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DEVELOPMENT OF THE ULTRA-HIGH-FREQUENCY RADIC RANGE

PART I-THE ULTRA-HIGH-FREQUENCY AURALL RADIO RANGE

SUMMARY

This report describes a series of aural radio range experiments conducted at
Indianapolis, Ind , Pittsburgh, Pa , and Washington, D C , at frequencies of 63 and
125 megacycles The results of nume:rous ground and flight tests using vertical and
horizontal antennas are discussed with particular reference to the radio frequency,
multiple courses, cone-of-silence characteristics, polarization effects, reflection
effects, noise, atmospherics, distance range, i1onosphere reflections, and aircraft an-
tennas The report shows tne progression of development from vertical polarazation to
horizontal peclarization using crossed dipoles to the finally adeopted horizontally
polarived array using horizontal loops which have substantially pure polarization  The
field pattern of the adopted array possesses two very deslrable characteristics, name-
1y, a considerable lncrease of field strength on—course and a reduction of field
strength off-—course These characteristics are not avallable with the conventional
crossed figure—of-eight radio range pattern

In the early part of the development, 1t was shown that the 63 - megacytle
vertically polarized range was somewhat supericr to the 125-megacycle range using
either vertical or horizontal crossed—dipole anternas, and particalarly is this true
as to multiple courses and pclarization effects It 18 shown conclusively, however,
that through the use of new developments made available by the rapidly progressing
art of applying ultra-high frequencies to the radio range preblem, a radio range oper-—
ating on 125 megacycles and using pure horizontal polarization 1s superiocr to any of
the other ultra-high-frequency facilities previously developed.

THTRODUCTION

For the past several years the Teclmical Development Divaision hes been con—
ducting numerous field tests directed toward the applicatlon of the ultra-high
frequencies to the radic problem  The first ultra-hhgh-frequency four-course aural
radi1o rangs experiments were made on 63 megacycles The results were very encourag-
ing ard were disclosed in a previous reportl in the early part of 19338

These tests indicated that a four-course ultra-high-frequency aural range
was practicable, but that {further development would be necessdary to improve the an-
tenna syster and the aircraft receiving equapment It was concluded that further
tests should be made in order to obtain more concrete data to show the advantage of
an ultra-hagh-frequency system Additional Aata were required toc determine (1) the
advantages of ultra-high-frequency ranges during severe atmospneric dasturbances and
rain static, (2) the effect of different types of terrain on the operation of the
equipmert, {3) satisfactory operation of the ultra-high-frequency equipment over long
periods of time, {4) the effect of operating ultra-high-frequency ranges on high
towers and the effect of counierpoises on come—of-silence characteristics, (5) site
requirements for future instellations, and (£) the operation characteristics of a
two—courage ultra-high-frequency radio range

The 123- to 126-megacycle band was allocated to the Caivil Aeronautics Admin-
1stration for radio range facilaties, and Investigations were conducted in this band
as the art progressed Leter this band was extended to include frequencies from 119
to 126 megacycles The development of 125-megacycle equipment was greatly advanced
by the development of a substantizlly pure horazontally polarized ultra-high-

Ly .. Hromada, "Preliminary Report on a Four-Gourse Ultra-High-Frequency
Radio Range," Ciril Aeronautics Authority Techrnical Develomment Report No 3,
Jamary 1338
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frequency loop antenna in connection wath a Civil Aeronautics Administration rad:io
instrument landing system contract

The purpose of this report 1s to describe the equinrent used and to discuss
the tests and investigations made tc date con aural type radic ranges operating at 63
and 125 megacycles

TESTS OV 63 MFGACYCLES

Equipment

The traznsmitters used in thess tests mre the type T, s.mlar to those used
in the orevious tests They weore crystal—controlled and delivered 100 watis of out—
put power at 53 megacycles A conventional class B modulator was used 1n conjuncticn
with a 1020-zycle vacuum tube tone oscillater The type TEI transmitter i1s shosn ain
figure 1 A block diagram of this transmitter 15 shown in figure 3 A modified type
AC-74 interlock relay, shown in faigure 2, was used to key the radio-frequency trans-
mission lines in the A-h sequency  The interlock relay was mounted on top of the
transmtters 1n these tests insteac of cutdecors as was done in tie previous tests

For the reception of 63-megacycle signals, a type RUB crystal-contrelled
ground station receiver mas modifzed for use in an airplane This recelver used a
loaded cecaxial line input circuit, a two-stage intermediate-frequency axplifier at
3850 knlocyeles wath a 40-kilecycle oand wadth, and a two-stage auwdio-frequency ampli-
fier A wvibrator type power supply unit furnished the necessary high voltage. Firgure
4 18 a block miagram of the complete receirver and power supply. The receiver is shown
in figure 5  Some of the audic output of the receiver i1s rectafied to operate a high-
speed grapnic recordsr For thus purpose, an Esterline-Angus type AW (0-5) direct—
current recording milliammeter was fitted wath a vacuum tube amplifier—rectifier  Thuos
unit was attached to the back of the recorder as shown in figure & The receiver power
supply alsc furmished the vower for operating this unit

