.15
186 102 70 25 8 28 8 0 482 107
20 o 97 6 4 oo 22 8 0 500 100
25 0 76 51 19 1 14 8 0 556 100

A value of k¥ = 2 was finally chosen for the vasual system

This gives a con-

stant percentage modulation in any direction, a high average clearance at angles other
than in the vicinity of the course, and a reascnably high value of course sharpness
The restriction that the percentage modulation of the visual signals remain constant




15 rather important since 1t permits using a maximum value of visual modulation with-
out encountering overmodulation at some angles  Obviously, the restraction ras no
meaning for the aural system because only cne of the aural patterns is present at a
glven instant, whereas both visual patterns exist simultaneously As explained pre-
viously, a value of k=1 86 was chosen for the aural system since 1t gave maximum
pattern clearance

In order to adjust the array, 1t 1s necessary to know what effect phase wmll
have on the patterns In the systems described in this report, the phase between the
various antennas 1s a function of the length of transmission line feeding the antennas
and, havang once been adjusted, will remain at that value Assumng the ocuter antennas
are correctly phased at 180° to each other, 1t 1s desired to ¥now what the patterns
w11l be when the phase of the center antenna with respect to the side antennas 1s
other than 90° 1If ¢ 13 the angle by which the phase of the center antemna differs
from 90°, the field patterns become

2 2
EZI/[k cos¢ * 2 sin (S sing)] "+ [k sing]
which reduces to

2
E= 2,/52 + kcos ¢ sin (8 sin@)+ sin (S sin @) (19)
4

Figure 10 shows the field patterns when k = 2 and § =120° for values of ¢ =
0° , 10° , 30°, 50°, 70°, and 90°, respectively Figure 11 shows one-half of the field
pattern for values of ¢=0°, 10°, 30°, 50°, 70°, and 90° plotted on one graph By ex-
amining these curves 1t can be seen that the field 15 constant on course and changes
slowly with ¢ in the direction of the maximum signal However, the relative field
changes quite rapidly with phase in the directions of minimum signal, which provides a
simple method of correctly adjustang the phase If a sensitive field detector 1s placed
on a radial where the field should be zero when the phase between the center and side
loops 18 correct, the phase may be adjusted for a null reading on the field detector
For the case under consideration (k =2, 5 = 120°) the minamum 1n the field pattern is
located 48 6° from the course After the phase adjustments are completed, the field
pattern wall have the shape of the solid curve (p=0 } 1n figure 11.

Several other factors are of interest i1n adjusting the antemna array, particu-
larly with regard to,the side radiaters In the foregoing discussion, 1t has been as-
sumed that the outer radaators were fed 1B0° out of phase This was achieved by a
crossover 1n the line feeding one of the antemnas, as shown in figure 2  Actually, be-
cause of small differences in the loops, the phase may deviate slightly from 180° In
this case, the field due to the two side radiators becomes

E=2 cos I:i—551n9:| (20)
2
where 8 15 the phase difference between the two antennas

Then § = 1800, this reduces to
E =s51n (5 sin@)

For values of 8 other than 180°, the minima of the cloverleafl pattern will not
be reciprocal, as shown in figure 12 for 5 = 120° and §=150°, but w1l deviate from the

-1 o
normal te the array by the angle sin [%:’ Since the courses are located at the

cloverleaf nulls, the courses will not be aligned and will bend toward the radiator
whose phase is laggang Heferraing to figure 2, let us assume that the nulls bend to-
ward loop Noe. 1 In order to align the nulls and, consequently, the courses, the point
of tap AB, where the outside loops are fed, must be moved along tramsmission line GD-EF
toward loop No 1 This operation can be checked quite easily by making measurements
with a field detector at a radius of 200 feet along a circle which has been staked out

An alternate method can be used for aligning the nulls By changing the



length of the building—out section or one of the outside loops by a small amount, the
phase of the current in that loop can be changed a considerable amount without appre-
ciably changing the magmtude of the curient This 1s somewhat more convenient than
moving the point of tap AB, provading the nulls are not displaced by too great an
amount. For instance, 1f the nulls bend toward loop No. 1, recipreocal alignment can
be obtained either by decreasing the length of the building-out section on loop No. 1
or by increasing the length of the building-out section on loop No 2 Conversely,
the opposite procedure should be followed if the mulls bend 1n the other direction

Another essential requirement with regard to the antenna system 1s the condi—
tion for non-parasitic operation of the radiators. Because of the symmetry of the
gystem, the outer antennas cannot induce current in the center antenna since the
fields produced by the outer radiators are equal and opposite at the center of the
system and thus cancel out Unless precautions are taken, the center loop will induce
parasitic current in the outer loops, produecing a carrier pattern which will no longer
be circular and which under most conditions will have a variable 1instantaneous phase
angle with azaimath. Thais 1s a highly undesarable condition since distortion on the
voice and aural signals would be introduced at various azimuth angles due to overmodu-
lation or phase distortion

Referring to figure 2, loop No 2 will induce parasitic current in loop No 1
and locop No 3 The voltages appearing at CD and EF will be 1n phase, and since there
1s a croszover 1n the line feeding loop No 1, the voltage at AB will be zero Thas
means that the impedance at AB 1s zero insofar as the parasitic action 13 concerned
The amount and relative phase of the parasitic current flowing in the loop are functions
of the spacing, the self-impedance of the loop, and the impedance appearing across the
terminals of the lcop. The effective impedance across the loop consists of a shorted
length of line AB-CD in parallel with the building—out section across CD, connected
through a length of transmission line from the loop terminals to CD  If this impedance
18 made very high, the loop mall be effectively detuned for parasitic operation and ne
induced current can flow. If @, 15 the electrical length of transmission line from the
ends of the loop to CD, #7 18 t%e length of the tuilding-out section across CD, and 6
13 the length of 1line AB-CD, 1t can be shown that the following relation will hold for
the condition of zero parasitic current (See Appendix I)

tan @ 2

tan § =
3 tan 91 tan 0, - 1 (21)

The lengths 91 and 87 are a function of the self-impedance of the locp and the
characteristic impedance of the transmission lane  Adjustment 1s accomplished by
energizing loop No 1 with the other loops removed from the vrecimity and by varying
the length of the building-out section, 5, and 1ts position By, so that no reflections
are present on the line ABCD The loop 1s now correctly adjusted for the case where
1t 15 driven

The remaining adjustment 1s that of line length AB-CD, 33, which can be calcu-
lated and adjusted experimentally To make this adjustment, a driven loop 1s placed
120° away from loop No 1 and a current indicator 1s placed on one of the elements of
leop No 1 A short 15 placed on line AB-CD and 1ts position changed until the current
indicator reads zero The line i1s then cut at the short and joined to loop No 3 after
the same adjustments have been repeated for loop No. 3. For the particular radiators
used 1n this development, 83 was slightly shorter than one-half wavelength. Radiators
taving & different self-impedance would require different values of §,, @ ,, and.03

When the outer loops are being connected at AB, care should be taken to reverse
the line to one of the loops This may be checked with a field detector by determining
whether there 15 a null normal to the line of radiators Ii there 15 a null, tae con-
nection 1s correct, but 1f there 1s maximum signal normal to the array, the loops are
being fed in phase and the connection to cne of them should be reversed for correct
operation



Thecry of the Mechanical Modulator

The basic elements of the two-course visual range are essentially the same as
those of the instrment landing localizer ©® The method of siamultanecusly producing
the 90- and 150-cycle patterns and the method of modulation are identical, although
the localizer antenna configuration 15 somewhat mors complex

The operation of the mechanical modulator can best be explained by reference
to figure 13 which shows the schematic diagram of the modulator The modulator does
not supply additional powser but functions by effectively placing an impedance 1in series
wlth the transmission line, the value of the impedance being varied at such a rate as
to modulate the carrier at the desired audio fregquency The ummodulated carrier leaves
the transmtter at H and enters the lower bridge of the modulator at A, where it di-
vides equally and leaves at B and § The current passing through lines BE and CF as
modulated at 150 cycles and 90 cycles, respectively, by the coupled sectiens which
introduce varying impedances into the lines at I and J

The signal appearing at E consists of carrier and 150-cycle sidebands, while
the signal appearing at F comsists of carrier and 90-cycle sidebands The two carriers
will arrive at G in phase and combine to supply carrier to the center antenna, but be-
cause of the erossover between F and H the carriers will arrive at H 180° ou% of phase
and will cancel out  Since the two sets of sidebands are of different frequencies,
they can neither comblne nor cancel and mll divide squally at E and F, Equal 20-cycle
and 150-cycle sidebands will appear at G and H The 150-cycle sidebands at G will be
in phase with those at H, while the 90-cycle sidebands at G will be 180° out of phase
from those at H becange of the crossover between F and H.

It may be seen that because of the action of the upper bradge, the proper
vhase relations are obtained in the loops  Assuming that the lengths of transmission
line from the modulator to the amtennas are correct, the phase progression from left
to right 1n the three antennas for one set of sidebands wall be + 90°, 0° , —90°,
while for the other set of sidebands the phase progression will be — 90°, 0%, 4+ G0°
Thus, the two patterns will exist simultaneously, one pattern representing the 150-
cycle sidebands and the opposite pattern representing the 90-cycle sidebands  4lso,
since medulated carrier 1s fed te the center antemna, the carrier pattern will be
circular and the two bean patierns will correspond to percentage modulation of the
carrier

Several cther factors are of interest in regard to the upper bridge 1In order
to prevent interaction between the modulation channels, none of the energy appearing
at E should appear at F, and vice versa This condition w1ll be obtained 1f the four
arms of the bridge are made equal and the impedance at G matches the impedance at H
Thus, 1f energy is introduced at E, equal amounts of energy will appear at F, but
because of the crossover in one arm of the bridge the energy will be 180° out of
phese and will cancel Therefore, when point E 183 used as & reference, a virtual
short circuit will exast at F, and since the circuit is symmetracal, the converse
w1l be true.

The electrical length of the arms of the upper bridge, as well as of other
bridges uged in varlous systems described in this report, has an optimm value so
that the lines terminated at E and F may be matched. When the loads comnected to G
and H are equal to the characteristic impedance, 24, the impedance looking into E
and ¥ should also be Z, This condition mll be obtained when each arm of the
bradge has an electrical length of 0 152 wavelength. (See Appendix II)

Although the mechanical modulator s designed to operate into a matched
transmngsion line, a certain amount of mismatch can be tolerated without producing

6H I Metz, "The CAA-RTCA Instrument Landing System Part I - Development
and Instellation, " CAA Technical Development Report No 35, October 1943
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ary 111 effects It 15 important, however, that the impedance at G equal the 1mpe-—
dance at H regardless of whether or not the impedance at these points 1s equal to the
characteristic impedance One convenient way of achievang this i1n practice i1s to
energize the upper bridge at E, remove the transmission line feeding F, and place a
sensitive voltage detector across F The impedance at H 15 adjusted to gave a null
reading of voltage, thus indicating that the bridge 15 balanced

The coupled sections which modulate the carrier signals are alternately tuned
and detuned by toothed discs which rotate between condenser plates attached to the
ernds of the coupled secticns. The toeothed rotors are attached to opposite emds of the
shaft of an 1800 r p m sgynchronous motor  The rotors have three and flve teeth, re-
spectively, and produce the 90 cycle and 150-cycle modulation frequencies. The methed
of operation 13 such that with modulation peaks the rotors are fully meshed, thus
detuming the sections and permitting maximum power to flow through the transmission
lines When the rotors are unmeshed the sections are tuned to resonance and prevent
any flow of energy beyond the open ends of the coupled section  Since the modulator
supplies no power but produces a form of dowrmard modulation, the transmtter must
supply the peak modulated carrier at nermal plate voltage. The particular type of
transmission line modulation used 1s such that the output tank circuit of the trans-
mtier must have good voltage regulatioen under widely varying conditions of load 1f
good wave form 15 to be obtained

The action of coupled sections has been treated quite thoroughly in the
literature?,8 so that no attempt w1ll be made here to discuss the theoretical relation-
ships. From the standpoint of a practicel application, ths coupled section can be
considered as introducing two vartual generators in series wath the line directly be-
low the open ends of the section Im figure 13, the effect of the coupled sections
13 concentrated wholly in the i1mmediate region of points I and J on the transmission
lanes BE and CF. When the sections are tuned to resonance, an apparent open circuit
occurs 1n the lines at points T and J, and complete reflection takes place so that no
energy passes beyond these points When the sections are completely detuned they
have no effect on the lines, and all of the energy 1s propagated along the lines BE
and CF For other tuning conditions, the amount of energy which passes along the
lines 1s varied so as to produce the desired shape of meodulation envelope

For the modulator used in this development, the effect of the coupled sections
on the line can be congidered as analogous to that produced by the introduction of
capacitive reactances 1n series with each of the lines at points I and J. The phase
and magnitude of the reflected wave produced by the virtual generators are identical
tc those produced by introducing capacitive reactance in the line. Actually, of
course, the modulator could be made to operate i1n such a way as to produce an equiva-
lent inductive reactance in serles with the line This would mean that the section
would be detuned in the opposite direction to that now used At present, the operation
of the coupled section 1s such that when power 18 prevented from flowing along the
lane, that is, at the minimum of the modulation cyecle, the secticn 1s one—guarter wave-
length long electrically, its length being adjusted for the resonant condition when
the condenser rotors are fully ummeshed from the stator  When the rotor i1s meshed so
as to detune the section, the section i1s effectively made electrically longer, producing
the effect of introducing capacitive reactance in the line. This can be shown from a
consideration of the relationships given in reference 7

The equivalent circuit of the modulating system 1s shown for one modulation
channel in figure 14. The upper bridge has besn replaced by a load and the lower
bridge plus the transmitter replaced by a generator The upper figure shows the cir-

7A. Alford, "Coupled Networks in Radio-Freguency Circuits," Proceedings of
the I R.E, pp 55-69, February 1941

;8 Eing, "The Application of Low-Frequency Circult Analysis to the Problem
of Thstributed Coupling an Ultra-High-Frequency Circuits,® Proceedings of the I.R.E.,
pPp. T15-724, November 1939.



cult as actually used, while the Iower figure shows how the Interaction between the
section and the line may be represented in terms of lumped circuits When the reac-
tance of the equivalent series condenser 15 2ero the energy 15 transmitted without
reflection, whle for i1nfimte reactance complete reflection takes place and no energy
18 transmtted. For intermediate values of capacitive reactance, varylng amounts of
reflection would occur, modulating the amplatude of the carrier in accordance with the
changing reactance

While a system as shown 1n the equivalent eircuit or a system using a variable
condenser connected across the line would give the same results as the ecircuit using
coupled sections, in practice 1t would be diffacult to obtain the range of reactance
values necessary to obtain complete modulation The coupled section acts as a step—
up transformer to control the energy In the main line, and since the q of the coupled
section 15 quite high, a large change in current can be produced with a small change
in capacitance. The transformation ratio 1s a function not only of the distance be-
tween the plane of the section and the plane of the main line but also of the spacing
of the conductors of the main line and the section The actual spacing used was de-
termined empirically and 15 more or less a compromise between several factors If the
step—up ratio 15 too low, complete modulation will be difficult, whereas 1f the step-
up ratio 1s too high, the currents and voltages 1n the coupled sections wall increase,
resulting i1n a loss of power in the section, as well as making it difficult to main-
tain balance in the circuit.

The shapes of the rotors and coupled section stators were designed to produce
90-cycle and 150-cycle modulations with a minimum of harmonrc distortion  Since, be-
cause of fringing, 1t was difficult to caleulate the shape of the condenser plates
which would give a sinusoidal wave shape, 1t was necessary to design them experimen-
tally

The lower bradge or cross-modulation bridge, as 1l 15 often called, serves to
prevent interaction between the two modulating chamnels  The radioe-frequency power
from the transmtter enters the lower bridge at A where 1t divides equally and flows
to the medulating channels BE and CF  Since the medulating system dissipates no power,
energy which does not reach the upper bradge will be reflected back inte the trans-
mtiter or 1nto the opposite modulating channel  This last-mentioned condition will
cause cross modulation which wall distort the ocutput wave form and produce broad
courses The cross-modulation bridge effectively i1solates the two modulation channels
so that any disturbance in one channel will not affect the cpposite channel.

The operation of the lower bridge can be explained by reference to figure
13  The reflected 150-cycle energy will enter the bradge at B, where i1t will divade
inte equal parts which progress toward A and D If the impedance at D 15 the same as
that looking into the transmitter at A, the two waves wall arrive at C with their
magnitudes equal and with a phase difference of 180% due to the crossover between D
and C The waves will therefore cancel at C and no energy w11l be transmtted from
Bto C Tt can also be shown that the recaiprocal relationship 158 true and that no
energy wall be transmtted frem C to B Iattle enargy wall be lost in the cross—
modulation impedance, provided the transmitter output tank and coupling circuit have
low losses  The impedance alt A loolang toward the transmitter 1s essentially reactive,
therefore, the cross-modulation impedance w11l alsoc be reactive, thus dissipating ne
energy cther than the circuit losses The cross-modulation 1mpedance consists of a
tuned circuit which 1s adjusted 1n operation to give minmimum interaction between the
two channels

The length of the lower bridge elements and the distances from the copen end
of the coupled sections to the lower bridge have cptimum dimensions of one-quarter
wavelength for most effacient operation When both medulating channels are drawing
the same amcunt of energy, there will be zerc voltage at tne cross-medulation impe-
dance and the bridge arms CD and BD w11l be equaivalent to a pair of short-circuited
quarter—wave lines of high impedance connected across B and ¢ The energy will then
divaide at A and reach the modulating channels wathout incurring any additional losses
due to reflection from the bridge caircuit At the time when neither modnlating chan-
nel 1s drawing any puwer, the voltage at the cross-modulation impedance w1ll be zero,



hence, the power dissipated due to clrcuit losses will be comparatively small since
voltage does not appear at the cross-modulation impedance except durlng pertions of
the modulation cycle,

When one of the coupled sections 1la tuned Yo transmt no energy, an effective
copen circuit 1s produced at I or J, and since BI and CJ are one-quarter wavelength
long, an effective short caircmit wall be produced at B or C If the 150-cycle section
1s tuned to resonante, the effective short will be located across B. Because of the
fact that the bridge elements are also one-quarter wavelength, line BA will apply a
very high impedance across A and will allow all of the energy to flow into the 90-
cycle channel. This 1s the condition which wall produce the largest voltage and power
loss at the cross-wodulation impedance., Under actual conditions the power loss in
the cross-modulation impedance has been found to be negligible.