Tests

After tne completion of the prelimnary tests with the vertically polarized
63-megacyele range at Irdianapolis 1n October 1937, the equipment was moved to
Pittsbargh where flight tests were conducted to determine the effects of irregular
and moantainecus terrain  Threough the courtesy of the Westinghouse Ilectric &
Manufacturing Company, arr=ngenents were mede to utilize the site of the abandoned
Westingrouse receiving station near Wilkinsburg, Fa The antenn2 was con very rough
and 11ily ground about 50 feet from the station building and 200 feet from a large
tar™ which was f-tted mth a munber of lightming rods I'light tests showed the pres-
ence cof several wicely separated multiple courses, suct as would be dus to nearby
reflecting objects

A search for a better radio range site resulted in the leasing of a plet of
groandl located approximately 2 m1les south of t-e Alleghery Coundy Airport neszr
Clairton, Pa This plot of ground was a rounded kneoll sloping downward on all
s1des about 10 feet 1t a 100-foot radius The anternz was erected on a 12-foot pole
above a small shack which housed the transmtter  The closest obstractions, which
wera trees on the east s.de and a power line on the west side, sere well helow the
level of the antenna, acout 400 feet down the mll

Flight tests o~ all foar courses of this ra-ge di. not reveal any muliiple
COLTSCS The recoxd shown in f.gure 74 135 deraved fron an actual flight recorcing
and 15 an exatple of a typacal cross—ccurse flight I~ this figure, the z2ctual
keyed (A-N) s1gnals nave been removed from an actual recordir 7, and the distance
setweer the two .ntersecting lines represents ihe diZZere ce Letwesn tne levels of
tne tvo siznals This 125 peen founl to vrovads an easy netheo of analyzing re-

“See reference 2, page 1



cordings of this type, i1nasmch as an intersection of the two lines indicates a

course When the two lines approach each other but do not inlersect, there 1s an in-
dication of a tendency toward multliple course This record was taken at 20 mlles, on
the northwest leg of the range, at 3,200 feet above grourd There 1s a moderately
slow rate of scalloping of the field patterns Flgure 7B 1s a simlar record taken at
45 mles on the northwest leg in a flight across the course at 2,800 feet zbove ground

The range s<ibited multiple cones-of-silence as the antens s=zs three-
quarters wavelength above ground

In June, 1938, a metallic screen or counterpoise was erected at the Pittsburgh
site, one—quarter wavelength below the center of the raliators, in an effort te eli-
minate the multiple cones—-of-silence A wooden frame—work 30 feei square vas built
crourd the transmtter tuilding, and the entire top of the framework »as covered with
3/4—1nch galvenized chicken wire mesh  This installation 1s shown in figures 8 amd 10
Recordings of the cone-of-silence again were made, one of which 15 shown in figure 9
The rise 1n signal between the fore and aft surges 1s probably due te airrsgularity of
tne receiving sntenna field pattern in ftne —ertical plane ana to effects of the air-
plane structure  This recording was taken in a flight over the station at 2,500 feet
above -round. Cross-course flights also were rade on alil four courses Vo multiple
courses were found within 50 or 60 miles of the staticn  The southeast leg was flown
to Berlin, Pa , a distance of about 76 mles, where cross-coursé flights showed very
glight indications of muitiole courses  These multiples wers of doubtful character,
often appearing as an on—course signal Just off the course and lasting only during
the time of a single A eor N interlock, and could not be detected on the recordings

During the cross—course flights, accurate checks were made against ground
landmarks, and 1t was noted that a slipht "pushing™ of the course resulted On
flights perpendicular teo a course from an A quadrant into an N quadrant, the on-course
sigmal appeared displaced forwaid from 1ts true position some distance i1mto the N
quadrant Simlarly, on flights back from the N quadrant to the A quadrant, the ob-
served o-~—course zppesred displaced forwzrd to a position in the A quadrant At 76
mles, this "pushing”" effect a3 about one mle., Under certain conditions an opnosite
or "pulling! effect was noted  Pushing and pulling effects of the courses have been
ohserved on numerouws cccasions at low frequencies when horlzontal V or L antennas are
used instead of a vzrtical mest, and they are due to pick-up of the horizeontal com~
porent of the transmitted sipmal  Censiderable herizental corponent was observed on
the ground at Pittsburgh with a portable field detecteor and was due to radiation from
the ceoaxial lines which were not properly terzonated

In the majority of the flaght tests at both Indiarmapolis and P-ttsburgh the
aircraft receiving antenra w25 a quarter—mve vertical whip antemna mounted on top of
the fuselage of the Cival Aeronautics Admnistraticn Stinson airplane AC-80, jJust back
of the pilot's seat (see fix 34) The antennz was tuned by weans of a coil and con-
denser 1in series with the whip A flexible cecaxzal cable coupled the antenna to the
receiver Dming a portion of the flignt tests a2 half-wave wnip antenna mounted
throush the fuselage just forward of the rudder post was used Th1is entenna was
Found to be inferior te the first one During £li7nt tests 1t wms observed that when
e1ther wing was pointed to the station on flights perpend:cular to the course, the
signal was very clear and free from what appeared to he extremely rapid ard irregular
arplitule modalaticn effects, In flights directly away from the stataion, the signels
were not so clear and couwld be considered only farr in ftone character  During flights
#itr headings towerd the station the signals were very opadly cu* up, and 1t was only
with diffacult; that tae course could be flown The course appeared to be somewhat
broade~eac because of this modulaticon effect In subsequent tests 1t was oetermned
that this s snal flutter was due to reflector or director ection of the rotating
propeller and hence was termed propeller modulation In this partazcular case the
antenna, %y chenee, was very nearly one wave-length back of the propeller.

In June 1938, ancther f£3-megacycle vertically polarized radic range was
erected at Indianacolis with a view to improvang the 'mown faults of the first an-
temna system  Fipgure 11 15 & schematic diagrzn of t1e new antenna The dipoles



were of the cosxaal end-fed variety, and each palr of diagonally opposite dipoles
could be adjusted to reduce the standing waves on the I1nside conductor as well as on
the outside of the coaxial lines to a negligible value. The center of the dipoles

was 20 feet above ground. One—quarter wave below the center of the dipoles was a
eircular counterpoise 30 feet in diameter, made of 2-anch-square galvanmized iron mesh
a5 shown in fipure 12, In this figure there 13 a fifth element shown at the center of
the antenna system  This element was added to the array for the purpose of testa on
simultanscus range and voice itransmission ¥hen the lower telescoping sleeves on the
dipoles have been adjusted, the standing wave on the outer conductor of the transma-
sion 1line 1s reduced to a negligible value independent of the standing wave on the
inner conductor. The line-shunting condenser, C, and the upper dipole telescoping
sleeves are then ad)]usted to obtain a mummm standing wave ratio on the imner conduc-
tor Thls antenna system gave very good resulis, and the horizontal component of the
electric field could be reduced to less than 1 percent of the wertacal componsnt  The
array haa the dlsadvantage of not being as easily rotated to align the courses as the
array installed at Pittsburgh In the design of this array, a diagonal spacing of

0 2 mave-length was used to provide sharper courses end a small physical size (See
fig 59)

The Indianapolis range, equipped with this antenna, was flight checked to
125 mles end no multiple courses, or pushing or pulling effects, were found on any
of the four legs Figure 13 represents an average set of curves plotted from data
taken on this range with a rather high zirplane ignition-noise level Curves 1 and
2 show the effective loss of distance range when a counterpoise 1s used Curve 3
may be directly compared with curve 1 te show the improvement in distance range which
may be obtained with a reduction of igmition, chargling regulator, and generator
noises. The data for curve 3 were cobtained in the same flight as the data for curve
1, except that the engane was throttled down considerably in the case of curve 3.

Toward the latter part of the year, the Civil Aeromautics Admmistration
leaned two 63-megacycle crystal-controlled receivers to American Alrlinss and Trans-—
continental & Western Air, Inc These companies made rumsrous flight tests of tae
Indianapolis and Pittsburgh radic ranges The tests made it possible for a large
number of pilets to compare tbe ultra-high-frequency range with the standard low-
frequency ranges Several typical airline pilots' comments are quoted below-

"M Maxnmum range of 90 mliles at a time when the low-frequency heacon was
practlcally uselegs because of heavy static !

'"Unusually fine beam ' 'Good tone ' 'No bends ' 'Good cone at 1,500
feet ' 'No static with lightmng around ' 'Highly satisfactery '

No shifting or waving.'"

An interesting comparigon between the 254-kilocycle range and the 63-megacycle
range at Pittsburgh 1s shown in figure 14 The figure shows the data obtained from
crogs—gourse flights recorded over Somerset, Pa , a dlstance of 52 mlles from
Pittsburgh, st an altitude of 4,300 feet above ground They clearly show the superior-
1ty of the 63-megacycle over the 254-kilocycle range

TESTS ON 125 MEGACYCLES, VERTICAL POLARIZATICN
Equipment,

The type TKL transmitter as used on 63 megacycles also was used on 125
megacycles except that the neutralized driver stage was converted into a frequency
doubler, the output of which was sufficient to fully excite the power amplifier at
125 megacycles (See fig 3)