The lane from the transmitter to the lower bridge has an optimum length when
no energy 1s passing through either chamnel  For the condition of maximum power, a
matching section 1s placed across the line between A and H in order to remove reflec-
tione from the line. When minimum power 1s being transmitted to the modulation
channels, effective short circuits are produced acrose B and C, givang rise to a
very hngh impedance loocking into &  If the length of line between A and H were made
an odd number of one-quarter wavelengths without the matching section in the carcmt,
a short circuit would appear across H and it would appear to t*s transmitter as
though 1t were workang into a very high impedance lecad For any other length of
line, a reactive 1mpedance would be coupled into the plate tank, causing excessive
plate dissipation when no energy 1s being supplied to the antennas and thus reducing
the over-all efficiency during the modulation cycle

In tuming up the medulator and transmatter, the coupled sections are farst
short—circuited near the open end so that they are completely detuned and allow
maxaimum power to flow into the antenmas It 1s agsumed, of course, that the antenna
gystem has previously been adjusted and that the lines being fed from the upper
bridge have been matched A bullding-out section 18 then placed on the line feeding
the lomer bridge to remove standing waves from the line  The plate tank of the trans-
mitter 1s then tuned for minimum plate current and the output coupling circuit tuned
for maximum output  No further adjustments to the transmitter are necessary after this
point. The short circuits are then removed from both coupled sections and the
toothed rotors turned by hand until the rotors and stators of both coupled sections
are fully urmeshed. The coupled sections are then tuned with the movable shorting
bar to prevent energy from flowing beyond the coupled sections This can be readily
checked with an r-f indicating instrument placed on the antenna side of each modula-~
ting channel. The tumng of the coupled sections is rather sharp, therefore, care
mist be exercised in movang the shorting bar when adjusting for complete cut-ofi.

The length of line from the mechanical modulator to the transmtter is deter—
mued for the cut-off condition and 1s so adjusted as to gave minmimum plate current
This edjustment 15 not particularly critical and when made w21l result i1n minimum
plate heatang of the final amplifier stage Before setting the percentage modulation
on each channel, 1t 15 necessary to tune the cross-modulation network for mimmum in-
teraction between the two channels. A convenient method of making thils adjusiment
is to place a diode rectifier across the line feeding the center antenna and observe
the rectified audio voltage on an oscilloscope  The 90-cycle channel i1s shori-
circulted at the antenna side, the 150-cycle coupled section is short-circuited at
the open end, and the cross-modulation network is adjusted to give minimum deflection
on the oscilloscope The circuit is then adjusted to prevent interaction from the
90-cycle channel 1ntco the 150-cycle channel. The reciprocal relation will hold and
can be checked readily by short-circuiting the 150-cycle channel and the 90-cycle
coupled section  Another convenmient way of adjusting the cross medulation 1s to
place a wave analyzer across the diode ocutput and adjust for a mimimum on the 240-
cycle component when everything is running and there are no shorts on either the
channels or the coupled sections

The percentage modulation on each channel can now be adjusted, since any
changes made 1n one channel wall have no effect on the opposite channel TWhen the



mechanical modulator 15 used for localizer applications, the totsl percentage modula-
tion will be close to 100 percent. Since the carrier diwvaides equally into the two
channels, each chammel can be modulated 100 percent, and the total carrier will be
modulated somewhat leds than 100 percent due to the fact that the two modulationg are
of different frequencies. For radio range applications, the total modulation for the
visual system must be coneiderably less than 100 percent since space must be left for
the voice and aural modulations. The percentage modulation in each channel will vary
from 40 to 80 percent, depending on the particular type of system used te combine the
voice and aural modulations waith the vaisual modulation

The depth of modulation in the channel wmll depend upon the tuming of the
coupled section and the spacing of the stator plates Normally, the rotor i1s turned
by hand until 1t 15 fully unmeshed from the stator TWhen the tuming short circuit as
positioned to give complete cut-off, 100 percent modulation will be obtained To de-
crease the modulation depth, the section 1s slightly detuned by moving the shorting
bar away from the open ends of the coupled section. Fine adjustments can te made with
a metal tab located near the shorting bar To decrease the percentage modulation, the
metal tab 1s rotated out from the conductors of the coupled section.

The percentage modulation can be measured directly in each channel by placang
an r-f indicator on the antenna side of the channel. The rotor i1s slowly turned by
hand and the maxamum and the minimmm deflections of the indicater are noted The per-
centage modulation, m, can be determined from the followang relation,

__Emax “Emn y
Epax *Bpn

and conversely, the ratio of the minimum to the maximum deflection in terms of the
modulated percentage 1s given by,

m 100

Emax T 100 +m

Since the nature of the modulation system 1s such that the maxamum deflection will be
almost constant regardless of the modulation depth, it 1s only necessary to calculate
the mmmum deflection for the desired percentage modulation and to adjust the short-
circurting bar or metal tab to give the calculated deflection  Maxamum deflection is
obtained when the rotors are fully meshed and minimum deflection when the rotors are
fully unmeshed

Emin 100 - m

The wave form of either modulating frequency may readily be observed on the
oscilloscope by shorting the opposite coupled section Im order to obtain the best
wave shaps, 1t may be necessary to make some slight readjustments in the spacing of
the stator plates, in which case the movable short earcuit on the coupled section
should be readjusted i1n order to keep the same modulation percentage It 19 important
that each channel be modulated the same amount 1f the vasual courses are to be 1n re-
ciprocal alignment The percentage modulation of one channel relative to the other
can be cnecked by short-circuiting first one coupled section and then the other and
noting the deflection on the oscilloscope in each case

Although 1t was pointed out previcusly that the overlapping bean-shaped pat—
terns represent only percentage modulation on the carrier, 1t 1s possible to obtain
static patterns which may be measured wmath a field detector. Im order %ec do this,
both coupled sections are short-circulted and a short circuit i1s placed on the unde-
sired channel Yor example, 1f 1t 15 desired to set up the 90-cycle bean pattern,
the 150-cycle channel should be short-circuited, and vace versa. Since only one side
of the upper bridge is supplied wlth carrier energy, all three antennas are excited
at the same amplitude ratio and phase as they are when the mechanical modulator is
operating normally. With only one pattern present, it 1s much simpler to phase the
array than under dynamic conditaions



DEVELOFMENT OF THE VISUAL-AURAL SYSTEMS

Tests on 109 9 Megacycles

The baslc elements of the two-course range with sector i1dentification were
evolved as a result of the instrument landing development The first experiments
with awral sector identification applied to the visual two-course localizer were con-—
ducted at Indianapolis during the fall of 1939 The three-loop localizer installation
was used for the visual system and a set of three loops, located halfway between the
localizer loops and the counterpoise and oriented at right angles to the visual loops,
was used for the aural sector identification.

The aural antennas were fed from a balanced modulator which produced 1020-
cycle sidebands In order to prevent interaction between the visual and the aural
aystems which would cause the visual indicator to finctuate wath the D-U keying, 1t
was necessary to use a tie line between the two center antennas The tie line pre-
vented any visual energy from reaching the aural balanced modulator, and vice versa
If the tie line was not used, visual energy would fead into the aural transmitter and
overload the tubes and also would couple visual power into the aural antennas and be
keyed simultaneously with the aural signals

The preliminary experiments and flights with the equipment cperating on 109 ¢
megacycles showed that the tie line could be adjusted to prevent interaction between
the aural and the visual systems It was also found that the percentage modulation
onl the visual system would have to be reduced for radio range applications if excessive
distertion of the aural signal as evidenced by cross—-modulation products were to be
elimnated

These experiments concluded the first part of the program and proved that the
systemn was practical

125-Megacycle Visual-Aural Range Using the Six-Loop Array

The next stage of development utilized equipment operating on 125 megacycles
with the six-loop array mounted on a 30-foot tower and counterpoise The frequency
band of 119-126 me%acycles had been allocated to the CAA for radio range applicat10ns,9
and previous testsll had proven the desiratilaty of locating the antenna system cn a
tower in order to increase the service radius of the radio range For these reasons,
1t was desired to design an experimental radio range which would be satisfactory when
applied te the airways It was also desired to have a working installation which could
be demonstrated to various groups interested in the use of ultra-high frequeneies for
ai1r navigation

The most difficult problem in this development was the cheoice of a suitable
antenna system and circuit arrangement whach would prevent interaction between the
visual and the aural systems without producing any crossovers or false courses at high
angles. Both the transmitting and the receiving equipments used for the visual-aural
range development were of standard design and did not possess any particularly novel
features. Figure 15 shows the 30-foot tower and counterpoise with the building which
houses the transmitting equapment located directly underneath Figure 16 15 a view
of the equaipment, the main transmitter being at the left, the 1020-cycle sideband
generator and keyer at the right, and the mechanical modulator in the center

9L ®H Simson, "National Allocation Plan for Assigming Radio-Range Frequencies
in the Band 119-126 Mepacycles,” CAA Technical Development Report No 28, May 1941

10p, B King and T A Kouchnerkavich, "Development of the Ultra-tigh-Frequency
Radio Range, Part II - Testing of UHF Radio Ranges ¢n Towers," CAA Technical Develop-
ment Report No 43, July 1944
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The arrangement of antennas that was first tried on 125 megacycles was simi-
lar to the one used on 109 9 megacycles except that 1t was constructed in a more
permanent fashion., The three vasual loops were located in line and spaced one-half
wavelength above the counterpoise The three aural loops were located in a line at
right angles to the line of the visual antennas and spaced cne-guarter wavelength
above the counterpoise

A block diagram of the equipment and the antenna system 1s shown 1n figure
17. Although single lines are shown, two-wire balanced, shielded transmission line
1s actually used throughout the whole system. The principles of the mechanical modu-
lator and the antenma arrays, with the exceptaon of the tie line, have already been
described The method of feeding the aural array i1s somewhat different from that used
to supply energy to the visual antennas since the aural antennas have to carry only
one pair of sideband moduletion frequencies. All of the visual antennas have to carry
both pairs of sideband modulation frequencies in order to set up both bean-shaped pat—
terns simultaneously, while the carrier 1s supplied only to the center vaisual antemma
which provides a clrcular carrier pattern In addition, the phase of one pair of
sideband modulation frequencies in the side visual loops has to be reversed mth re-—
gpect to the other pair of sideband modulation frequencies, while both pairs of side-
band modulation frequencies are fed to the center visual loop in phase wath each
other As previously explained, these conditions are automatically satisfied by the
upper bridge circult

The aural antennas produce only one bean pattern at a time, so that all three
loops can be directly fed from the 1020-cycle sideband generator  Appropriate means
are required for controlling the relative power and phase of the side aural antennas
The two aural bean patterns are obtained by changing the phase of the curremt in the
side antennas by 180 degrees waith a double-pole double-throw relay which reverses the
line te the side antennas in accordance wath the D-U keying rhythm.

The installation of either a visual system or an aural system by 1tself would
be a comparatively simple and straightforward procedure. However, when 1t 1s desired
to operate both systems simultancously on the same tower, mutual coupling between the
two systems causes some difficulty Im order to eliminate the mutual coupling, it was
proposed to place each antenna system on a separate tower, but because of added equip-
ment and techmical difficulties, this i1dea was abandoned

When all six antennas are placed on a counterpoise with the center of each ar-
ray on the same vertiecal axis, the largest degree of coupling takes place between the
two center loops. Because of gymmetry, each pair of side antennas induces no current
in the center antenna or in the other pair of side antennas Also, each center anterma
induces no current in either pair of side antennas since the length of line to each
91de loop 15 adjusted to prevent the flow of parasitic current Although a horizontal
loop has zero radiation field in the vertical direction, the induction field from one
center loop induces considerable current in the other center loop since they are sepa—
rated by only one-quarter wavelength

The mutual coupling between the two antennas manmifests 1tself by two undesir-
able conditions First, parasitic curremt 1s induced in the visuwal loop by the aural
loop, and vice versa Second, as a result of this parasitic current, energy from the
visunal system 18 fed into the aural system and energy from the aural system is fed
into the vasual system In order to prevent the flow of energy between the two sys—
tems, a tie lane between the two center antennas was introduced As wall be shown
later, the tie line can alsc be used to control the parasitic current in the center
antennas

The operation of the tie line may be understood readily by referring to
figure 18 whach shows only the transmssion lines feeding the center antennas which
are mounted one above the other Iet us first consider the case where power 1s fed
into the vlsual loop Because of mutunal coupling between the loops, energy will ap-
pear in the aural loop and flow toward the aural transmitter. At point B, however,
the tie line w11l feed energy of the same magnitude but wath oppesite phase to that
of the induced current, thus producing a voltage node at B and preventing the flow of



visual energy into the aural transmitter Since the circuit 15 symmetrical, the re-
ciprocal relation will be true and none of the aural energy will flow into the vasual
tranam tter

The magnitude of the current in the tie line at point B depends upon the
transfer impedance between A and B The transfer impedance 1s determined by the
length of the tie line and by the length of the building-out section connected across
the tie lane Since the transfer impedance 1s purely reactive, the phase of the tae-
line current can differ from the applied voltage at A by 90° either leading or lag-
ging Thus, in order to control the phase of the current at B, 1t 1s necessary to
vary the length of line between A and ¢ While a reasonable amount of care 1s neces—
sary i1n the adjustment of the tie laine, 1t 1s mot cratical or dafficult to make

The tie line was located arbitrarily during the first experiments; that is,
point B was chosen at a convenient location and the positlon of point A was varied so
as tc effect a balance.

The first step when tuning the range was to balance the tie line so that any
further adjustments in erther the visual or the aural system could be wmade waithout
reacting on the other system After this, the relataive current and phase in the side
antennas were adjusted The final patterns were checked by taking field-strength
measurements on the ground at a radius of 200 feet.

When flight tests were made waith this set—up, it was found that the aural
patterns had poor clearance and several reversals of the signal at high angles when
the visual course was flowmn It was found that these difficulties were due both to
the wide spacing (135° ) of the sidg aural loops and to parasitic current in the
upper visual center loop  Because of parasitic current, the center antennas produced
a field pattern in the vertical plane which was quite different from the pattern due
to the side antennas This accounted for discrepancies between the observed hordizon-
tal pattern on the ground and the results obtained in flaght tests

Further investigation showed that the parasitic current in one of the center
loops could be eliminated This was accomplished by positioning the tie line at such
a point that the reactance reflected into the unfed loop would detune it for parasi-
tic currents If the center aural loop was energized and the tie line correctly
balanced, a virtual short would exast at point A. After the tie line was balanced
in order to prevent aural parasitic current in the vaisual center leop when the aural
center loop was draven, it was found that length BD was such as to cause visual para-
sitic current to flow in the aural loop when the visual loop was driven.

When the tie line was relocated, the spacing of the side aurzl antennas was
reduced to 100° in order to more nearly apprommate a cardioid pattern in the hora-
zontal plane. The side aural loops were also elevated to a helght halfway betmeen the
two center loops. This was necessary because of the physical size of the loops, since
the three aural loops would have touched each other if they had been placed at the
game level

Flight tests of this arrangement showed that the aural patterns were satis-
factory and produced no sector reversals except at very high angles directly above
the statien It was also found that the visual indications were free of sector re-
versals below a vertical angle of 45° Some flights wers made with only the visual
syostemn operating and math the lower center aural loop shorted out so as to prevent
the flow of visual parasitic current Under these conditions, the regsion of sector
reversals on the visual system was limited to vertical angles above 64° {rom the
horizontal

In order to definitely establaish that the high angle crossovers and reversals
were caused by parasitic current in the center loops, vertical field patternms of the
array elements were taken Thas was done by recording the output of a receiver whach
had a mamual volume control  Numerous flights were made at constant sltitude on a
radlal through the station in the vertical plane which passes through the wvisual array
Fipure 194 18 a representative recording of the flights made when the two side wvisual



antennas only were energized It wall be noted that the vertical field pattern 1s
comparatively smooth and gives but one lobe on either side of the vertical axis The
departure from symmetry in the two lobes 1s due to the effect of the airplane, since
the receiving antenna was mounted on the top of the fuselage

Figure 19B shows a representative recording of the flights made when the cen-
ter visual antenna only was energized The effect of the lower loop operating parasi-
tically 1s quite marked and shows up by producing a very deep null at a vertical angle
of /2% on each side of the station Inasmuch as the radiated field 1s reversed by
180° every time the field pattern passes through a minimum, 1t 1s apparent that aector
reversals should exist above 42% Thas 1s further confirmed by the fact that theoreti-
cally two lobes will be produced in the vertical plane by two antennas spaced abovse a
reflecting surface at distances of onhe-quarter wavelength and one-half wavelength,
respectively

These flights, as well as some other experiments which will be discussed
later, proved that high angle sector reversals were primarily dus to visual parasitic
current flowing 1n the lower aural loop It was therefore desirable to modify the
circuit in order to prevent parasitic action 1n both of the center loops This was
done by locating points A and B so that both center loops were detuned when either
loop was draven In order to accomplish this, 1t was necessary to use a tie line
with a transfer impedance which contained a resistive term and a reactive term As a
result, the input impedance of the tie line contained a resistive component which dis-
sipated power with a consequent loss in efficiency Thas loss i1n efficiency 1z not as
great as 1t appears, however, because the field in the horizontal plane 15 increased
by an improved distribution of energy in the vertical plane, when no parasitic current
flows 1n either center loop

A schematic sketch of the dissipative tie line is shown in figure 20 The
adjustment procedure i1s somewhat different from trat for the reactive tie line Pointsa
4 and B are determined by exciting one loop and placing a short on the transmission
line which connects to the other leoop The position of the short which results in
mimmum parasitic current in the non-driven loop 13 then determined This 1s done for
each center antenna and the tae line 1s comnected between the two transmission lines
at the positions where the shorts were located The tie line 15 next adjusted to pre-
vent interaction between the two systemsj that 15, when voltage i1s applied at point 4,
there should be zero veltage at point B and, reciprocally, when voltage 15 applied at
point B, there should be zero veoltage at poirt & This adjustment also automatically
satisfles the requirements for non-parasitic operation since & virtual short will ap-
pear at the end of the tie line opposite the end whach 1s draven

In balancing the tie lane, there are three variables which have to be adjusted,
namely, the length of line EF, the length of line BF, and the length of the building-
out section across point E. These three adjustments make 1t possible to obtain almost
any desired value of transfer impedance between poirtts A and B For convemence, the
resistance across point F was made equal to the characteristiec impedance of the trams-
mssion ling, although this 1s Dy no means a necessary condition. 4 wide range of
input 1mpedances could be obtained for a given value of transfer impedance Also,
the 1nput impedance at one end of the tie line 1s not necessarily the same as that
at the other end of the tie line. In fact, the input i1mpedances were arranged so a
greater percentage of aurazl power than visual power was dissipated.