In all flight tests at 125 megacycles the arrcraft receiver shown In figure

15 was used. Tmis receiverl 15 a superhetercdyne, using tuned coaxial line input

3P D WcKeel, "An Ultra-High-Frequency Aircraft Receiver,m Civil Aeronautics
» J
Authority Technical Developmsnt Report No 17, September 1938



circuits and & tunable coaxial line radio—frequency oscillator of high stabillty The
recelver has a tuning range of 60 to 130 megacycles Its stability 18 excellent after
8 warm-up period of approximately 1 minute. A block diagrar of this receiver 13 shown
in figure 16

Tests

In December 1937, the first 125-megacycle vertirally polarized range was get
up at Indianapolis withan 200 feet of the old 63-megacycle station  The transmitting
antenna and i1nterlock relays were similar in design to those used on 63 megacycles
Conslderatle difficulty was experienced in obtaiming a good field pattern on the
ground Figure 18 1s a representative pattern drawn from the data taken at 125 mega-
cyeles For comparison, the field pattern of the &3-megacycle range, figure 17, 18
reproduced from Technical Development Report No 3 4 A large percentage of horizontal
component was observed on the ground with the aid of a portable field meter, and 1t
was further noted that the position of the courss changed with the angle of the re-
ceiving antenma  Flaght tests on all four courses revealed that all were practically
unflyable Multiple courses were numerous even at distances as close as 2 mles, and
the attitude of the airplane affected the received signal to a marked degree Often
a 15° bank would change the sigral from an A to an N, or vice versa. The antenna,
being three wavelengths above ground, produced multiple cones—of-silence which were
later removed by means of a counterpoise consisting of & large area of 3/4-1nch gal-
vanized chicken wire mesh placed one-quarter wavelength below the center of the
antenna Te multiple courses were reduced somewhat by the addition of the counter-
poise but were still very prronounced

The equipmert was then moved to a new location about 1,000 feet away from the
old range building {the closest obstructaon) and re—erscted With the portable fisld
detector a large proportion of hor.rzontal component was found  Placing a metal screen
over the transmitter greatly reduced this component, although the transmitter itself
was 1n a perforated alummim cabinet The entire house (approxamately 5 feet aquare
by 7 feet high) was then screened and taghtly closed The horizontal component was
reduced to leas than 1 percent The ground pattern was somewhat i1mproved over that
taken 1n the old location. (See fig 19 ) No multlple courses were observed in
flights up to 20 mles At 30 mles, cress—course flights showed no less than six
closely spaced multiple courses on the eaat leg Assumng that these miltlple courses
wore caused by some distant reflecting object, caleulations indicated that such an ob-
ject should be approximately 1,560 feet away Figure 20 1s a sketch made from aerial
photograchs in which are shown the various obstructions in the vacimity of the anienna
It should be noted that none of the obstructions were over 75 feet in height and all
of them were below =n angle of 1 7° wath the antenna

In April 1938, tests were conducted on a 125-megacycle two--course antenna
system supplied through the courtesy of the International Telephone Development
Company, Inc., based on the same principles of operation as the Lorenz beacon’? devel-
oped 1in Germany for usge on 33 megacycles A schematic dlagram of the International
Telephone Development Company system 1s shown an figure 21, and figure 22 shows the
complete installation  The central dipole was continuously fed from the transmi tter
while the left and right reflector elements were keyed Popen' and "closed"™ by means
of relays in the usual imterlocked A-N sequence The two—courge range provided a
greater degree of flexability than the four-course in that the shape of the A-N pat—
terns could be controlled and varied wlth ease, and course sharpness could therefore
be controlled TFigures 23, 24, and 25 are representative grcund patterns which were
tested In each case the d-pole elements were carefully tuned and the lines termi-
nated A large horizontal component was observed on the ground untail z number of
radio—frequency chokes were inserted in the horizental leads to the relays The
pattern shown in figure 23 produced very broad courses, and many multiples were found

43ee reference 1, page 1

5 Kramer and W Hanneman, "The Ultra-Short-Wave Guide-Ray Beacon
and Its Application," Proc I R.E , Vol. 26, Jarmary 1938.



at distances greater than 14 mles A slight improvement was observed when the sys-
tem was tuned to give the pattern shown in fisure 24 The ground pattern in figure
25 provided one broad course and one sharc course., Slightly fewer multiples wvere ob-
served 1n flipght teats on the sharper course

A cross—course record taken at 20 miles, and obtained with the transmitting
pattern of figure 24, 15 shown 1n figure 20 The scalloping of the pattern as bad
The ectual signals heard in the headphones sre marked on the recording