Comparatively little power 18 needed from the aural sidebend generator in
crder to give the same distance range as the visual signals; therefore, from the
standpoint of power efficiency 1t 19 more desirable to dissipate a higher percentage
of aural power than visual power, which includes all of the carrier power as well as
half of the visual sideband power The order of power magmtude i1n the center vasual
antenna 18 about 150 watta, while the power in the center aural antenna 1s approximately
3 watts The power lest in the visual system 18 about 10 percent of the total vasual
power, whereas the power lost in the aural system 1s considerably greater than half
of the total aural power Because of the small amounts of power involved, 1t is5 dif-
ficult to make accurate measurements on the aurzl system.



When the resistive tie line was 1nstalled, the spacing on the side vasual
loops was reduced from 135° to 120°  Previcus flights had shown that although the
visual pattern clearance was good at most of the points around the station, it was not
entirely satisfactory when the plane was flying in the center of the 150-cycle sector,
due to the second harmenic of 90 cycles passing through the 150—cycle filter The
12C° spacing increased the clearance and produced a more suirtabls patternm in general

A schematic diagram of the complete circuit arrangement i1s shown in figure 21.
The double lines on the diagram represent the balanced two-wire shielded transmission
line used throughout the system to feed the r-f emsrgy to the antennas and various
circult elements. Bullding-out sections or stubsll are used to match the various cir-
cuits to the characteristic impedance of the two-wire transmission line so standing
waves are removed from the line. In one or two places stubs are used to mismatch the
line i1n order to cbtain the correct power distribution between two circuits which are
fed from the same source lLaine phasers are used to obtain the correct phase relations
between the antennas, and to adjust the phase of the 1020-cycle sidebands with respect
te the carrier The phasers, which are constructed of telescoping tubing in much the
same manner as a trombone slide, vary the relative phase by changing the actual length
of line in the circuat The size and the spacing cof the telescoping tubing are de-
signed so as to make the characteristic impedance cof the phaser the same as that of
the transmission line.

In geveral places, 1t will be noticed that a one—guarter wavelength stub i1s
connected across the line. These stubs have ne effect on the cirewat but serve
merely to correct conditions of unbalance. A one—quarter wavelength stub presents
infinmite impedance to balanced currents and zerec impedance to unbalanced currents so
that 1t effectively forces a balance at the point where 1t 1s connected across the
line. These balancing stubs are most useful in slimmnating unbalance occurring at
the energy source Unbalance 1in circuit components, such as antennas, phasers, etc ,
can best be eliminated by careful design and construction, with particular attention
being directed toward obtaining a symmetrical layout

Adjustments of the transmission line circuits feeding the antennas can be
made without difficulty provided proper attention i1s paid to the sequence in which
the various operations are made, Each of the six antennas was firgt matched to 1ts
respective transmission line This was done on the ground by locating the loop to
be matched at a height above ground which was identical to the height to be used
above the counterpoise Each loop was matched to i1ts own line with nome of the other
lgops 1n the vicinity. Then, the three visual loops were mounted on the counterpoise
and the side loops adjusted for non-parasitic action when the center loop was driven
After this, the three aural loops were mounted and the above procedure repeated

The transmission lines from the antennas to the transmtiter were connected
and matched and the proper location of the tie line was determined The tie line
was balanced by adjustment of the current stub and the two phasers shown 1n figure
21 It was necessary to match the line feeding the center aural antenna again since
comnecting the tie line introduced a disturbance on the line feeding the center
aural antenna No further adjustments were regquired on the line feeding the center
visual antenna after the tie line was connected The visual antenna transmission
lines were matched into the upper bradge of the mechanical modulator  Next, the phase
of the visual antenna currents was adjusted and the mechanical modulator was tuned.
The current distribution in the aural antennas was adjusted waith the aid of an i1ndue-
tively coupled radio—frequency meter The relative phase was adjusted in the same
manner as previously described The main transmtter instead of the sideband genera-
tor was used as the power source in making these adjustmwents since the power ocutput
of the sideband generator was insufficient to give a reading. The correct phase re-

1lg J. Sterba and C B Feldman, "Transmission Lines for Short-Wave Radio
Systems,"™ Proceeaings of the I R E , pp. 1163-1202, July 1932
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lationship between the main carrier and the sideband generator output was determined
by varying the sideband generator output phaser so as to give maxamm 1020-cycle out~
put with minimum distortion in a momtor. (See Appendix TII )

Suppressor Array

As previpusly discussed, the difficulties due to reversals st high vertical
angles were greatly manmimigzed by elimination of parasitlc current in the center an-
termas However, 1t was 1mpossible to completely eliminate reversals and oscillation
of the visual indlcator above vertical angles of 70°. In order to determine the effesct
of antenna height above ground, flights were made on a 125-megacycle pertable two-
course rangs with loops that were about 2} wavelengthe above ground and one-quarter
wavelength above a counterpoise. Flights were alsc made on a 109 9-megacycle localizer
wlth loops which were one-half wavelength above groumnd. These flights showed that a
certaln amount of course reversal took place at very high vertical angles regardless of
the helght of the antemnas above the counterpoise or above ground. Since theoretical
conslderations of the anterma system offered no explanation concerning this phenomenon,
it was decided that stray radiation was causing the high angle reversals.

The pattern in the vertlical plane of the loop antenna 18 a flgure-of-eight
with maximm intensity directed along the horizontal and zero signel being radiated
directly upward Dhirectly over the station no direct signal 1s received; therefore,
any stray sigpal which 13 radiated from the outer sheath of the transmission line or
from the equipment mll predominate 1In addition to this, the receiver operates on
automatic volume control so that 1ts sensitlivity 1s greatly increased when in the
cone-of-s1lence area over the range station As a result of these two factors, the
effect of a small amount of spuricus signal 15 greatly magnified and causes oscilla-
tion of the vlsual indicator when the flaght 1s over the station

The order of magmitude of the visual indicator devaiation was such that a pilot
would attempt to follow the course discontinunities when flying over the station at high
altitudes and, as a result, wonld find himself an one of the quadrants rather than on
the reciprocal course. At low altitudes, the visual pointer would vary so rapidly that
there would be no possibility of misconstruing the indication. It was decided that 1t
would be more desirable to have no signal at all over the statioh than to have false
indications, since the pilot would merely hold his heading when the signal faded out
and keep that heading until he encountered the reciprocal course.

To eliminate this difficulty it was proposed to suppress the stray radiation
directly over the station and to hold the receiver in automstic volume control by
means of an unmodulated signal directed upward i1n a manner similar to that of the 75-
megacycle cone—of-silence marker.l? This suppressor signal differed in frequency
from that of the range carrier by 25 kilocycles so that no audible beat would be heard
and no phase interference between the two signals would occur to produce further
minims and maxima in the vertical field patiern.

The first suppressor arrangement used a transmitter which supplied 40 watts
on 124.975 megacycles and an antenna array of four half-wave dipoles These dipoles
wore spaced one-quarter wave above the ground and were arranged im the form of a cross
One pair of in-phase coaxial half-wave elements were fed in quadrature to the other
pair of in-phase elements to give a circular field pattern Flights made with this
arrangement showed the suppressor operation to be fairly satisfactory, although 1t was
found that the cone i1n which the suppressor functicned was somewhat too broad and
that the power output of the suppressor transmitter was not sufficlent for the amount
of main carrier power (150 watts

12y, E. Jackson and H 1I. Metr, "The Development, Adjustment, and Application
of the Z-Marker," CAA Technlcal Development Repert No. 14, July 1938.
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Greater directivity in the vertical plane was obtained by doubling the number
of antemna elements This not only decreased the cone angle in which the suppresscr
was effective but increased the effective power radiated directly upward so it was
not necessary te increase the output power of the suppreasor transmtter The new
suppressor array consisted of elght half-wave dipoles arranged as shown in figures 22
and 23 and spaced one—quarter wavelength above a counterpoise The four nerth-south
antennas were fed i1n phase, and i1n phase quadrature with the four east-west antennas
This arrangement gave very satisfactory results inasmuch as the cone of the suppres-
sor has a much more defimite and longer cone—of-silence than the present low-frequency
four-course aural ranges.

Numerous recordings were made to show both the effect of the suppressor array
and the effect of elimmnating the parasitic current in the lower center loop  These
recordings of the visual indication were made flylmg over the station perpendicular
to the visual courses TFor an ideal cone indicatzon, the visual indicator should
move emoothly without reversing direction from one side tc the other, or vice versa

Figure 2/A shows a recording taken without the suppressor transmitter opera-
tang and wath parasitic current flowing in the lower loop The visual indicator os-
cillated several times before 1t defimitely reversed 1tself The amplitude of the
oscillation was such that the visual pointer deflected more than full scale Figure
24B shows the improvement when the suppressor transmitter was turned on  This con-
siderably decreased the amplivude of oscillation, although not sufficiently to be
entirely satisfactory. In order to increase the ratio of the suppressor transmitter
power to the power of the main transmtter, the plate voltage was reduced on the main
transmitter TFaigure 24C 1s the result of a flight test made under these conditions,
shoming that further improvement could be obtained by effectively increasing the
amount of suppressor signal wath respect to the main signal In order to lumt the
visual pointer oscillation to the order of magmitude shown in figure 24C, 1t would
be necessary to have a suppressor transmitter with a power output comparable to that
of the main transmitter

By eliminating the parasitic current in the lower loop, still further im-
provement was obtained, as shown in figures 254, 25B, and 25C These flight tests
were made i1n the same manner as the previous tests except for a difference in alti-
tude The latter tests were made at 2000 feet instead of 1000 feet Figure 254 is
almost 1dentical to figyre 24A since the conditions of operation were the same, that
13, both recordings were taken without the suppressor transmtter operating and wth
parasitic current flowing in the lower loop Figure 25B shows the very marked im-
provement obtained by detuning the lower loop so as to prevent the flow of parasitic
current, while figure 25C shows the additional improvement obtained by turnming on
the suppressor transmtter in addition to eliminating the parasitic current

The results of flgure 25C are quite satisfactory and provide the nearest ap-
proach to the i1deal condition The vasual indicator pointer moved smoothly from full-
scale posaition to the center of the scale where 1t remained for a short interval and
then traveled smoothly to the opposite full-scale position. This operation 1s pre-
ferable to the previous conditions where the visual indicator oscillated several times

Extensive flight tests showed that a nominal amount of power supplied to the
suppressocr array would give a satisfactory cone-of-silence provided the parasitic
current in the lower center loop was eliminated. The suppressor transmtter had to
supply about one-fifth as much powsr .as %hat svpplied by the main transmitter Later
tests on a two-course range utlllzlngiawdi£ﬁerent system showed similar results for
the suppressor actlon, and these will be €dastussed more thoroughly in the discussion
of the flight tests.

Some tests were also conducted to determine if the suppressor system could
furnish aural and visusl indications similar to those now produced by the 75-megacycle
cone-of-s1lence marker. To accomplish thls, the suppressor transmltter was modulated
with 3000 cycles while the cutput of the range receiver was connected to the audio
filters and rectifier of the standard marker recelver. Under these conditions, the
marker light operated in almost the same manner as when the regular 75-megacycle cone-
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of-s1lence marker was supplying the signal. The duration of indication was slightly
less than with the standard Z marker, and the marker light went out briefly when the
airplane was directly over the station Thls was due to the vertical pick-up charac-
teristic of the horizontal loop receiving antenna Since the time these tests were
made, another type of receiving antemna has been used which will receive signalse
atralght dowrard so that the light wall not go ocut when the plane i1s directly over
the station However, a simultaneous volce feature has been added since these tests
so voice frequencies are included 1n the receiver output. This necessitates another
filter to prevent speech components from operating the marker light. Becaunse of
added complications, 1t was decided to abandon the idea of using the suppressor system
for Z-marker indications since the present 75-megacycle marker systems adequately
supplied the desired 1nformation without the necessity of interlocking the range and
marker indications.

Demonstrations

In the Introduction to this report, it was stated that tests in the Lank
Tralner showed the two—course visual range wlith sector identification to be the most
desirable type of range from the standpoint of havaing the simplest navigation proce-
dure. The equlipment described so far was built specifically for the purpose of
showing that the navigation system as set up 1n the lank Trainer could be duplicated
in practice and for the purpose of having a2 workable system to demonsirate under ac-
tual flight conditions This work completed the original contract with the Interna-
tional Telephone Development Co., Inc , which was performed in cooperation with Civil
Aeronautics Administration engineers. In the fall of 1941, demonstrations were given
to various interested groups, scme of which included representatives from warious di-
visions of the Caival Aeronauties Admnmistratlon, Radic Technical Commisslon for
Aeronautics, the Air lane Pilots Association, and representatives from the variocus
airlines.

It was the unanimous declsion of these groups that the visual-aural ultra-
high-frequency radlo range system be adopted for installation on the airways to super-
sede the four—course low-frequency ranges now used to defime the airways It was
further recommended that a number of the low—frequency ranges be kept in service for
darection finding purposes. It was also recommended by these groups that the sector
identification be continuously interlocked in order to provide a pair of aural courses
at right angles to the visual courses and that simltaneous voice services be provided
witkout the necessity of interrupting the aural or vasusl services.

DEVELOFMENT OF VISUAL AND AURAL SYSTEMS WITH SIMULTANEOUS VOICE

It was originally planned to provade simultaneocus voice with visual courses by
transmitting voice in lieu of the 1020-cycle quadrant and station identification aural
elgnals which were transmitted once every 30 seconds, 1nasmuch as it was believed that
an interruption of these sigpals would not be objectionable. With this arrangement,
1t would be comparatively simple to transmit speech by supplylng voice sidebands to the
lower center antenna only, after the aural sidebands had been removed This could
easily be accomplished by short-circuiting the line to the side aural antennas and mo-
dulatipng the aural sideband generator with speech imstead of 1020 cycles. However, the
recommendation made by the Radio Technical Commssion for Aercnautics that all three
facilities be continuously available considerably complicated the problem of supplying
volce trangsmassion It became necessary to devise a system which would either allow
the sidebands of all three services to be transmitted from the same center of radiation
or utiligze a separate carrier for the transmssion of voice.

Separate Carrier Tests - System No 1

The possibality of using a separate carrier which differed in frequency from
the mailn carrier by about 20 kilocycles had previously been examined for the aural
part of the system This was done by replacing the sideband generator with a separate
30-watt transmitter which had a carrier frequency 20 kilocycles below the visual trans-
mitter and modulated at 1020 c¢ycles. Since the differemce in frequency was very small,
the tie line remained balanced and the other circuits remained in tune There was no



22

necessity of adjusting the relative phase between the aural and the vasual systems
since they were on different frequencies Tre difference in frequency was insuffa-
cient to give any difficulty due to receiver respcnse

Flight tests made with this arrangement showed that the method could be made
to work but that 1t possessed several disadvantages The biggest disadvantage was the
fluctuation of the visual indicator with the D-U keying This occurs when the airplane
is off the visual or aural courses, since tre total received carrier fluctuates except
when the plane 15 on the aural course and changes the effective modulation of the
visual frequencies TWhen the airplane 1s on the visual course, the indicator receives
no visual modulation energy, so a change in total carrier level will have no effect on
the indicator The excessive indicator fluctuation was due to the large amount of
aural carrier that was necessary with the two-carrier method in comparison to the small
amount of aural sideband power that was necessary with the sideband generator

Although the two-carrier method did not offer many advantages as a substitute
for the sideband generator 1t did offer advantages when used for transmitting voice
In this case, the carrier could be left on continuously so that there was no varlation
of received signal due to the aural keying A 100-watt transmitter was used to supply
the separate carrier on the 125 020 megacycles. The energy was fed into the lower
center antennz and the aural side antennas were short-circuited. For these tests,
the aural system was not used since 1t was desired to determine only 1f intellamble
voice could be obtained with this method. If this method of operation proved desir-
able the aural signals could again be added waithout difficulty The problem of detec-
tion 1n the receiver for the two—carrier system was gaven careful consideration  Both
square-law and linear detection were investigated experimentally and thecretically

Let two carriers of amplitudes E; and E, and radian frequencies «h and G, be
modulated to degrees mj and mp by radian frequencies p and g, respectively Analysis
of square-law detection, given in Appendix IV, shows that a normal amount of second
harmomic 1s present and no components of rad:an frequencies (p * g} are present. If
the difference frequency of the two carriers 1s supersonic, no dlstortion terms other
than second harmonics will be heard in the detector output

Analysis of linear detection indicates that distortion terms of all possible
combination frequencies are present.l? The principal audio distortion terms are of
radian frequencies 2p, 2q, (p+ q), (3p+ q), (20 * p) and 2 (p*+ q) As brought out
1n Appendix V, the serles used in evaluating the various terms in the frequency
spectrum for linear detection converge for a restricted range of values of carrier
amplitude ratio K and degrees of modulation mj and mp only, thus limiting analysis
of the problem

Using the equations given in Appendices IIT and IV, the amplitudes of output
voltages after square—law and linear detection were computed for XK =1/10, 1/3, 1/2,
and my = mp = 0 5, and collected 1n table II.