In the fall of 1938 the four—courae and the two—course vertically pelarized
antennas were moved to Plttsburgh and successively tested at the new site 2 mles
gouth of the Allegheny County Airport. The antennas were erected one—quarter wave
abcve the 30-foot square counterpolse As at Indianapolis, multiple courses were pre—
sert wath hoth types of ranges Scalloping of t1e A and the N patterns was qulte
severe A typical cross—course flight record 19 reproduced 1n fagure 2¢ On this re-
cord, taken at 20 mles and 2,600 feet abeove the ground on the southwest leg of the
range, wlde multiple courses and severe scalloplng are seen A similar record, which
wea taken at 20 miles, 2,600 feet asove ground, on the nortneast leg of the range, 18
shown 1n figure 28B

On-course flights either toward or away from the station revealed a signal
flutter which was different in character and more severe than the propeller modulation
found on 63 megacycles  This fluctuatior of signals appeared to be a very low-
frequency wvariation of low amplitude with a higher frequency superimposed The effect
wag no*ed when the alircraft was belng flown over mountains Similar flutter wag ob—
gerved 1n the vicimty of the Pittsburgh Alrport An example of this flutier is shown
on the recording, figure XGA, taken during an on-course flight irom near Bentleyvalle,
Pa., toward the statior at 3,000 feet above ground. The flutter is more noticeable on
passing over mountains and varies with altituds, becoming less violent and hagher in
frequency at the higher altitudes The effect 15 probably due 1o the random combina-
tion of the direct wave and a reflected wave from the ground

Another inceresting example of signal flutter due to reflections i1s shown 1n
flgure 298 This record was obtained at Indianapolais on 125 megacycles using verti-
cal polarization At the tame the recorder was operated, the plane was on the ground
gbout 1-1/2 mles from the transmitter in the N quadrant The interloclk relay was
being keyed by hand during the process o some adjustments An Army pursuit plane
appeared, flying abogut 700 feet above ground at a 1-mle radius around the airport
The oseillations recorded appearsd at intervals during the cireling of the plane
This type of flutter would exast, of course, regardless of the type of polarization

The distance range of the Flttsburgh station was in the neighbtorhood of 90
miles at 2,000 feet above ground, and 115 mles at 3,000 feet above ground, consider-
ably greater than that obtained over level terrain with the Indianapolis station
The fact that tne transmatting anterna was mounted on a pole one—quarter wave above.
a screen counterpoise reduced the miltiple cones—of-silence materially (see fiz. 2?),
in spite of the fact tnat the antenna was 12 feet or one and one-half wavelengths
above ground

TESTS ON 125 MEGACYCIES, HCRIZONTAL POTARTZATION,
USING CROSSED-DIPOLE ANTENNAS

Following the 125-megacycle tests with vertically polarized antennas, an array
consisting of two horizontal crossed dipoles was constructed for the purpose of test—
ing horizontal polarization, A schematic diagram of the crossed—dipole antenna system
15 shown in figure 30 Figures 32 and 33 show the installation  The U-shaped sectiors
of transmssion line and the feeding transmission line are of standard 7/B-lneh 70—ohm
coaxial ceble. With this array the feeding llne i autcmatically terminated if the
dipole resistance 1s approxmately 72 ohms

Figure 21 13 a sarple grournd pattern taken with a portable field meter at
Indlanapeclis Comparisor betweer figure 31 and figure 19 shows a considerable im—
provement 1n the field pattern of the horizontal crossed dipoles over the verticsl
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antenna at the same site. Flight tests also indicated lesss acalloping of the field in
t1e case of the horizontal antenma _ A very large percentage of vertically polarized
component of the field was observed on the grouna, and a small tilt of the receiving
antenna from the horizeontal completely displaced the course or changed the received
signal frot one guadrant to the other This 15 to be expected, since the electric
field from a horizontal dipole contains a considerable proportion of vertical component

With a vertical receiving anterma, an N si1gnal was heard at all points on a
100-foot radius except when the receiving antemna was in line with either of the crossed
dipoles At these points an on-course signal was heard At the same radiusg, 10° off
the true course, tilting the receivarg antenna clockwise from the horizontal gave a
strong A signal and tilting the antenni 10° counter-clesiwise from the horizontal gave
= strong N signal The muitual coupling between the crossed dipoles and the standing
wave ratic on the transmission line outer conductors were negligaible The receiving
zrtenna used during the flight tests wes a 15-inch horizontal loop mounted 9 incnes
below the fuselage orf NC-£0 It 15 11lustrated 1n figure 34, Tuning of the loop was
accorplished by adjusting tne position of the horizontal bar across tae lecop A
double coaxial feeder line provided coupling to a balancing unit, shown in the diagram,
from which a single coamx1al lrne was connected tc tne receiver  The balancing umit 1s
adjusted by shunting tne loop end of the double coaxial lins (with the loop disconnec—
ted) and feeding the two ccaxial lines .n parallel from a signal generator Jendenser
C, 15 then tuned to a null, after which the loop is reconnected to the lines

Extended flight tests were made o the horizontal antenna up to about {5 miles
and altitudes up to 5,500 feet above ground A large number of creoss—courae flights
were wade on 2ll four legs of the range On some eof the legs multiple courses were
observed, althcugh the over—all scalloring of the N and A signals and the multiple
course phenonena were considerably less than those observed with wvertacal polarazation
on the same freguercy The courses observed, both aurally and by means of the recor-
der, were, cn the average, narrower than the 3° courses of the verticall, polarized
rarge A tabulation of a number of flights on the Indianapolis crossed—dipole range
1s given in faigure 35

Figzures 36A ard 360 are records derived from cross—course flignts taken on
the nerth leg at 30 mles and 3,500 fect above ground, and 36 mles and 2,400 feet
atove ground, respectively It 1s seen from these records tnat the multiples were
slight, often appearing as a single false siz1al which could be detected only by
aural methods Dur.mg the course of the flaght tests 1t was Zurther observed tnat
wher the airplane was ma<irg 2 turn a few degrezs off-course, the rece-ved signal
would charge from an A to on-—course to an N  Thereafter 1t was the wnractice to fly
abgut 10° off-course, execute a flat 360° tarn, and ohserve this "circling effect M
This 15 a more critical Tethod of observing "pushing" or "pulling," which are ac-
tually the same pnencomenon Circling effect was almost umversally observed with
the crossed-dipole anterma

Within a radius of 5 or 6 miles of the station it was impossible to fly an
accurate course 1f a gyro course was held accurately from a distance of 10 mles,
as the Migh-argle lobes of the wverticel rediation patterns were crossed, the courss
arpeared to shift from 1ts normal position ‘o one side or tne otner

Figure 37 13 a core-of-oolence record taken smen the interlock relay was
locked on one side The anternn 11 this case was one and one-half wavelengths above
arownd and cne-half wave atove tle 30-foot-square galvanized iron screen counter—
ro.se The altituae ol the plare was 2,700 feest ahove groumo and tre air speed 110
miles per hour

Murther experimerts witn the crissed—dipole srray vere corducted at
Patfsbtor,h As ain tne cese ol tle vertical antennas, the cressed dinoles were
erectel asore a counterpoise lenc-half mane 1n this case) The fli ht tests again
shosac considerarly tewsr nultiple course rhenotena and less sceliepire of the A
and N patterrs
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The distance range, as i1n the case of weriical polarization, wes much
greater a* Pitisbirgh than at Indianapol s ar. in about tne same rataoc ‘s in the
case of the vertical pelarization, v.olent .lactuations of signal were ooserved during
flights over Tountains, as 1llustrated _n recoruing A of figure 39 This recording
was taken in tre icinity of Chestnut R.dze J.ring en on-course Zligat et 120 mles
per hour, 2,300 teet above grou~d, from Z_tttourgh to Somerset, Pa  Anotirer cxample
of flutter _s given ip faigure 19B. Thus recerd was taken in a flight towsrc Somerset
and over the steel mills of FPittsburgh at 120 mles per heur, 2,800 feet rsoove ground
Jirclitg efiect was alsc opserved in pract_cnlly all itests This 15 1-lustrzted 1n
the recorling of f gure 38 teken near Rurifsdale, Pa , approxmmately 20° off-course in
the N quadrant, wh.le the airplane was fl n. 1~ a shert-radius Zlat cirzle The re-
cord shows reversal of gignal

A and B of figure 40 are cone-of-silevce records taken with the intocr_oc<
relzy locked on one side The rvecording of figure A0A was taker at 3,500 fes* =hove
ground, 12C mles per heur, transmtting a~terns one and one-half wavelengths ahove
grourd, and the counterpcise ore-half wavelength below the arntenna This figare also
shows “lutter of signal as the plane passed over the Allegheny County éirvort The
recording of frgure A0B was taken with the coun*ernoise remnoved These records show
the improverent in the core-of-silence when 7 counterpoise 1s used

During September 1938, the 125-megacycle crossed-dipole anternma syster was
mounted on the top of a 125-foot steel tower at the Silver H.ll Experime-tzl Station
near Washington, D.C  Flights were made con the south ard west legs with cross-course
checks at Indian Head and Herndon, Va , respectively Both courses were found to be
very poer 1n general, they were characterized by flutter ana roughness, orobably
due to wave interference, and were subject Te rapid and vieclent changes 11 1utensity
The west course .n the vicimity of Herndon was particularly poor, o2eirg comnprised
of several muliiples extending over a secter approximately G° wide Ancther steel
tower located 400 feet from the antenna prcbably was the cause of the severe split-
ting of the course Faigure 41 15 a record derived fron an actual flight recording
taken of ore of the test fligats over Hermdcn at 2,300 feet above ground  The scal-
loping of the & and N patterns 1s seen to hare been ver) severe Duraing flights
withain one-half mile of the Arlington towers which were in line with the Hernden
course, wide fluctuations of signal were opserved, indicating strong wave interfer-
ence due to reflections Pushing effect and circling effect were very severe The
south course was comparatively {ree from rmitiples but had a sericus bend aboat 5
miles south of the Experimental Station  In cther respects this ccurse was no better
than the west course