K=1/2 1s somewhat beyond the limiting value of Kpgy for linear detection,
ag detormined from figure 26 It 15 believed, however, that the computed amplitudes
for K =1/2 are still fairly close to the actual values. The results given in table
IT are plotted in figures 27 to 29, inclusive Figure 29 shows relative amplitudes
after aquare-law and linear detection versus ratio of carrier amplitudes, the ordi-
nates are in terms of the amplitude of the fundamental of modulation frequency q/27r
of the stronger carrier

Simlarly, figure 28 shows the relative amplitudes of the detection products
versus K, but the ordinates are in terms of the amplitude of the fundamental of modu-
lation frequency p/2  of the weaker carrier. Figure 27 shows a frequency spectrum

¢ B Aikerr, "Theory of the Detection of Two Modulated Waves by a Linear
Rectifier,” Proceedings of the I R.E , pp. 601-629, April 1933.



TABLE II

RELATIVE AMPLITUDES OF OUTPUT VOLTAGES OF DETECTOR

K = Carrier Amplitude Ratio

SQUARE-LAW DETECTOR

Degrees of Modulation my = mp= 50%

K =1/10 K=1/3 K=1/2
Relative
Amplitudes | ref teo|ref to |ref to |ref. to|ref 1o [ref to
q P q P q P
Eq 100 16,000 100 900 100 400
E2q
Ty 12 5| 1,250 12.5 113 12 5 50
E, 1 100 111 100 25 100
Eq
Ep
P 0.125 12 5 139 12 5 313 12 5
Eq
+
= d 0 o o 0 0 o
q
LINEAR DETECTCR
Eq 100 7,300 100 1,450 100 566
E2q
= 0 09 15 5 117 16 9 34 19.2
q
Ep
+ 0.58 100 & 93| 100 17.7 100
q
Fap
Eq 0.073 126 092 13 3 26 Y, 7
Bt q
0.149 25 7 192 2 8 4.14 23 4
Eq

based on table IIL
amplitudes

The length of the lines are approximately proporticnal to the

The following conclusions can be drawn from consideration of the above figures
Second harmonic distortion of the modulation of the stronger carrier is considerably
less for linear than for square-law detection, however, second harmonmic distortion of
medulation of the weaker carrier 1s nearly the same for both types of detectors  Sec-
ond harmonics do not greatly reduce intelligability of speech or the brilliance of a
tone Cross-modulation terms of radian freguencies (p * g), etc , reduce the intel-
ligibailaity of speech and make a tone appear rough. This is especially true if one of



the modulation frequencies 1s low, for example, 90 or 150 cycles Figure 28 shows that
mth linear detection a cross-modulation term (p * q) of the order of 25 percent of

the fundamental amplitude EP 15 present and nearly independent of K This and the
other cross—modulation terms make speech considerably more diffiecunlt to understand
with linear detection than with square-law detection

It 15 worth mentioning that if the weaker carrier i1s not desired, as for in-
stance 1n case of an interfering station, linear detection gives less distortion than
square-law detection a3 long as the ratio of carrier amplitudes 18 substantially
smaller than unmity.

The theoretical studies were confirmed by actual tests both on the ground and
in the air TWith approximately equal amounts of power contributed by the visuval trans-
mtter and the voice transmitter, the relative field at a distance of 200 faet was
about 5 to 1 i1n favor of the vaisual transmitter This was largely due to the loss in
the tie line and the lower height of the volice center antenna. The distortion measure—
ments were made with a wave analyzer in the receiver laboratory of the CAA Experimental
Station, which was located about 3200 feet away from the ranges station Excellent
voice quality with very low distortion waa obtained when a square-law detector was
used. A linear detector produced speech which was understandable but which contained
considerable distortion

In making the flaght tests, the receiver was arranged to provide both linear
and square-law detection; linear detection was used for the vlisual range indlcations,
and elther linear or square-law detection was used to rectify the voice signals The
visual indications were normal and neo interaction from the voice signals wus encoun-
tered The quality of the recelved voice was good when the square-law detector was
used When the linear detector was used the voice quality wes inferior and was quite
difficult to understand under flight conditions.

Because of the numercus extranecus noises encountered while in flaght, voice
quality for aircraft use must be considerably better than that quality which will gave
intelligaible speech on telephone carcuits  For this reason the linear detector was
not satisfactory for use in aircraft service, although in a quliet laboratory a fair
degree of intelligibility could be obtained

These flight tests indicated that satisfactory voice could be obtained, however,
the distance range was only about 10 miles due to the excessively low field stremgth
from the voice carrier In order to increase the distance range and to obtain more
complete data, the voice transmtter was fed into a separate antenna located at the
edge of the counterpoise at a distence of 15 feet from the visual center antenna and
one-half wavelength above the counterpoise. The aural sidebands were fed into the
lower center loop and lower side loops in the usual manner, and complete simultaneous
operation was obtained The flight tests with thas range gave a dlstance range of
approximately 22 mles on visuval, voice, and aural at 1000 feet altitude. At this
time a loop-type recelving antenna was used on the airplane later information ob-
tained on a V-type receiving antenna indicated that the distance range would have been
approxcimately 36 miles 1f this type of aircraft receivang antenna had been used during
the tests on this range system.

During these tests the two carriers were adjusted to be equal. Ground tests
were also made with the aural system 1noperative, with the visual system cperating
normally, and with the voice channel modulated with 1020 eycles using beth linear and
square-law detection. Under these conditions the distortion terms 870 and 1170 cycles
{p * q)} were about 3 5 percent of 1020 cycles for square-law detection and approxi-
mately 2C percent of 1020 cycles for linear detection

Five-Loop Simultaneous Range - System No. 2

The need for developing a visual-aural range with a simultaneous voice facility
brought up the question as to what type of antenna confipuration and circuit arrange-
mont would be most deslrable The previcus section describes some tests using a sepa-



rate carrier in which the voice was transmitted from an antemna located about 15 feet
away from the center of the visual-aural antenna system  Although this operated satis-
factorily, 1t was not considered a desairable arrangement since the voice signal would
have a different field pattern in the vertical plane from those of the visual and

aural signals

It was also desired to set up 2 simultaneocus range in which the aural and voice
signals would consist of double sideband energy which combined with the carrier supplied
from the visual system Te do this, 1t was essentral that all three signals have the
same center of radiation  Otherwise, the phase of the sidebands waith respect to the
carrier would change as the agzimuth angle changed with a resultant increase i1n distor-
tion and possible loss of the aural and voice signals at critical angles

When the program of developing a visual-aural radioc range was first inmitiated,
numerous methods were proposed for accomplishing the desired results  The system which
appeared to be most straightforward was the six-loop system using a tie line to prevent
interaction between the two aystems  Eerly tests using this antenna arrangement showed
that the system had definite possibilaities and, accordingly, the first part of the work
described in this report centered around this system

later 1t became obvious that the problem of making the tie line operate in the
desired fashion was not a simple one and another system using five loops which had
several advantages was proposed. This system combined the vasual and aural energy into
one center antenna by means of a radio-frequency bridge of the same type as that used
1n the mechanical modulator The only disadvantage of this arrangement was the neces-
s1ty of dissipating a congidereble amount of energy in the balancing impedance of the
bridge At the time thas proposal wes made, 1t was thought that the tie lane could be
made to operate satisfactorily without any loss in efficlency, so the five-loop system
was not tried lLater developments showed that 1t was necessary to dissipate soms power
in the tie line i1n order to reduce the high angle lobes; therefore, the question of
comparing the respective power efficiencies of the two systems became less of a factor
1n decidaing their relative merits.

When it became evident that a six-loop antenna system was not well suited to a
simultaneous range system, 1t was decided to proceed with the development of a five-
loop antenna system which combined all three signals i1nto the center antenna by means
of two radio-frequency bridges Thus, a more symmetrical array resulted with a conse-
quent reduction in complexity of the feeding circuits. Figure 30 shows the five-loop
antenna system which 1s spaced one-half wavelength above the counterpoise The
spacing of the outer loops was set at 120° for the reasons given in the theoretical
discussion

The bleoeck diagram of System No 2 1s shawn in figure 31  As before, single
lines on the diagram represent two-wire balance sbielded transmission lines The
manner in which the visual energy 1s modulated 1s exactly the same as in the previous
range, mith the exception that the carrier cutput of the upper bridge of the mechami-
cal modulator does not feed the center antenna directly Instead, it connects to r-f
bridge No. 3, which combines the visual sidebands, aural and voice subcarrier side-
bands, and carrier into the center antenna  The bradge 1s balanced by impedance Z3,
vhich 15 equal to the impedance locking into the transmssion line feeding the center
loop Since the bridge 15 balanced, no energy from the visual system can appear in
either the aural o. the volice channel, and vice versa

The aural and voice subcarrier sidebands are comblined in r-f bridge No. 4,
which in turn feeds r-f bridge No. 3 If it were not necessary to furnmish voice, the
aural subcarrier sidebanda could be fed directly into bridge No 3. However, when
volce 1s supplied, it is necessary to prevent interaction between the aural and the
voice channels, in addition to preventing interaction between these two channels and
the vieual channel Therefors, bridge No 4 1s necessary and must be balanced in the
same way as bridge No. 3 That 18, Z, must be equal to the impedance looking ainto
bridge No. 3 so that the volice channel 1s independent of the aural channel, and vice
YOrsa.



A4s 1n the original visual-aural range, the side aural loops are fed from the
same source that feeds the center loop. Smtable means are used for adjusting the
relative amplitude and phase of the side antennas with respect to the center loop
Keying of the aural patterns 1s accomplished by reversal of the line feeding the side
antennas

A total of four phasers 13 necessary to ensure correct phase relatiemships in
the various parts of the system COne is used for each pair of side antennas and one
1s used for each sideband generator, that is, the current in each pair of side anten-
nas must be correctly phased with respect to the current in the center antenna in order
to obtain the correct field pattern, while the phase of the sidebands with respect to
the carrier must be correctly adjusted in order to obtain minimum distortion  The an-
tenna phasing adjustments have already been described and need to be made only when
the system 15 first tuned since the characteristice of the antenna system will remain
constant The phase of the sideband generators is dependent on the tuning of the tank
circuits, thereby making it necessary to rephase the sidebands when tube replacements
are made. Phaesing of the sideband generators is accomplished by adjustment of phasers
placed between each sideband generator and bridge No. 4, as shown in figure 31 The
phaser i1n the aural sideband circuit is adjusted for minimum 150-cycle response and
maxamum 1020-cycle aural respense. The 150-cycle mimimum and 1020-cycle maximum occur
at approxamately the same phaser position  Figure 32 1s a graph showing measurements
taken 1n adjusting the phaser The phaser in the volce sideband generator circult is
adjusted in a similar manner

System No. 2 transmts the aural and volce intelligence on subcarriers, as
shown in figure 33 The 1020-cycle aural modulation 1s placed on a 12-kilocycle sub-
carrier and the voice modulation 15 placed on a 20-kilocycle subecarrier The main
purpose of using two subcarriers was to provide a system which had the maxamum degree
of freedom With thig system 1t was possible to transmt the entire voice spectrum
wthout eliminating the low frequencies in the visual modulating freguency spectrum
or the band around 1020 cycles It also precluded the possibility of the voice being
broken up by the higher order harmomes produced by the mechanical modulator  Further-
more, 1t was believed that there would be less possibility of overmodulation in the
voice channel producing any effect on either the vasual or the aural indications A
secordary consideration was the possibilaty of reducing the weight of the aircraft
equipment due to the simpler filters which could be used for separating the 12-kilo-
cycle and 20-killocycle channels rather than the band pass-band rejection filters which
are now necessary for separating the 1020-cycle aural medulation and the voice modu-~
lataon

Excellent voice reproduction was obtained with little interference from either
the aural modulation or the visual modulation A graph of the over-all transmitter
and recelver audio responde 15 shown in figure 34 for both the aural range and voice
channels. The use of the subcarriers somewhat complicated the receavang circuits and
1t was subsequently found that no substantial improvement was obtained  After the
main carrier was rectified and the 90- and 150-cycle modulation freguencies were ob-
tained, 1%t wag necessary to separate the subcarriers and detect each one separately.
Although the 12-kilocyele and 20-kilocycle detector-amplifier unit was not reduced
to 1ts lightest weight, it did not appear that any weight improvement could be made
over other systems to be described later.

Subsequent development showed that the same results could be obtained without
the necessity of placing the voice and aural course 1ntelligence on subcarriers
However, the development of System No 2 showed the practicability of a five-loop
system and 1ts advantages over the original six-loop system  Also, much valuable
experience in regard to the use of subcarriers in aircraft applications was obtained

Five-Loop Simultaneous Range - System No 3

This system used essentially the same r-f eircuit as that of system No 2
A block diagram of system No 3 1s shown in figure 35, the main difference between
this and the previous system being the distribution of frequency components The
frequency spectrum 153 shown in figure 36 The antenna system and radiated field pat-
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terns are i1dentical to those of system No 2

Work on this range was started by International Telephone and Radio Laboratory
enginesrs some time after system No 2 had been partially constructed The original
intent had been to use the visual-aural system previously described and add the voice
facality by using a bridge network to combine the aural and voice energy  Considerable
time was spent in an effort to make this scheme operate The work may be best summed
up by stating that the tie line was finally found to possess dlsadvantages over the
r-f bridge from the standpoint of power efficiency when 1t 1s desired to feed a con-
siderable amocunt of energy to the lower center loop

From the standpo.nt of using the simplest antenna configuration and having the
most straaghtforward adjustment procedure, the system using five antennas with a
bridge 1n the center antenna circuit 1s the most desirable one  This was adepted and
utilized the same equipment which was originally used with the six—leop visual-aural
aystem The only additional pieces of equipment necessary were the sideband generators
which supplied 40 watts of voice-modulated energy and the 20-kilocycle subcarrier
equipment  Since the major dafference between this system and system Mo 2 1s the
lack of a subcarrier for the aural system, 1t will not be necedssary tc describe the
radio-frequency circuits. The results obtained with this system were entirely satis-
factory and the receiving equipment used was simpler and lighter tran that used with
system No. 2

Five-Loop Simultaneous Range - System No 4

System No. 4, the block diagram of which 1s shown 1n figure 37, 1s essentially
the same as system No 3 except that a subcarrier was nct used for voice Instead,
voice didebands were applied directly to the main carrier The frequency spectrum for
system No. 4 15 shown in faigure 38 The equipment used was identical to that of system
No 3 The changeover was effected merely by removang the 20-kilocycle subcarrier
generator from the circuit and modulating the sideband generator directly with voice

Numerous flight tests were made 1n whach systems Nos 2, 3, and 4 were com-
pared directly Briefly summarized, the flight tests showed that 1t made little dzf-
ference whrether the aural and voice facilities were placed on subcarriers or whether
they were transmitted directly on the carrier Direct comparison between systems Nos
2 and 3 stowed that the aural signal had the same quality with either system, and an
neither case was there any appreciable amcunt of keying reaction on the vasual or
voice circuits Darect comparison between systems Nos. 3 and 4 disclosed no difference
1n voice quality or intellagibilaty. In fact, 1t was quite dafficult to distinguish
between the three systems when they were properly adjusted. It was observed that the
noise level on the voice cirecmit at the extreme servace radius was noticeably higher
when subcarrier transmission was used.

Since there was little difference between the results obtained wmath each of
these tnree systems, 1t was finally decided to transmt all of the facilities directly
on the carrier This simplified the transmtting and receiving equipments due to the
elimnation of subcarrier equipment and more complicated receiving equipment

The most important feature of systems Nos 1, 2, 3, and 4 1s that the visual
indications are independent of phase shift and changes in power output which might be
caused by heating of tuned circuits, tube aging, etc , that 1s, the course sharpness,
course location, and pattern clearance are not affected by these changes This is
due to the fact that the shape of the transmtted patterns 15 determined only by the
physical constants of the transmission lines, bridges, and phasers which appear be-
tween the center antenna and the side antennas  Any change in radiated carrier power
will have little effect on the courses since the receiver operates on avtomatic gain
control and would therefore maintain a constant audio level and, hence, a constant
visual course width Phase shift 1n either of the sideband generators has no effect
on the courses, although the relative level and distortion on the voice or aural
chanmel wi1ll be affected A change 1in sideband power output will affect the audio
level of either the roice signal or the aural signal, but since all three aural anten-
nas are fed from the same source, the pattern shape and the course sharpness will re-
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main constant

These statements have been checked by actual tests which simulated the sort of
conditions which might be encountered in practice The power output was reduced 1n
various parts of the system and the phasing of various circuits changed by detuning of
the tank circuit without any effect on the location or sharpness of the courses  Also,
eirther the voice or aural facility could be turned off without affecting tre remaiming
services. Loss of the visual syster will resulit in the complete loss of all three
facilities since the carrier 18 supplied from tre visual transmitter Cne of the major
advantages of thls system 19 that a false indication cannot be given under any circum-—
stances since either the correct signal will be transmitted or no signal wiil be
transmitted.