On-course signals were cbserved to change to A, to on-course, to ¥, etc
when a steady gyro course was held which cciacided with the radioc range bearing
All attempts to fly a course over the station sere unsuccessful This rmz be as-—
cribed partially te the fact tiat nuwerous cones-of-s_lence #ere presen”, since the
antenna was 16 wavelengths above grounc These raltiple cones—cf-silence were re—
corded and are shown 1n figure 424

7

In October 1938, a 30-foot-square cointerpoise of 3/4-1nch ealvanized wmre
mesh was installed on the tower ore-helf wavelength nelow the crossed-dipole antenna
There was a considerable reduction 1n tie multiple courses cn the west leg  Course
discontinuity was still noticeable close to the station Pushirg and circling ef-
Tects were also unchenged The cone-of-silence, however, was improved censiderably,
as shown 1in figure 42B A view of the 125-focot tower and counterpoise 1s shown 1n
figure 43

DISCUSETON

Multaple Courses

(a) Effect of Course Sharpness

Most of the experiments on 63 and 125 megacycles atilized the four—course
radio range, the thecretical horizontal space pattern of which Tundamentally com-
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prises two crossed figure-of-—s=ight patterns as shown ain fipgure 44  The course sharo-
ness may arbitrarily be defined as-the ratico of W/A (si1gnal strength) or 1ts recipro-
cal at a point 1° from the intersection of the two patterns In the practical case,
however, the figure-of-eight patterns are somewhat scalloped instead of beirg amooth,
because of reflections from obstructions Fioure 45A 15 a small sector of a radio
range nattern shoring the on-course region Occasionally the sealloping 1s severe
enough to produce two or Tore cross-overs in the on—course region as shown, resulting
1n spurious or multiple courses At low frequencies, the scalloping 1s due to reflec-
ticns from large ohjects (cowparable with the wavelength) such as mounta.ns At
Lltra-high Trequencies, reflect_ons from small nearby objects will cause scalloping

of the patterns It 18 an interference phenomenon between the direct wave and the re-
flected waves Tf the A and N patterns are then cianged to intersect on-—course at a
more acute angle, the ratio of H/A at 1° from the .ntersection will be greater and

t1e course gharpness will oe 1-creased, as shown 1n figure 45B

It 1z evioent that the greater the course sharpness, the fewer are t1e croas-
overs, and there 15 a consequent et reducticon 2 multiple courses It 15 readily
seen that since the field strenglh at any point 1s tie vector sum of all the signal
comporents rece.ved at th2t peint, any increase an the ratio of on—courge/of f—course
field strength will reduce tne =mount of scalleping, and hence the number and irtensity
of multiple courses Tie tests on tne two—coarse range with several degrees of sharp-
ness did indicate some .nprovement with the sharper courses The two-course range
permits greater flembility 1» snaping the field natterns, and in special instances
these patterns may be purposel;y sraped to reduce the field strength toward reflecting
objects If the range 1s to prov_de a useful zid te air mavigation, there i1s, however,
& limit to tne amount of rediction of the off—course radiat.on which can ke telerated
The subject of practical radic ranfe prtterns w11l be discussed _n more detail later
in the report

(b) Etfect of Freguercy

In figure 464 15 11lustrated +he same general scalloping of tie A and § pat-
terns as 1n figure 454 If the frequency 1s halved, for evample, the _nterference
phenorencn 1s decreased and less scalleoping results Zonsequently, as shown 1n figure
46B,there w211 be fewer cross-overs ana fewer multiple courses T™ais fact i1ndicates
that the number of mltiple courses 1s 1pt to decrease almost properticnately with a
decrease 1n frequency and partizlly explains why, at a given locatiom under ident_cal
coenditions, the £3-megacyele range had slwost imperceptible muiltiples or ncne at all,
shereas tre 125-megacycle range had considerably more  Figure 45 demonstrates the
effect of a change of frequency, and there nas been ~o attempt to s1ow the results of
any changes in tre awplitade of the secalloping

It has already been shewn that 1t .5 possible to reduce mdtiples oy control-
ling radiation in the direction of reflecting ob-ects, cnc later i1n thas rcport 1t 1s
showr conclus_vely that 1t 15 possible Yo prodace a 125-regacycle range thet is equal
or supericr Yo tre S3-regacycle range slready descrinec  This range was mede possible
by the rapidly agvanc.ng art of contrclling radaaticn at these frequencies