Five-Loop Simultanecus Range — System No 5

It was previously stated tlat systems hos 2, 3, and 4 had an extremely high
degree of stability and that the course sharpness and course location are unaffected
by normal changes in the transmltting equipment It was also stated that there was a
loss of power efficiency in these systems because of the necessity of dissipating a
portion of the r-f energy in the balancing irpedances of the bridgea

The frequency spectrur for system ho 5 15 1dentical to that of system No 4
which 15 shown in figure 38 This system represents a compromise between efficiency
and stability In this system, the bridge losses have been reduced to a negalgible
amount by utilizing class C amplifiers instead of sideband gemerators  Referring to
figure 39, r-f bridge No 4 1s fed by two class C amplaifiers whose outputs are equal
to each other and on the same frequency as the main transmitter When no modulation
1s applied to either of the amplifiers, all of the carrier energy flows to briage No.
3 HNone of the carrier energy appedrs at the side aural antennas because of the
crossover in bridge No 4  The side aural antennas also act to balance the bridege and
prevent interaction between the two class C amplafiers

Both amplifiers are mecdulated in phase with voice and the sidebands are fed
to bridge No 4  All of the voice sideband energy flows to bridge No 3 and none ap-
pears 1n the side aural antenras

To transmit the aural sidebands, only ons of the class C amplafiers i1s modu-
lated The aural sideband energy is divided in bridge No 4, cne-half of the energy
being fed to bridge No 3 and the other half of the energy being fed to the side aural
antennas In order to obtain tte aural courses, a reversing relay 1s placed 1n the
line to tte side aursl loops i1n a manner similar to the arrangement used 1in other
gystems. An alternate method of keyang 1s to modulate first one class C amplifier
and then the otrer in accordance with the D-U keying rhythm In this way, the phase
of the aural side-band energy in the side anternnas with respect te the phase cof the
aural sideband energy in the center antenna 15 reversed because of the cressover in
bridge No 4

This system 1s 1dentical to the systems previously described in that one-half
of the sideband energy 1s dissipated 1in bridge No. 3 However, only a small amount
of carrier power 1s dissipated for the same reason that no energy 1s lost in bridge
No 4, that 1s, the carrier energy from bridge No 2 and bridge Bo 4 combine 1in
rhase to feed the center antenna  Because of the crossover, the carriers will partially
cancel at impedance Zg, resulting in a substantial reduction of power loss  When both
carrier powers are egual, no voltage will appear across Z4 and consequently no power
w11l be dissipated Even when the carrier power from bridge Ne 2 15 much greater
than that from bridge No 4, the power loss i1s still quite low For instance, when
the power from the main transmitter i1s twice that of tre power supplied by beth class
C amplifiers, the carrier power lost in Zq 1s less tran 3 percent of the total carrier
power passing into the center antemma It can thus be seen that a large increase in
power efficiency has been obtained with system No 5, since the network efficiency for
both the carrier energv and the sideband energy 15 approximately twice that cbtained
with the previous systems
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It 15 necessary to dissipate a portion of the energy supplied to the side an-
ternnas in order to obtain the current ratic which mll produce the desired patterm
shape. As discussed i1n the first section of this report, the most favorable shape of
pattern 1s obtained when the value of K 18 2 0 With the arrangement shown in figure
39, the value of X for the visual array would be 1 O 1f Z; were omtted, while the
aural array would have a value of K equal to 1 41 1f 1, were omltted Since the power
in the side loops cannot be varied by adjusting the impedance into which the bridge
looks, because of the mecessity of keeping the bridge balanced, 1t was necessary to
place durmy loade, Z, and Z,, across the lines feeding the side loops In this way
the correct i1mpedance can bé presented to the bridge, since after the power is cor-
rectly divided by adjusting the dwmy load, the transmisaion line 18 matched to rebal-
ance the bridge.

Although system No 5 13 coensiderably more efficlent than systems Nes 2, 3,
and 4, 1t does not possess the inherent stability of these systems A chabge 1in
phase or amplitude of either of the class C amplifier outputs or of the maln trans-
m.tter output of system Ne & will produce a more harmful effect than a simllar change
of phase or amplitude in the umits of the previous systems It will be recalled that
tests on the previous systems showed the course indications to be substantlally free
of phase and amplitude changes

This 1s not true of system No 5, as can be seen from both theoretlcal con-
siderations and actual tests For instance, a change in the phase or amplitude of
cne of the class C amplifiers wall allow carrier and voice energy to appear ain the
gside aural antennas due to the fact that bridge No 4 wmll become unbalanced. Because
of the keyer in the line to the side loops, the phase of the carrier ana voice enérgy
eppearing in the side aural loops will be reversed in accordance with the keying
rhythm and, w1l cause fluctuation of both the carrier and the voice levels  Except
when the airplane 1s on the vlsual course, fluctuation of the carrier level will cause
the visual indicator teo vary 1p rhythm waith the D-U keylng, which is annoying to the
pilot Also, the voice transmisslon will become difficult to understand at some azi-
muth angles because of the fact that 1t will be keyed similarly to the aural signals
The degrees to which these difficulties impair the operation of the system depends
upon the amount of phase or amplitude change Systems Nos 2, 3, and 4 are fres from
these defects since 3 failure of the voice or aural facillty Las no effect on the re-
meining services

TRANSMITTING BEQUIPMENT

Type TUE Transmtter - Non-Simultanecus System and Systems Nos 1, 3, 4, and 5

The type TUE transmitter opérated on & frequency of 125 megacycles A type
807 tetrode served as a combination crystal oscillator and quadrupler stage  The
crystal was ground to oscillate on a frequency of 3906.25 kilocycles, An BO7 doubler
stage followed, which in turn excited two more doubler stages using 304-B triodss
The output of the 125-megacycle doubler was link coupled to a neutralized push-pull
amplifier-driver stage which used two 100TH triodes  The output of this stage ex-—
cited the neutralized power-amplifier stage which used two type HK-454-H triodes A
tuned output circult was used to couple ths transmitter to the mechanical modulator
unit The average carrier power appearing at the transmitter output terminals was
approximately 200 watts

Excitation for the sideband generators used in gystems Nos 3 and 4 was ob-
tained from the last 304-B doubler stage Excitataon for the volce and aural class
C amplifiers used in system No 5 was cobtained from a lick which coupled to the tuned
ocutput circuat A diods monitoer which used a 6H6 tube was capacitively coupled to
the output circuit

Protective grid bias to all stages was supplied by a selenium rectifier powsar
supply. Plate and screen veltages for the osclllator end multiplier dtages were sup-
plied by a brldge rectifier using four 5Z3 tubes Plate voltage for the amplifler-
driver and power-amplifier stages was supplied by a bridge rectifier using four 866-A
tubes
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Type TUD Transmitter — Systemg Nos 1 and 2

The type TUD transmitter operated on 125 4 megacycles A type BQ7 tube was
used as a fundamental crystal escillator and frequency quadrupler A crystal frequency
of 5225 0 kilocycles was used The crystal stage was followed by an 807 doubler and a
neutralized fundamental amplifier which used a type HK-54 tube. This stage was link
coupled to a pair of HK-54 tubes which were used as a push-pull trapler The tripler
stage was 1nductavely coupled to the neutralized power amplifier which also used a pair
of HK-54 tubes  An untuned output circuit coupled the output to the mechanical modu-
lator. A 6H6 diode, capacitively coupled to the ocutput circuit served as a monitor
The average carrier power output of the transmitter was approximately 150 watts

The same transmitier rack alse contained a class B audio amplifier which had
originally been used to modulate the power-amplifier stage Since plate modulation of
the final amplifier was not used in systerm No 2, the class B amplifier was disconnec—
ted from the final amplifier and used to modulate the 20-kilocycle subcarrier generator
which fed the voice sideband generator A pair of type 805 tubes served as the class
3 audic amplifier These were driven by two type 2A3 tubes which were driven by a
6C5 audio stage

The hagh-veltage rectifier used a pair of type 872 tubes, and the low-voltage
rectifier used a pair of type 866-A tubes Grid bias for all stages was supplied by
a 543 rectifaer.

Sideband Generator — Non-Simultaneocus System

A schematic of the sideband gererator used in the original non-simultancous
development 13 shown 1n figure 40 A type 829 tube acted as a balanced modulator and
supplied approximately 6 watts of sideband energy The grids of this tube were ex-
cited in parallel with r-f energy while audio energy was applied in push-pull Con-
trols were provided to balance the plate current and audio voltage in each section of
the tube so that the carrier could be completely balanced ocut in the plate ecircuit,
leavang only the sideband energy

The 1020-cycle energy was supplied by two type 606-G tubes, one as a grd faed
back oscillator and the other as an isolation amplafier A type 5V4-G tube supplied
plate power for these two tubes and the 829 balanced modulator  Another pair of 5V4-G
tubes 1n the same umit supplied 110 volts d ¢ to operate the D-U transmission line
reversing relay.

Suppressor Transmitter — Non-Simultaneous System and Systems Nos 1, 3, 4, and 5

The suppressor transmitter which was used with the non-simultanescus range as
well ag wath systems 1, 3, 4, and 5 supplied approximately 40 watts on 124 975 mega-
cycles A type ON7-G tube was used as a combination oscillator-tripler The funda-
mental frequency of the crystal was 4628.70 kilocycles A type 6V6 tube acted as a
frequency tripler which exeited = pair of type 705 tubes operating as a push-pull
frequency tripler A type B29 tube was used as the final power amplifier which was
inductively coupled to the transmission line that fed the antenna  The power supply
used four type 866-A tubes Two were usea to supply the oscillater and multiplier
stages and two were used to supply the final amplafier stage

Sideband Generators — System No. 2

A schematic of the sideband generators used in system No 2 1s shown 1n figure
41 A pair of HK-24 tubes was used for each balanced modulator The grids sere excitea
in parallel with r—f energy, and the plates were comnnected in push-pull MNo d-c plate
voltage was used. The audio voltage was applied to the plates in push-pull and served
to generate the sidebands An HK-24 tripler stage was used to excite each sideband
generator [irect-current plate power for the tripler stage was supplied by a recti-
fier using two type B66-A tubes A photograph of the sideband generstors 1s shown in
figure 42
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In order to observe the output wave form of the sideband generators on an os-
c1lloscope, diode type momitors were used to rectify a part of the output These
monitor units are located directly above the sideband generator panal  Figure 43
shows the schematic diagram of each monlitor A type 6H6 tube was used Tor eac¢h rec-
tifier The r-f energy for each tube was obtained by a combination of inductive and
capacitive coupling. & high-pass filter was placed in the rectified output of each
momtor in order to prevent all components except the subcarrier wave from appearing
on the cathode ray screen

Subcarrier Generators - System No. 2

A& schematic diagram of the 12-kilocycle subcarrier generator i1s shown in
figure 44 A pair of type 807 tubes operated as a push-pull oscillator at 12,000
cycles and excited a pair of type 805 tubes as a class C push-pull amplifier. This
amplifier was modulated at 1020 cycles by a pair of 805 tubes operated as a class B
amplifier The modulator tubes were driven by an audio amplifier which was excited
by a 1020-cycle audioc oscillator

The 20-kilocycle subecarrier generator which i1s shown schematically an fagure
45 used a pair of 807 tubes as a push-pull escillator to drive a pair of 80% tubes
as a class C amplifier The 20-kilocycle output was modulated by voice energy sup-
plied from the class B audio amplifier and speech amplifier in the TUD transmitter

Sideband Generator -~ Systems Nos 3 and 4

A schematic diagram of the sideband generabtor used in systems Nos 3 and 4 1s
shown 1n figure 46 A novel circuit using twe type 829 tubes was utilized Indivi-
dual grad and tank circuits were used for each tube and the elements of each tube were
connected in push-pull The two grid tanks were comnected in parallel by a half-wave
line, and the two plate tanks were connected in parallel by a half-wave line whach
had a crossover an 1t In this way, the carrier was cancelled Eather voice modula-
tion or 20-kilocycle subcarrier with upper and lower veice sidebands was applied in
push-pull to the paralieled screens in each B29 tube  This arrangement produced
only sideband energy in the plate tanks. OCutput energy was cobtained by coupling in-~
ductively to one of the plate tanks Equal amounts of energy were delivered by each
tube due to the ralf-wave line which tightly coupled the two tank circuits togetler

{lass C Amplafier and Modulating Equipment — System No 5

The voice and aural class C amplifiers used in system No 5 were built on a
single chassis in a symmetrical arrangement Figure 47 shows a schematic diagram of
this equipment Bach amplifier used a single type 82% tube operating in push-pull
The output from each stage was inductively coupled to the output phasers and bridge
The grid circuits of esach tube were untuned, with common coupling to the inductave
link which carried the excitation from the main transmitter

Each amplifier stage was modulated by four 6L6 tubes in push-pull-parallel
acting as class AB audio amplifiers Two type &J5 tubes were used 1n cascade as
voltage amplafiers, and one pair of 6J5 tubes was used in push-pull to drive each
modulator One audic amplifier was supplied wath voice signal only, while the other
audio amplifier was supplied with both voice and 1020-cycle energy The twe signals
were combined in a bridge circuit to prevent interaction between them

The 1020-cycle energy was supplied from the same audio oscillator that was
used for the sideband generator of the non-simultaneous range  Power for the class
AB modulator was supplied by two 1identical power supplies, each of which used two
type 523 tubes



RECEIVING EQUIPMENT

Type RUM Receiver

The receaver used for moast of the non-simultaneous tests and for a large part
of the simultanecus tests was a Western Flectric type RUM receiver This receiver
was a type RUK localizer receiver which was modified to include an r-f amplifier and
several other improvements L4

A type W.E 385-A tube was used as an r-f amplaifier and i1ts grid circuit was
capacitively coupled to the antenna imput circuit The plate circuit was inductaively
coupled to a type &J7 mixer tube The heterodyne veoltage was applied to the screen grid
of the muxer A crystal-controlled oscillator operating on a frequency of 9 583 mega-
cycles or 9.617 megacycles and three harmonmic multipliers were used to produce the
heterodyne voltage Two twin triode type 6N7 tubes served as the crystal oscillator
and harmonic multipliers.

The mxer stage coupled into a three-stage, 10-megacycle intermediate-frequency
amplafier which used three type 6SK7 tubes. The shape of the intermediate—frequency
response curve was such as to provade a band width of approxamately 70 kilocycles at
6 decibels attenuation and 275 kilocycles at 60 decibels The diode portion of a type
65Q7 tube constituted the detector and the delayed avc rectifier. The triode portion
of the 65Q7 tube acted as the first audio amplifier and a type 6J5 tube was used as
the second audic amplafier.

In the original receiver which was developed for non-simultanecus operation,
no provision was made for voice reception During the simultamecus voice development,
a separate amplifier for voice was essential and a twan triode type 125N7-CT tube was
installed in place of the 6J5 tube One triode was used to amplify the visual signal
and the other triode was used to amplify the veoice and aural range signals  Sample
resistance—capacity low-pass and high-pass filters were placed 1n the grid caircuits of
the visual and voice amplifiers, respectively These filters proved to be very ef-
fective 1n reducing the interaction between the two services  The audio-frequency re-
sponse of the aural channel was attenuated 19 decibels at 100 kilocycles, 3 decibels
at 400 cycles, and 7 5 decibels at 4000 cycles from the response obtained at 1000
cycles

When subcarriers were used, 1t was necessary to install a tuned trap in the
plate circumit of the first audio tube and make several minor modifications in the de-—
tector circuit i1n order to increase the response of the circuit at 12 kilocycles and
20 knlocycles A separate unit was used to demodulate the subcarriers in order to
obtain the voice and aural signals.

The visual output was coupled to two band-pass filters in parallel, which
passed the 90-cycle and 150-cycle modulation frequencies  The outputs of the two
filters were applied to copper oxide rectifier umlts which were connected in a bal-
anced bridge circuit A crossed-pointer d-c instrument was operated by the rectified
difference of the two voltages.

The receiver was designed to coperate from a source of 12 volts The filaments
were connected in a combination of series parallel and parallel A wvibrator type
power supply furnished plate and bias voltage A type 0Z4 tube served as the plate
rectifier and a type 6ZY5-G tube served as the bias rectifier

Type 324 Receiver

The receiver used for some of the non-simultaneous demonstrations and for part

lésee reference 6, page 9,
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of the simultaneous tests was a Western Electric type 324 receiver This receiver was
specifically designed for airline use and covered the frequency range of 109-111 mega-
cycles for localizer service and the frequency range of 119-133 megacycles for range
and traffic control services  Remote electricel tuning by means of a moter—driven
ganged condenser could be used for 30 spot frequencies in these bands Provision was
also made for lecal manual tuning  The essential features of the receiver are shown
schematically in figure 48 Figure 49 15 a photograph of this receiver.

The balanced antenna eircuit was inductively coupled through an electrostatic
shield to the first tuned circuit. Three tuned circuits were provided between the an-
ternna circuit and the control grid of the type 6ACT mixer tube as a band-pass filter
to 1mprove the image rejection characteristics The heterodyne oscillator voltage was
injected into the control grid of tre mixer stage by capacitive coupling The heter-
odyne oscillator voltage was prodeced by a variable-frequency oscillator and a harmenic
multiplier which used two type 955 tubes The variable-frequency oscillator operated
throughout the band of 44 to 49 megacycles In the 106- to 1ll-megacycle band the
second harmonic of tre oscillator was used, and in the 119~ to 133-megacycle band the
third harmonic of the oscillator was used The heterodyne frequency was lower than
the signal frequency for reception in the 109- to 11l-megacycle band and was higher
than the signal frequency during operation in the 119- to 133-megacycle band

Three stages of 13-megacycle intermediate-frequency amplification followed the
mixer stage The shape of the intermediate-frequency response curve was such as Lo
provide a band width of approximately 115 kilocycles at 6 decibels attenuation and 395
kilocycles at 60 decibels A type 6AB7 tube was used in the first stage with two type
125G7 tubes in the other two stages. A 125@Q7 multiple purpose tube served as a dicde
detector and first auaio amplifier This tube alsc provided delayed amplified avc
actien  Another 1258Q7 tube acted as a noise lamiter and codan or carrier-operated
nolse Suppressor To obtain negative voltage for operation of the delayved amplified
avc system, a type 125R7 was used as a baas oscillator and 1ts output was rectifiea by
a diode 1in the same envelepe

The detector output fed voice and aural dual output channels using 1246 tubes
The grida of the visual output tube, which was a 65N7-GT double tricde tube with botb
sections 1n parallel, were also connected to the cetector ocutput Resistance-capacity
low-pass and high-pass filters were placed in the vasunal and volce channels, respec—
tively The audio-frequency response of the aural channel was attenuated 28 d=cibels
at 100 cycles, 5 decibels at 400 cycles, and B 5 decibels at 4000 cyecles from the re-
sponse obtained at 1000 cycles  The visual band-pass filters and rectifier units were
essentially identical to those used in the type RUM receaver

The receiver was designed to operate on either 12 or 24 volts The filarent
heaters were conrected in series-parallel Plate voltage was supplied by either a
12— or a 24-volt dynamotor, the voltage rating of which corresponded to the supply
voltage 1n use.

A Tunction selector switch was arranged to set the sensitivity control, ave
taime constant, cedan, and audio level at tre same time 1t operated the band changing
relay

Some of the performance characteristics of the type 32A ana the type RUM
recelvers are shown in figures 50 to 59, inclusive

Subearrier Amplifier-Detector Unit - System No 2

Since the receivers nad no means for demodulating the subearriers used in
syster No 2, 1t was necessary to provide an external unit for this purpose A
schematic of this umt 1s shown an figure €60 and a photograph of 1t 1s shown 1in
figure 61 This umt was designed to operate wath the KUV receivers

The 1l2-kilocycle and 20-kilocycle voltages were developed across a trap cir-
cmt in tne plate circuit of the type 657 tube in the RUM receiver and fed tc the
inputs of the 12-kilecycle band-pass filter and the 20-kilocycle high-pass filzer
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which were connected in parallel

Tre response of the 12-kilecycle ana 20-Filocyele filters 1s shown in figure
62 The outputs from each of these filters were coupled to type 125Q7 tubes which
operatea as triode amplifiers and aiode detectors  The demodulated voice in the 20-
kiloeycle crannel and trhe demodulated 1020-cycle range signals i1n the 12-kilocycle
charnel were each amplified by type 12SN7 tubes with both tricde sections comnected
ir parallel The cutput of each chamnel was fea to the headphones trrough a matching
transformer The over-all cutput response for the complete transmittang and receiving
syster when this unit was used 1s shown in figure 63

Subcarrier Amplifier-Detector Unit - System ho 3

A schematic of this unit 15 shown in figure 64 and a photograph of 1t 15 shown
in figure 65 The unit was very simple and light in weight  This unit was coupled
to the 20-kilocycle tuned circuit in the plate of the 6SQ7 in the RUM receiver  This
unit demodulated the 20-kilecycle subcarrier and used a type 6AG7 tube that acted as
a grid leal power detector The output was coupled to the headphcnes trrough a match-
ing transformer The audio response curve cof the over-all syster using this unit 1s
shomm 1in figure 63

Band-Pass Bana-Rejection Falter

Systems Nos 1, 4, and 5 used a bana-pass, vand-rejection fi1lter to separate
the volce ana range signals The filter usea was a standard aireraft filter umit used
with the low—ireguency ranges The response of this unit 1s shown 1n figure 66

TESTS

Ground Measurerents of Radiatea Patterns

In order {c obtain the correct field patterns, i1t was necessary toc make ex-
perirental grouna measurements The correct current ratic was set up 1n each group
of antennas with the aid oi radio-frequency cuwrrent indicators wrich clarped on to the
anterna elements Phasing between the side antennas and the center antenna was ac-
complished 1n the manner described under Theoretical Liscussion

Wher all of the adjustimenits had been completed, tre shapes of the field pat-
terns were determined ty taking measurements or the ground at a raamius of 200 feet
from the antemna systen Measurenents were nade wath a portacle_ fiela intensity meter
symilar to that used for inatrument lancing syster measurerents > Figare 67 shows
the pattern obtained when only tre center loop was driven The pattern deviates from
a circular shape by approximately 1 15 percent due to a slight unbalance 1n the antenra
elements «na the presence of tre other four loeop radiators

Tne patitern cbtaineda when only the sice visual loops were excited 1s shown 1n
figure 68  The resultant bean patterns obtained wher all three visual antenras were
ercites are ohowr 1n figure 69 Tre resultant patterrs ootained wher the aural an-
tenras were ererzired are shown 1a figure 70 ve patterns agree fairly well wrth
tiecry, the pigrest discrepancy occurring 1n tle amplitude of the miner lobes This
was priraraiy due to tre fact that 1t was not possible to read the field intensity
meter acc irate.y at the low end of tre scale

The field patterns shown are those taken with system No. 2 which are repre-
sentative ¢f all the systems

15gce reference 6, page 9



Distortion Tests

Extensive distortion and cross-modulation tests were conducted on systems Nos
2, 3, 4, and 5 to determine the gquality of the signals proviged by the aural range
and voice channels  For these tests the mormal 90-150-cycle frequencies were applied
to the visual channel, the 1020-cycle tone was applied tc the range channel, and a fre-
guency of 1500 cycles was applied to the voice channel A type RUM receiver was in-
stalled at the Experimental Station and conrected to a loop antenna mounted on the
roof of the Experimental Station  The receiver installation was identical to that
used on aircraft The receivaing antenna was located approximately midway between tbe
north aural and the east visual courses in the 150-cycle visual sector and the "D
aural sector The results of these tests are shown in table IITI  System No 5 pro-
vided signals with the least distortiorn  The wistortion frequencies p * q {870, 1170,
1350 and 1650 cyclesJ were less than 2 § percent and »ad an average value of 1.7
percent  The distortion terms caused by the 90-cycle frequency were not present be-
cause the receiver was located i1n the 150-cycle sector. The cross-modulation was
highest 1n the range channel where & 5 percent of 1500 cycles was observed The dis-—
tortion observed in the other systema was only slightly more than that for system No. 5
The largest amount of distortion was observed in the voice channel of system No 3
where exact phasing of the 20-kilocyecle sidebands was not accomplished

Witk further development, all of these systems could be made to give equava-
lent performance with respect to the quality of the wvarious signals

Arrcraft Antenna Tests

A loop antenna of the type shown in figure 71 was used in the first part of
the flight tests  During the ccurse of the flight work, another type of antenna was
proposed in an effort to decrease the aerodynamic drag. This antenna consisted of a
half-wave dipole bent around to form a "W." Figure 72 shows this ¥V antenna mounted
on the tail of NG-11 The antenna consisted of two reds 26 2 inches long and mounted
with an included angle of #Q° The anternna was fed with 90-ohm line tapped out 5 8
inches from the apex

The V antenna possessed several advantages over the loop antenna previously
used, Its aerodynamiec drag was considerably less than that of the loop while 1ts gain
was approximately 3 ab higher  Because of ita swaller size it was possible to mount
the V antenna on top of the vertical stabilizer and thus reduce the noise background
in the receiver since the anterna was leccated farther away from thre engine ignition
system This location improved the signal-to-noise ratio by approximately 3 ab

The field pattern of the V antenna 1s not as circular as that of the loop an-
tennal® since 1t pulls 1n 9lightly at the sides, as may be seen from fipure 73 The
measured pattern was obteined on the ground with a V antemna mounted on a pole one-
half wavelength above ground. The calculated pattern was obtained from the equation
which was derived in Appendix VI The fact that tre pick-up at the sides 18 not so
great as that directly in line wath tre antenna 15 considered an advantage sinece re-
ception 15 usually in line with the apex of the V

One reason for the increased gain of the V antenna over the leoop antenna 1s
1ts baigher radiation resistance. Trecretically, in free space, the two antennas would
have almost equal efficiency in the direction of maximim pick-up  However, it 1s much
more difficult to build an efficient matching circuat for the locp antenna, since 1ts
radiation resisftance 1s ornly about 10 ohms  The radiation resistance of the V antenna
18 about 37 ohms, so that much less difficulty i1s encountered in matering 1t efficiently
to the transmission line The location of the V antenra high above the skin of the
ship further improved the antenna gain

16andrew Alford and & G Kandoian, "Ultra-High-Frequency Loop Antennas,"
ATEE Transactions, Vol 59, pp B843-848, 1640



TABLE TIT

MODULATION CONDITIONS AND THE RESULTS OF DISTORTION TESTS ON SYSTEMS NOS 2, 3, 4 AND 5

RANGE PERCENT
(0] MODULATION CONDITIONS MODULATION
EACH
| VISUAL AURAL VOICE
2 Voice on 20-kc subearrier fural range on-12 kc subcarrier 20.0 14 5 330
Visual range ©On maln carrier
3 Voice on 20-kc subcarrier Aural range con main carrier
Visual range Or main carrier 25 0 50 13 O
4 Volce oOn maln carrier fural range on meln carrier
Visual range on maln carrier 25 0 5.0 25 0
5 Volee on main carrier Aural range on maln carrier
Visual range on msin carrier 15 65 5 4 24 0
FERCENT OF UNDESIRED RESPONSE REFERRED TO PERCENT OF UNDESIRED RESPONSE REFERRED TO EXTERNAL
THE DESIRED FREQUENCY OF 1020 CYCLES THE DESIRED FREQUENCY OF 1500 CYCLES FILTER
RANGE 7 % Z £ | % % % z 2 z % % Z | {COMBINATION
NO 150 870 1020 1170 1350 1500 1650 150 870 1020 1170 1350 1500 1650 | LP-BP-BE)
2 1.9 74 | 100,0 | 5 8 - — — 97 — | 158 - 35 |1000)| 42 NONE
USED
2020 |14 9 | 1000 |10 6 — — — 33 3 1104 176 | loo 0|16 6 WL THOUT
3 0 0C o100 19 — -— - None used in voice channel WL TH
4 A6 0 [15.9 | 1060 |12 5 82 [|1590[31 136 0 | 100| 62 8 7.8 51 |1l000] 1.9 WITROUT
0 0Q7 6.3 100.0 2 2 03 2 B [0 003 52 30 03 2 4 4.3 100.0 20 WITH
5 154.0 40 (1000 39 16 4 | 477 0|75 40 6t 0.08] 200 oo8 34 [1000] 1.6 WITHOUT
0 00 16100 ) 0.7 8] BE5705 15 | 002 C09 coc2l 2.9 [160CT 17 WKITH

Measurements taken 1n the 150-cycle sector of the visval channel with 1500 cyeles applied to
the voice channel and 1020 cycles applied to the aural channel
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Figure 74 shows the actnal patterns of both the loep and the V antennas.
These patterns were obtained by flight tests with the aircraft in horizontal flight
and at various angles of bank.

Aircraft Installation

Some of the early flight tests on the non-simultaneous system were made 1n a
single—engine airplane, a Waco Model N  However, most of the tests were made in a
Model 247-D Boeing, NC-11 The interior of NC-11 was modified to provide ample space
for mounting several umits of equipment to be tested, and a duplicate set of the neces-
sary flight instruments was provided in the cabin  These duplicate instruments are
all mounted on one panel and are located so that they may be seen by the flight engineer
or by any observers who are participating in the flight demonstrations Figure '/5 shows
the interior of NC-11 as arranged for flight tests on the radio range equipment  The
duplicate flaght instrument panel 1s mounted in the center of the work bench and con-
tains the crossed-pointer instrument which 1s connected in parallel with a similar in-
strument used by the pilot for flying the range system, an altimeter, an airspeed indi-
cator, a gyro compass, a rate of climb indicator, an accelerometer, three marker indi-
cators, and two instruments not required for these tests The Western Electric type
32A recelver 1s mounted on & shelf directly under the bench at the left side of the
photograph. The type RUM receiver is mounted at the same level and 1s shown in approxi~
mately the center of the photograph  The auxiliary detector-amplifier and filter units
are mounted to the raght of the marker receiver which 1s located adjacent to the type
RUk receiver The Esterline-Angus recorders and the d-c¢ amplifier are mounted dairectly
below the 32A receiver, and a gyro recording device 1s located dairectly ovelow the RUL
receaver The controls for the 324 receiver are stown to the left of the door to the
cockpit  Figure 76 shows the crossed-pointer instruments mounted in the cockpit  The
lower section of the instrument face 1s colored blue and yellow with the dividing line
at the center of the instrument  These colors indicate whether the airplane 1s located
north or scuth of the range course  In this installation the airplane was located north
of the course when the vertical needle of the indicator pointed te the blue side, and
south of the course when the indicator pointed to the yellow side In flight, the pilot
navigates to keep the vertical needle centered along the vertical dots on the face of
the instrument The aurzl range 1s used 1n the same mamner as the present low-frequency
ranges except that D and U are used instead of N and A as interlocking signals With
the combination of the aural and the visuwal signals, the pilot 1s able to determine
1mrediately in which quadrant of the range he 13 flying TFor example, 1f he heard the
letter D from the aural system and the vasual indicator pointed at the blue sector of
the instrument, the airplane would be located northeast of the range station  Similarly,
the combinations U and blue indicate northwest, U and yellow indicate scuthwest, and D
amd yellow indicate scutheast

Figure 77 13 a block diagram showing the receiving installation in NC-11 that
was used for the greater part of all flight tests on all of the systems The tuning
box for transferring from dual to single conductor itransmission line was necessary
because of the fact that the type RUM receiver was constructed wath a single conductor
unbalanced input ciremt  When the type 32A receiver was used, the tuning box was
eliminated and the dual line comnected directly to the 324 balanced input circuirt.

Both wvasual and aural recordings were made sirultaneously during all flaght
tests  Two Esterline-Angus Model AW, 0-5 milliampere, graphic recorders were used
The General Radio type 715AE d-c amplifier was used to provide sufficient amplification
of the direct current in the meter carcuit so that full-scale recordings would egual
approximately full-scale indications of the crossed-pointer instruments  For these
tests the recorder was adjusted so that zero signal would indicate on the center of the
recorder chart, thereby malking 1t possible to record right and left indicaticns The
d-c amplifier was balanced to indicate at the center of the clhart when the airplane was
on course and egqual 90- and 150-cycle frequencies were obtained  All recordings of the
visual system were calibrated to show the magnituce of amplification  This calibration
was accomplishea by marking the record when the vertical needle of the crossed-pointer
instrument was deflected to the wing tip of the mimiature airplane, three dots and four
dots in either direction Figure 76 shows the mimiature airplane and dota on the face
of the instrument The distance from the center of the scale to the wing tip of the



mimiature airplane 1s equal to tre space btetween two dots Therefore, the first and
second cots beyond the minmiature airplane were ccnsidered three dots and four dots,
respectively Visual course widtl was reasured in terms of a pointer deflection of
four aots right to four dets left, three aots to three dets and wang tip to wing tip

An anplifier was placed i1n the cutput of the aural channel of the receiving
equipment to provide sufficient amplification to make the aural recorder indicate at
least one-third full-scale arplitude With this degree of ampiification course charac-
ters (D cr U) may be recorded near the course when they can no longer be distinguished
in the phones During cross-—course tests on the aural system, the recording was
marked where the last character was heard going into the course and the first character
heard coming out of tre course. Thre distance between these marks was used to compute
the course widtr

Flight tests

The results of flight tests on all of the radio range systems were substantially
the same and typical recordirgs of various systems are 1included

One of the first flight tests made on each syster consisted of circling the
station at a 2-rinle radius recerding both the visual ard the aural signals These re-
cords show the general srape of the radiateac patterns, the amcunt cf clearance and the
quality of the aural and visual ccurses 4ctual flight recoraings for this test are
shown 1n figure 78 The effect of minor loces 1s clearly shown in this figure in t»e
recording of the aural signal where the minimum sifnal midway between each aural and
visual course coes not reac: zero con tre chart Tra1s provides an indication of clear-
ance Tre clearance shown in figure 78, rowever, 18 more than ample A slight inda—
catron of riner lobes 1s shown on the visual recording where there 1s a tendency for
less than maximum signal near the south aural course Clearance of the visuzl signal
1s considered ample when the vertical pointer of the instrument does not indicate less
than full scale at intermediate points between the courses System No 2 provided
field patterns that had much more clearance than that for system e 5 Tris 1s shown
in figure 79 In this figure the gain of the d-c amvlifier was reduced so that the re-—
corded wvisual signal would remain within tre chart area and provide a means of deter-
mining 1f trere was any tencency for the indicator to return at off-course points
No notieceable tendency can be observed on the recerd. It will also be noted trat the
minimum of the aural signal never deviated from zero at off-course points  This indi-
cates that the miner lobes were negligible in system No 2 Since the antenna spacing
and current ratic for systems Nos 2 and 5 were ldentical, the difference between the
recorded s1gnals of the two systems could have been made negligible by further adjust-
ment of the antenna system for system Ne. 5

Flipght recordings of the visual signal of system No 5 were made while crossing
each visual course at right argles and are shown in figure B0 The west course 1S
slightly worse tnan the east course wit- respect to roughness of the recorded signal
Tris roughness, c~owever, 18 barely noticeable on the cross-peinter instrurent because
of the relatively low amplitude  Both courses were considered extremely good and easy
to fly on course Before trese flight recordings were made 1t was necessary to adjust
the 90-150-cycle fi1lter input veoltage in the receiver until the desired course width
was obtained It 1s possible te vary the resulting course width cver a very wide range
merely by varying the filter input voltage  Barly flaght tests indicated that courses
raving 20° of total width from four dots to four dots on tre wisual indicator provided
optimum results for airway flying since the courses were sufficiently accurate and easy
to f1y During these early tests 1t was found that the filter input potential should
be 2% volts to provide 20° courses. This potential was maintained during all of the
final flight tests for all systers

During the demonstration of the non-simultanecus system to the Air Iane Pilots
Association, sore flight tests were conducted to determine vasual course width at con-
siderably righer altitudes than those used for the greater part of the tests  Flaght
tests were made up to 17,000 feet above the station The results of these tests are
shown in figure Bl The course broadened appreciably below ar altitude of 3000 feet
above the grouna at a distance of 17 miles due tec rapidly decreasing signal  These
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tests wele made using the loop-type receiving antenra  Above an altztuc  of 000 ieet
tre course Lroadened approxirmately 38 vercent at 12,000 feet  Later Les.o on cimul-
taneous system No 5 1ndicated an increase 1n width of aporoximately 10 percent from
3000 to 12,000 feet This conflicts #1th the earlier Air Iare Pilets Asseciation tests
and may be due to tre different transritting antenna systems The non-simultansous
system used two center antennas and system ho 5 used one antenna

Copies of cross-course recordings made on the rorth and south aural courses
are shown in figure 82 Courses having a wiath of approximately 1% were obtained
These courses are very smoott and easv to fly  No multiple courses or tendencies to-
ward multiple courses were onserved aurally or noted on the recording  Flight tests
on sore of tre early ultra-high-frequency ranges indicated "pushing" effects when
flying across the course and when circling near the course  Thas pushing effect was
evidenced by apparent aisplacement of tne course for dafferent directions of flight
With this effect 1t was quite dafficult to locate tle troe course and maintain flaight
on course  Brachketing of the course was particularly a.fficult

When the non-simultaneous range was first installed, pushing was chserved on
the aural courses and rot on the visual courses The artennas whaich produced the
visual courae were one-nalf wavelength avove the courterpoise, and the artennas whaich
produced the aural course were three-eights of a wavelergth avove the courterpoise
Wner the aural artennas were placed one-half wavelength above the counterpolse, pushing
effects disappeared It 1s probable trat the pusting was caused by excessive currents
flomng 1n the counterpoise which radiated vertically polarized waves

No pushing was ooserved when the V or lcop antenra was used 1» level fligrt on
any of the simultaneous systems tested  However, z slipght aunount of course displace-
ment was observed wren circling close to the course in a 30° bank using the loop antenra
This effect 1s probacly due to the snielding effect of the wirg on the direct sienal
and not te the type of antenna used

Figure 843 shows copies of flight recordings taken while flying awa, from the
staticn on both the west visual and tre south aural courses l.ese recoras ilndicate
the ease with which the pilot was able to follow the visual and aural covrses since
the visual record barely deviated from zero-center con tre crart and the aural record
shows very little trace of off-course characters

Several tecsts were wmade on the cone area over the station at altituaes froom
1000 to 12,000 feet with and without the suppreasor system erergized  Figure €4 shows
samvles of recordings taken at an altitude of 3000 fect  The cone area without the
suppressor system operating 1s described as that area abose the station where abnornal
movement of the visual indicator and abnormal fluctuatiors in the intensait: of the aural
sigral are observed As 1ndicated on the recordings, the suppressor acts Lo stabilize
the visual indicator and provides a definite aural cone-of-silence over tre station
Tre results of tne cone area tests are shown graphicaily in figure 85 The area of ab-
normal fluctuation of the meter pointer on the visual cowurses witheout the suppressor
was 1dentical to that of the zero signal area with tle supnressor operating  Tne width
of tre area of abnorwal fluctuatiors iu signal intens.ty on the aural ceourses without
the suppressor 15 the same as Lbe mdth of the rero si1zna’ area wath the suppressor
Tre width of the cone area of the aural sigmal alorg ftne vasual courses with the sup—
pressor operatirg 1s expressed 1n terms of zero signal ana 10 dby dewr from the norral
s1gnal on course The cone-cf-silence 15 consideratly larger than tue area ¢t avnorral
fluctuation in signal irtensity without the suppressor Simlariy, *hLe cone area of
tre wvizual signal along tre aural courses witl the suppres~sor operatin:s 1s expressea an
terms of zero signal and trree dots to trree cots  3Bolr cone areas ars considerably
wider than tre cone of abnormal reter fluctuation withovt the cuppressor

Tre results of the fligut tesis -ade to determine course widths ¢na crne widtrs
for all sysiers are shown in lacle 1V Visual course widitrs 4re given i1r terms of
four dots to four dots  trree acts to three dots, and wars tip to wing tap, while the
cone 4reas are showt wot- and witlout the suprressor syster cperatine Cone zreas &are
shown for both 3900 end 12,000 feet above the station when th~ suppressor is energized
Course-widtr data for syster No 5 have been applied to tle mar in figure 86  The
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miniature airplane and dots have been included to show the relative areas covered 1in
actual flight on the visual courses When flying the visual courses, it 13 easily
poasible to keep the visual indicator within the center portion of the miniature air-
plane mith a resulting apparent course wadth of approximately 1 5° The width of
the aural courses 1s approximalely 1° It 15 possible to fly these cuurses with an
accuracy of plus or minus 1°.

During the demonstration of the non-simultaneous system to members of the Aar
Line Palots Association, some tests were also made to determine cone width as well as
course width at various altitudes. TFigure 87 shows the visual courses and cone width
measured during these tests at an altitude of 12,000 feet above the station. At any
point waithin the area of the curve the wisual pointer will not indicate more than three
dots on the instrument. The size of the cone area i3 determined by the relative power
of the suppressor system compared to that of the range antenna system and 15 considered
to be excessively large in this case A similar curve 1s shown in fipure 88 for system
No. 5 where the cone area for three dots deflection has been considerably reduced to
provide more accuracy 1n determining position and still maintain ease of flight over
the station The variation of course width waith altitude has also been considerably
reduced

Tests were conducted on all systems to determine the distance range at an
altitude of 1000 feet above the station Some of the tests were made with both a
loop and a V receiving antenna  The results of these tests are shown in table V' In
this table the relative carrier powers and percentages of modulation have been included
to assist 1n judging the merlt of tre various systems System No 5 provided the best
coverage due primarily to the increased carrier power and the gain acquired through the
ugse of the V antenna Wath this system, a distance range of 48 miles was obtained
where optical line of sight 1s 45.7 mles The same distance range was obtained with
all services of a given simultaneocus system

During the tests made to determine the distance range of the various systems,
recordings were also made of the receiver avc current in order to determine the verti-
cal field pattern of the transmtting antenna system. Tre data obtained from the re-
cording for system No 5 are shown in figure 8% The ave current was then transposed
to relatave field intensity in microvelts by means of a calibration curve for the
receiver of ave current versus input in ricrovelts  Figure G0 shows the vertiecal
field pattern obtained from these wata Without a counterpeise and assumng perfect
reflection, a total of nine maxima should oceur at O 04, 0 11, 0 17, 0.23, 0 31, 0 43,
0.63, 1 02 and 3 28 miles from the station at an altitude of 100D feet  Similarly,

a total of eight mnima sheuld occur at 0 08, O 14, 0 20, 0 27, 0 36, 0 51, O 8D and
1.63 mles from the staticn at an altitude of 1000 feet  However, the counterpoise
effectively eliminates all but the last two maxima at 1 08 and 3 28 miles, as well as
all but the last minima at 1 63 mles Partial elimination of the minima at O 80
mles 15 alsc accomplished

Ave current curves such as that shown in figure 89 also provide an effective
means of determining the distance range In the case of the similtaneous systems
where comparatively low percentages of modulation are usea, the limit of usability of
the range system occurs at the point where the ave current reaches 1ts maximum value
Thas point occurs at a aistance of 48 miles from the station for system No 5 and
coincides exactly with the distance range determined by observation of the aural and
the visual signals When the percentage modulation 1s 1ncreased, however, the lamit
of usability of the system occurs beyond the point where the ave curve flattens off

CONCLUSICNS
As a result of this aevelopment, the followang conclusions are drawn

1 An ultra-high-freguency two-course visual radic range with sector i1denti-
fication has been developed The Radic Technical Commission for Aeronautles, the
far lane Pilots Association, and other groups of pilots have thoroughly tested thais
type of range and have uvnanimously preferred i1t to the four-course aural range  This
selection was brought about by the simplified system of navigation which continuously
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TABLE IV

COURSE AND CONE WIDTHS

NON-SIMULTANEOUS
SISTEM AND SYSTEMS

COURSE WIDTHS NOS 3, 4, 5 SYSTEM NO. 2
WIDTH OF VISUAL COURSES AT 3,000 FEET

(4 DOTS TO 4 DOTS) . 17 7° 21 1°
WIDTH OF VISUAL COURSES AT 3,000 FEET .

(3 DOTS TO 3 DOTS) 12.3° 13 6
WIDTF OF VISUAL COURSES AT 3,000 FEET

(WING TIP TO WING TIP) ; . 7.2° 7 6°
FILTER VOLTS FCR VISUAL COURSE

MEASUREVENTS WITH TIPE RUM RECEIVER. 25 VOLTS 25 VOLTS
WIDTH OF AURAL COURSES AT 3,000 FEET 0 9° 112°
WIDTH OF AURAL COURSES AT 12,000 FEET 1 0°
WIDTF OF CONE AREA WITHOUT SUPPRESSOR
VISUAL CONE ALONG VISUAL COURSES

AT 3,000 FEET 4,000 FEET 3,560 FEET
VISUAL CONE ALONG AURAL COURSES

AT 3,000 FEET 0 FEET 1,400 FEET
AURAL CONE ALONG AURAL COURSES

AT 3,000 FEET 2,16C FEET 3,360 FEET
AURAL COXE ALONG VISUAL COURSES

AT 3,000 FEET . . 1,140 FEET 2,340 FEET
WIDTH OF CONE OF SILENCE WITH SUPPRESSCR
VISUAL CONE ALONG VISUAL COURSES

AT 3,000 FEET . 4,000 FEET
VISUAL CONE ALONG AURAL COURSES

AT 3,000 FEET ] .. 1,700 FEET
AURAL CONE ALONG AURAL COURSES

AT 3,000 FEET . 2,200 FEET
AURAL CONE ALONG VISUAL COURSES

AT 3,000 FEET 3,200 FEET
VISUAL CONE ALONG VISUAL COURSES

AT 12,000 FEET . 20,900 FEET
VISUAL GONE ALONG AURAL COURSES

AT 12,000 FEET . 7,300 FEET
AURAL CONE ALONG AURAL COURSES

AT 12,000 FEET . . . . 8,500 FELT
AURAL CONE ALONG VISUAL COURSES

AT 12,000 FEET. .- 12,600 FEET
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TABLE V

DISTANCE RANGE OF THE VARIOUS SYSTEMS

CARRIER
POWER IN DISTANCE RANGE IN
SYSTEM | CENTER MODULATION MILES AT AK
NO. ANTENNA ON COURSE IN PERCENT | ALTITUDE OF 1000 FEET
AURAL | VISUAL | VOICE | LOOP ANTENNA | V ANTENNA
NON-SIMUL-
TANEOUS 150 3 60 — L6 _
1 150 2 40 33 22 —
2 75 14.5 40 EE 21 34
3 90 5.0 50 13 2, 38
4 90 5.0 50 25 25 39
5 240 54 31 2 — 4B

and positively identifles each of the four quadrants and alsc by the use of wvisual
indacation for flying the airwmeys. As a result of this work, 1t has been decided to
install facilities using these basic principles on a universal basis throughout the
Federal Airways

2. The simultaneous voice feature has been added to this type of range to
provide weather information and airway traffic control wlthout sacrificing any of
the basic features of the original system.

3. A simplified transmitting antenna system has been developed, and several
satiafactory methods of providing simultanecus voice have been tested. Systems Nos
1, 2, 3 and 4 provide the ultimate in stability at a large sacrifice in efficiency,
whereas system No 5 provades a sufficient degree of stabllaty at a very much hagher
over-all efficiency.

4. Numerous tests with subcarrier medulation have shown that 1t 1s satisfac-
tory for aircraft use although 1t requires additional transmtting and receiving
equipment. If 1t becomes necessary to add another voice channel or communication chan
nel to the radio range facility in the future, subcarrier modulation offers a satis-
factory solution to this prcoblem.

5 The optimum shape of visual and aural patterns has been determined
theorstically and confirmed by tests.

6 The optimum visual course Indicator sharpness for airwey flying was found
to be full-scale deflection (35° pointer deflection) for 10° deviation from the center
of the course.

7. During the course of this development, an amproved u-h-f aircraft receiving
antenna was used which 1S known as the V antenna. This antenna has severasl advantages
over the-loop antenna previously used i1n that it has a greater pickup, less aerodyna-
mic drag, and better broad-band characteristics. Furthermore, 1t was possible to locate
the anternna on the top of the vertical stabilizer, which permtted excellent signel
pickup and simultaneously reduced the ignition interference
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APPENDIX I

Tuning of Antennas for Non-Parasitic Operation

The length of line 93 which wmll prevent parasitic current can readily be cal-
culated by considering the equivalent caircuart. To simplify matters, the case of a
half-wave dipcle will be assumed TFigure 914 shows the schematic of the antenna as it
appears when acting parasitically. The reason for the virtual short at the end of @4
15 explained in the text.

The antenna may be replaced by a generator and impedance, as shown 1n figure
91B, the induced voltage being equal toc the product of the current in the exciting an-
tenna by the mutual i1mpedance, and the generator impedance being equal to the self-
impedance of the antenna. The caircuit of figure 91B may be further samplified to that
of figure 91C where X7 15 the equivalent reactance of the transmassion lines, @7, 84,
and #3. The parasitic current 1s them given by:

__ ID le

In order for the parasitic current to be zero, either the numerator must be
zero or the denominator must appreoach infimity. The farst condition can be obtained
only by reducing the mutual impedance to zero, which means that the spacing between
the two antennas must be made very great This 15 obviously an impossible condition,
so the denominator must be made very large. Since 65 18 the only quantity which can
be varied, i1ts length must be so adjusted that the impedance which the center of the
antenna looks into 13 very large. This impedance consists of two shorted transmission
line sections 1n parallel connected through another length of transmission lane. If
we let I3 and X3 be the reactance of lines @5 and @ 3, respectavely, then the reactance
reflected into the center of the antenna is

1213

L+l t 3z, tan &,
ir =14,

7, 31213

In order for the above expressicn to become infinmite, the denominator must
beccme equal to zero Is 1
2 43

I +J————tan #, =0
° I, + X3 1

Substituting 12=3 Z, tan 92
X3=3 Z; tan 64
and simplafying, we obtain
tan 5 + tan 63 - tan @4 tan 02 tan 93=0

solving for tan 63

tan g tan @2
“tan 91 tan 62 -1

The above result i1s true only for half-wave radiators but wall give the order
of magmtude and direction of variation for other antennas For the antennas actually
used 1in this development, @3 had a value which was very close to 180°
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APPENDIX IT

Optimum Design for Radio-Frequency Bradges

Several radio-frequency bradges, constructed of transmission line elements,
are used in all of the ranges described 1n this report  Although these bridges will
perform their function when they are constructed mth elements of any arbitrary length,
1t 15 convenient 1f the bradges introduce no mismatch when connected i1nto the associated
circults,

Referring to figure 92A, the bridge 15 used to combine two voltages of the same
frequency into a single antemma. When power 1s fed in at points A A', 1t 1s desired
that no voltage appear at points C C' In order to obtain this condition, the bridge
elements should all be of the same length and the impedance at D D' should equal that
at B B! Assuming that the bridge elements are constructed of the same transmission
Jine as that used i1n the rest of the system, 1t 18 desired that the impedance looking
into A A' be Z, when points B B' look into the characteristic impedance Zg.

To meet this condition, the impedance of each half of the bridge should be
equal to 2 7,

Zpat-BB -cC'=ZAn-DD —CC'=21,

Thus, when the two halves of the bridge are connected, the impedance at A A!
will equalzo The length, § , of each element can be solved for as follows

When voltage 15 applied at A AT

% ¢1=0 (assumng the bridge 1s balanced)
then Z c C[=O
and
Zppr o' =1 Zo tan @

The impedance at Zgpr consists of twe parallel impedances, the antemnna load,
Zq5, and a shorted transmission line of length, @ .

(Zo) (7 Zo tan @)

Zpp =
Zo + ] Zp tan @
Rationalizing,

ZRR' = J Zg tang + Zg tan29

1+ tan?@

Referring to figure 92B, 1t can be seen that Zpp' s the receiving end im-
pedance of bridge element A A' — B B' The sending end impedance can be found from
the relation

Zr + ] Zo tan 8

Zo + J Zp tan 8

Where Zg 1s the sendang end impedance and Z, 1s the receiving end impedance,
Zg 15 then set equal to 2 Zy, Zr 1s set equael to Zppr, and the equation 1s solved for §.

3 I, tan @+ Zo tan? 6
2 Zo= 2= I, +3 Zo tan §
1+ tan2@

JZo tan g+ 2, tanza
254 3 (‘ban 9)
1 +—tan29
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JZo tan @+ Zo tan? § + (3 Z, tan @) (1 + tan® @)
2=

Zo+ Zg tan? A+ (g tan @) {J Z, tang+ Z, tan? 6 )
Cross multiplyang and reducing
24+ 3tan? g =3 2 tan 9+tan29

equating the real terms

2 = tan? 9
f=+tan ~1 Y2 =547° 8=p5L
L=0152 A B=2a2m
A
APPENDIX ITT

The Effect of Phase Shift Between Carrier and Sidebands of an
Amplitude-Modulated Wave on the Quality of Received Signals

The purpose of this appendix 1s to analyze the effect of phase shift between
carrier and sidebands of an amplitude-modulated wave on the quality of the received
signals, using square-law and linear detection. The treatment given below 15 not con-
cernea with phase modulation whereby the phase of the modulation frequency i1s varied
harmonically.

{1} Square-Law Detection

Let a carrier of frequency &W/2 7 be modulated by two frequencies p/2 7
and g/27 The instantanecus voltage e 1s

e=E(l+ m cos pt + my cos qt) cos W t (1)
where E = carrier amplitude

m = medulation factor for frequency p/2 @

ms = modulation factor for frequency q/2 @

Introducing a rhase shift ¢ between carrier and sidebands in egquation (1)
gives
e:E[cos w1t (m cos pt + mp cos qt) cos (&Jt+¢)] {2)

mq ma
e=2=E [ coswt+2— cos §{WEp) ti¢ +§— cos <{wtq) t+¢b}:| {(3)
Assuming the detector characteristic
1=a, + aje+ 3292 (4)

and neglecting constant terms and terms involving the carrier frequency, we find

2 Tl m
1 = ank 1 2
2 |:§—cos (pti¢)+2—cos (qt X ¢ )
oy
+ cos (ptq)t
2 o 2
+ cos 2pt+ 2 cos 2qt:| {5)



46

By a further transformation, the first two members in the parentheses of
equation (5) are changed gaving

my cos pt cos ¢+ m, cos gt cos ¢

1=.':12E2 1 5
+._{2m1n12 cos {(p+tq) t+ m "~ cos 2pt + m22 cos 2q‘t.} (6)
4

Consideration of equation (6) shows that the amplitude of the desired terms (of
radian frequencies p and q) varies with the cosine of the phase shift angle ¢ The
distortion terms (p * q), 2p, 2q are not affected by the phase shift Therefors, with
increasing phase shift, the relative amount of distortion increases For ¢ = /2 the
desired terms disappear

(2) Linear Detection

Starting from equation (2) and calling

A= m cos pt + m, cos gt (7)
we obtain
e =k [cos wt + A cos (wt+¢)] ()

The problem of linear detection 1s to find the envelope of the carrier in
terms of the component frequencies

The expression for the carrier envelope 15 that part of the voltage equation
which remains after factoring out the carrier frequency

1
e:E[1+A2+ 2Acos¢:|2 cos (wt+ll)) (9)
A sin ¢
where tan i)— {(see figure 93) {10
4 1+ Acosg aur )
1
Binomial expansion of the form (1 + X)2 gives
3 ., 1.2.1 .3
(1+x)2-1+2x Ry {11)
let X = A% + 24 cos ¢ (12)
From equation (9} we have
2 3 15
{1+ A" + 24 cos ¢ )2 =[1+5(A + 24 cos ¢ ) (13)

— L (W 4 a® cos? P+ 483 cos @) + ]

2 4 2 3
— A A A 2 i
=1+ 25 +4A cos o - g - 55 cos ) —Tcos¢+
2 3
A 2 A A
=1+ Acos¢p+5 sin~ @ oz cos ¢ -5+
neglect

Entering equation (7) into {(13) gives for the envelope voltage e'

%‘:[1 + (my cos pt + m, cos qt) cos ¢ (14)

2pt+m2cos2 qt+2m1m

A 2 2
+-5 s1n ) (rn__L cos 5

, oS pt cos qt)]
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which upon transformation gives the fipal result
B 2
1+ —}:—s:.nzqﬁ (ml + Mgy 2)

+cos @ (my cos pt + m, cos qt)

+—‘],;sm2 @ (mi cos 2pt + m,2 cos 2qt (15)

2

1 2
‘:3 mym, s1n ¢ cos (praq)t

The rectified current 1 15 proportional to the envelope voltage e!, the pro-
portionality constant %a' being equal to the slope of the detector characteristic

1=ace! (16)

It m1l be observed that all the frequencies shown in equation (15) depend in
their amplitude on the phase shift angle ¢ For zero phase shaft, there i1s no dis-
tortion present, but with increasing ¢ the amplitude of the distortion terms increases
proportionally to sin? ¢, whereas the amplitude of the desired frequencies decreases
proportionally to cog @, as in the case of square-law detection

At this point, 1t is well to examine the limits within which the theory as
applied to the case of linear detectionm holds From equations (7) and (8) there
follows that

A<l

m o+ my <1 {17}

This however 1s not a sofficient restriction The series given 1n equation
{11) converges for X< 1 only By equation (12} we have after introducing equation

(7) 2 2 2 2 2
1> 4+ 24 cos ¢ = m cos pt+11:|.2 cos qt+2m1n12 cos pt cos gt

+ 2 cos ¢ (m cos pt + my cos qt)

Letting cos pt =1 = cos qt gaves

(my + my) + 2(m + my) cosp <1 (18)

For m) = my = 0 2 the inequality {18) is fulfilled for any value of ¢ . For
small degrees of modulation, the theory holds for any phase shifts. However, it
should be remembered that distortion terms involving harmonice higher than the second,
and combination frequencies thereof, have been dropped by neglecting powers higher
than A2 in equation (13)-.

(3) Conclusions Applied to Double Modulation

To averd distortion of the subcarrier frequencies and thear sidebands,
phase shifts between carriers and sidebands must be avoided. This is done by pro-
vading phasers at a suxtable place between carrier and sldeband generators. Also,
voirce sidebands and the carrier should be radiated from the center antenna omly

A good check on correct phasing suggests 1tself by inspection of equation
(15). The terms of radian frequencies (p + q), 2p, 2q, should disappear after the
first linear detection; p and q designate subcarriers and their sideband frequencies,
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APPENDIX IV

Square—Law Detection of Two Amplitude-Modulated Carriers

Let carrier amplitudes be Ej and Ep wodulated m and rp percent by radian fre-
quencies p and g, respectively The carriers have radian freguencies @ and &, Letb
the detector characteristic curve be

1= a, + ale + 3262 (1)
The volftage impressed across the detector is
e="F {1+ m cos pb) coswqt + BE5 (1 + my cos at) coswsyt
gt
=F coswlt+2_1 cos (wl -p) b+ i;—cos (""1 + )t (2)
+ E» cos Wy t.-o-% cos (w2 - q) t+% cos (w2 + gt
Intreducing equation (2) into (O} and collecting audio terms and terms i1nvelving only
(&)1 -(:Jz)=u (3)
we obtain, using the transformation

2 cos A cos B=cos (A + B) + cos (& - B) (4)

™y E12 cos pbt + 1wy E22 cos gt
(ml El)2 ( 2 E2)2
+ ~
—5—=) cos 2pt + 5= cos 2gt

m m
+E] Eq [cos vt + —%' cos (u 2 p)t +'-*%# cos (u + q)t} {5)

18]
5.

o, 7
+E; By jiLT—ELlFOC (u-p+gjt ~eos (u—p i;q)t}
-

Fquataon (5) was used to conpate ihe numerical values of ampliivaes given in
tacle II It 15 wert- noting that -f the twe ~arriers are not modilated a d.ostortion—
less lieterodyne signal of frequenvy;%,ls ovtained »1ith square-law astection

m

APPENLCIX V

Linear Detection of Twe Arnlilude-Modulated Carriers

Analysis cof linear detection involves sumnatior ¢ infinte ceries which are
functicns of the degrees ol modulation ard —he ralio of tre carrier amplituues  Using
the sare symools as for square-law detection, l.e formulac arc applicanle as Jong as

L -mnp

T <° (1)

By
K_E—2<
kxpression (1) states that the minimur of the r-f voltage envelooe of the -tronger
carrier (Ez) must be preater than the waximvn of the r—f voltage envelope cf the veaker
carrier (E1) To facailitate selection of valies of £, m| ard mg Zor aich the theory
15 applicable, expression (1) 1s rewritter as an eguation

Kpay = - ——— M2 4 - 1 (2)

1+ Ty L+my
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Equation (2) represents a famly of straight lines with Kj ., plotted as ordi-
nate, mp as abscissa, and with mj as parameter (figure 29)

For convenience, the equations for computing EP’ Eq, E2p, E2q as given in

Aiken's paper ,17 are reproduced below, and numerical results are shown in table TI1

E
_ 2 L og 6
”‘b’% =t + By Gy +—1{28 40 %31 +—15(12 Ggo 853 + - (3)
B
where K =E—2 < 1

2
G20=2+ml

2 4
Gm=2+6ml +_zm1

2 4 6
660 =2 + 15 I[ll +%5 ml +_g_ml
al] = - 2]112
VT -2 [1+ Vl—m22:|
b
91 =- 572
- m?)
5m2 (1+_2m22)
351 — P
(1- my ) 9/2
E
P 2 K& 6
T = = (K_)G a +(_) G a @) G a (4)
By 5] 210+, 41 730 +ig A1 S50 T
where ap= T
(1 - my?)®
a —
10 = 577
1 - ny?)
2 (1 + 3n122+%m24)
350 =
9/2
(1 - my?)
621 = 2m
g ERS
FARES A,ml (1+4m1
5 2 5
G61 =6 ml (1 + ‘2_IEI.1 +Em14)

lr?See reference 13, page 22,
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By, /% K4
5 (8 20 212 +{ ) B0 %32 + s1a) 60 P52+ (5)

2
a,, — 3“12
32 = 5/2
(l - m2 )
2 m22
5 m, (3 +T)
d2="2 |7 972
(1- m22)
Gop=2 + my
rA

GE}O =2+ 15 m12 +—1%m14 +‘%m16

E 2 KA 6
2p_(x E
" E_2£=(§ Jezz 210 +{gfa) %42 230 +(3m) Gz 250+ . ©
]:l1:|_2
Gz =75
2
z
4
15 2 2,1
G62=—5—m1 (1+m1 +¥)
a]_0= %
(1-m°)?2
2
(1—11122)
. 2 (1+3m22+—% mgz‘)
50 =

{1 - ]1'.122) 9/2



51
The expressions for the terms of radian frequencies (p + q) were taken from
Vilbag.18 -
S B
m] - +—
Byt a Ly By ¥ % mA) + (7)

Ep 2

m, [1 _K (1 + mlz) 5, +£4 55 83]
4 5 64

2

where

3 2 5 4 35 6
51=l+zmb+-§m§ +Ezm2 + -

2
52-__..l+3rr11 +%ml['
5 2 35 4 105 6
SB=3 (1+—2m2 .|__8]:|12 +ﬁm2 + )
APPENDIX VI

The case of a quarter-wave V antemna 1s calculated for the field intensity
distribution in both the horizontal and the vertical planes In this analysis, a
sinusoidal distributicn of current is assumed The total field from the antenna is
found by integrating the field from a series of differential lengths of antenna and
considering the fact that both the magnitude and the space phase of the field due to
the current flowing in the differential dipole vary as the total field 1s integrated
over the length of the antenna

Referring to figure 94, the magnetic field from dil’ and dlz at a great dis-

tance 15 given by the expressions r

1
Q27
dHy=— = Idl, sin g cos w (¢t =)
_o2m s
di,y= Ar 1 d,Q2 sin ¥ cos W (t —?)
o
The expression for the current is
I=1, cos (27;1)
also
ri=r, - lcos¢ Tp=r, - fcos¥
dy =227 1 cos (ﬂ) dy sin¢ cosw (t _Tg- Reos ¢ )
1 Aro o A [+
027 2ml . To- % cosy
dr,= AI‘OIOCOE(J\)dR sin? cosw {t - )
Expanding
T
Qam 0
dHl:k—TOIO cos (27;1) df sin¢ [cos W (t - 77) cos (“’_RM)
c

- sin @ (t - I'C_O) sin (LCCOS_@)]

18F Vilbig, "Lehrbuch der Hockfrequenztechnik," Leipzig, 1939
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r
dHy = DA?':: I, cos (%) df sin¥ [cos @ (t - _cc’_) cos (24 zos 7y

— s1n @(t —E) 51n (%—)]
c

The total field 1is

ﬂ:%lo dd {[cos o (t —F—Z) sin ¢] [cos (_“'?ﬂ) cos (27;1)]

- [s:.n w(t - r—z) s1in ¢] [sa.n [w‘%ﬁ) cos (%)]

+[cos w(t —r—Z) sin ‘)’] [cos (wheos ¥y (o5 (%)]

c

_ [ s1n  (t _f%) smy] [sm (wlzos ¥y cos (2‘;:2)]}

The total field at any point can be found by integrating the above expression
from the apex to the end of the antemna, that i1s, from 0 to A/Z’. The expression could
be uged to determine the field from a V antemna any length L by changing the limts of
integration from 0 to L and changing the term cos (2%2) to sin 27TA -1

However, the primary interest 1s the case where the elements are one-quarter
wave long since a longer structure would be difficult to place on an airplane, in ad-
dition to the fact that nulls would appear in the field patterm

M4
H=9}:2—:; I, {[cos w (t —r—g) sm¢] Lcos (271',{)::05 ¢) cos (22") di
M4

r -

- [sm @ (5 -=2) sing | [ san (T cosdyeos (27Th) 4y
e 0 3 4 A A
T ‘ 2 ud)

+ [cos @t ———) s1n7 | cos (2T L cos¥)ees (272} g4
T VA *

—[s:.n w (¢t -i) siny fsun (2T Xcos¥ 4 cos Yy cos (72‘”1) dﬂ}
¢ g A A

Evaluating the integrals and substituting the limits, we obtain
cosi-g {cos ¢ )}
I T
= _° cos @ ( t —_2} san ]
H= lor, { [ ( c) ¢ Slﬂ2¢'

cos {—g {cos 7 ) }
T
+ [cos w(t --9) snl'}’] sin? ¥

:811'.1 {g (cos ¢ ) } - cos g

L sin? ¢

- [s:.nw(t —ig_) sin¢]
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Ty sine~ (cos ¥)b -cos?y
- |:51rr w(t - —) sin T] 2
c 2

sin™ ¥

The electric field intensity then becomes

£ 0 I [cosw(t _ 12_)] ccnsé1r (cos ¢ )}+ cosg {cos ¥ )}

To s1n sin ¥
ro s:.ng {cos ¢)}— cos ¢ EunE (cos}'}} - cosY¥
—[snau(t -t)] +
¢ sin ¢ sin Y

In the plane of the antenna, 1t can be seen from the geometry of figure 94

p=¢ -6 Y=¢+6

These values could be substituted in the expression for E to compute the hori-

zontal field distribution However, since ¢p and ¥ have been made general angles, it
w1ll be possible to obtain the expression for E 1n terms of the elevation angle © as
well as in terms of the azimuth angle 8 and the antenna angle ¢ In polar coordinates,

then,

cos p=cos @ vos (G- )
singg=F1 - cos2¢g
=¥1 - cosga cos? (- 6)

Simlarly,
cosy =cosacos (P+80)

sin ¥ =|,/1 - cos?e cos? (D+80)

Then, for any azamuth angle §and any elevation angle ¢

301,
To [cosw(t -To

° ]/1 - coszﬁl c052 (d-6) 1/1 - cos2dt cos? @+
-| sinw(t - X9
<
]/E - cos*a cos? (d - §)

51n(g cosacos (@ - 9)) - cosoicoa (¢ + @)

)] cos(g costicoes (@ - 9)) cos(g cosacos (@ + 9))

51n(1r cosqcos (- 9)) ~ cosdcos (P — @)
2

]/1 - costa cos? (@ + 8)

This expression consists of two waves 1n time quadrature to each other The

absolute amplitude can be found by taling the square root of the sum of the squares
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[cos (E cosacos (¢ — 9)) cos(’f cosacos (P +0) ) 2
301 2 + 2

Ty L}/I - cos?d cos? () ]/1 — cos? a cos? @+0)

Em(?_r cosdcos (@- 0)) — cosacos (P - 0)

. 2

V1 - cos’acos® (- @)

Bln(’—T cosacos (P + G)) — cosacos (P+6) 2
2

]/1 - cos® a cos? (¢+0)

3

In the plane of the antenna ora =p
30T, [cos(g cos (P - e)) cos(g cos (P + @ ))

E To | sin (6-0) T s (91 0)
51n(g cos (@~ 0)) - cos (P- @) Sm(-;-rcos (P + 9)) - cos (#+0) 2| *
* 510 (@ - @) * sin (¢ +6)
In the vertical plane when § =0
cos(’—r CcOSQCOS Q) cos (7_r CcOoS O coS ¢) 2
E = 3210 [ 2 2
0 ,]/ 1 - cos?@cos?d } 1 - cos?acos? P |
3111(2' COS (2 COS di)- cos@cos @ sm(g coscos ¢) - cosqcos ¢ ° :
+ +
V1 _ cosacos® & ]/I — cos?e cos® @
c - 30I, |4 cosz(g coS 0t coB ¢)+[231n(-2’? cos Qe cos db)— 2 cosgcos @ ] 2 5
~ To 1 - cos?¢t cos? P
E = 6010 {coszacoszﬁ — 2cosacos P s:m(g cosacosd)) + 1} 3
To 1 - cos?acos? ¢

These equations can be checked by taking the laomiting case of a half-wave
dipole or 2 ¢ = 180°.

Then the expression for @ = 0 becomes

E = 6.;10 |: cos(%rsm 9)]

cos @

The expression for 8 = 0 becomes

6010

To

E =




-

These relations indicate a toroid wath the antenna as the axis of a revolution,
the expressions for which check those i1n the published literature

In order to compute the gain of a ¥V antenna wath respect to a half-wave dipole,
1t 15 necessary to know the radiation resistance of the V antemrma  This calcnlation

involves 1ntegrating the power flow ({%_EP dg) over the surface of a sphere
m

around the antenna, in addition to whicn the mutual power must be calculated. The
solution becomes extremely laboriocus and has to be computed by numerical integration
However, the radiation resistance can be found quite simply by experimental methods
This has been done for antennas of varicus apex angles and lengths, and for a resonant
quarter—wave V with an apex angle of 80° the radiation resistance has been found to be
approxamately 33 ohms. Using this figure to calculate the relative field waith respect
to a half-wave dipole, assumng the same power in each antenna, the field of the V
antenna was found to be 0 8 db below that of the dipocle.

Patterns have been calculated in both the horizontal and the vertical planes
for an antenna wmith an apex angle of 80°¢ and are shown in figures 95 and 96
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Figure 16. Transmitting Equipment for the Visual-Aural Range.
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Figure 30. Antenna Array Used in System No. 2 Visual-Aural Range with Simultaneous Voice.
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Figure 49. Front View of the Type 32A Receiver.
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Figure 68 Measured Pattern When Only the

Figure 67 Measured Pattern When Only

Side Visual Antennas Were Driven

in System No 2

the Center Loop was Dnven

in System No 2

Aural Antennas Were Driven 1n

Figure 70 Measured Patterns When all Three
System No 2

Visual Antennas Were Driven 1n

Figure 69 Measured Patterns When all Three
System No 2



Figure 71. Loop Receiving Antenna Mounted on NC-11.

Figure 72, v Type Receiving Antenna Mounted on the
Vertical Stabilizer of NC-11.
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75. Installation of Receiving Equipment and Special Test Apparatus in the Cabin

of NC-11.
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Figure 76.

Instrument Panel of NC-11 Showing the Installation of Crossed-Pointer Instruments.
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