(e) Bends in Coursec

I some ultra-hngh—"reguency range 1nstallations ret covered by thas report,
course beras have been chserved These bemds are believed to be horderlinc cases of
miltiples srere the scallopirg of the patiern changes at increasing distancess from
the staticn. Tre scallepinz i1s usually caused by reflections [roT buildings, wores,
trees, ~nd rugzed terrain  Bends have not beer enccuntered at Pitiskurgn or
Indianarolis at angles of elevation below approxamately 20° on erther (3 or 125 mega-
cycles  hawever, bends are very severe on the Pittisburgh low-frequency range
Experierce i1ndicates that bends in low-fregquency ranges zre caused by c¢onditions
over which the engineer has no control  Cn the other hand, the engineer can control
the factors which cause berds on ultra-h_gh frequencies

-
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Polarization

Perhaps the most significant fact brought about in the previously deseribed
tests on both 63 and 125 megacycles .s the necessity for a radio range anterna system
providing a constant polarization of tne electrac field at all poants in space, that
1s, one 1n wiich the polarization for tne A pattern i1s the same as that for the N
pattern For purposes of i1llustration, let us assume that the vectors A and N shown
in figure 47A represent the field strength and polarization for the A and N patterns
of a radio range Then a vertical dipole .n the position mdway between these vec-—
tors m 11 receive equal A and N signals or an on-course If the dimole 15 t1lted to
one side, as shown in figure 47B, the A signal will predominate over the % with an
offcourse indication as a result Simlarly, 1f the dipole 1s situated a few degrees
offcourse and 1s polarized at an angle from the vertical, as shown in figure 47C, the
vector eombination of the A and N fields will produce an en—course signal Such a
condition often exdsts with ultra-high-frequency aircraft antennas where a vertical
quarter-wave antenna may receive considerable herizontal component of the transmitted
signal because of pick-up on the aircraft structure 1tself This ecendatron produces
the so—celled pushing or pulling cr circling effects already described The metal
frame, control wires, instrument tubing, etc , on small aircraft can hardly be expec-
ted to act as a "grourd" for the ultra-high-frequency antenna On large z1ll-metal
transports, the extended metal wing and fuselage surfaces are more apt to provide a
reasonably good Pground ™ Although no cpportunity was had to mak%e definite measure-—
ments on large aircraft, tests on 63 megacycles in several Douglas DG-2 and DC-3
transport planes showed that no pushing or cireling effect was present, and tae re-
ceilving anitenna patterns were apparently more uniform than those obtained on the
C1vil Aeronautica Administration Stinson NC-20. Moreover, none of the airline pilots
who tested the Pittsburgh and Indianapolis 63-megacycle ranges have reported any
pushing or circling effect

It 1s obvaous that the requirement for constant polarization affects both the
transmitting and tie receiving antennas, but 1f either one can be made to produce or
respond to only one polarization, no difficulties wall be encountersd  The trans-—
mtting antenna system 15 under full control of the desipgning engineer and hence 1s
the proper place to control the polarization  On the other hand, the aircraft re—
ceiving antenna 1s not under full control, and each aircraft, even among airplanes
of the same general {ype, 1s apt to have widely dafferent characteristics

As the experaments on 63 and 125 megacyclea with vertical polarization pro—
ceeded, every effort was made to reduce the amount of horizontal component as
measured on the ground in the vicinity of the statzon  With reasonable care, spurious
radiatione from the transmission iines or fronm the transmitter 1tself can be suprressed
In the case of the experiments using the horizontal crossed dipoles, pushing and
circling effects were always encountered, and a large percentage of vertical compornent
was always present in ground tests  The reason for this condition 1s that the crossed-
dipole antenna does net radiate pure horizontally polarized waves in all directions

to pure horizontally polarized antenna had been developed by the end of 1932
Tests with the horizontal crossed—dipole antenna on 125 megacycles revealed fewer
multiple courses than these with vertical pelarization, and slightly more multiple
courses than those with vertical polarization on 63 megacycles. The pushing and
circling effect and reversal of quadrant signals in turming 2nd banking maneuvers
made the horizontal crossed-dipole anterma inferior for navigational purposes A
number of teat flights on &63-megacycle horizontal crossed-dipole anternnas at
Indianapolis confirmed these conclusions

One cther point regarding the relative merits of horizontal versus vertical
polarization is noteworthy horizontally polarized waves are reflected more efficient—
ly from the ground than are vertically polarized WHVGS,(D except at very low angles

Spertram Trevor and P S5 Carter, "Notes on the Propagation of Waves Below
Ten Meters in Length,™ Prece I R E , Vol, 21, March 1933



when both are reflected nearly perfectly  Vertically polarized waves may be consider-
ed as being horizontally polarized with respect to vertical objects such as trees and
vertical walls of bualdings  Hence, the so—called vertically polarized waves are sub—
Ject to severe reflections from the objects often ercountered near radio range instal-
lataons. This fact was sufficiently demonstrated in the 125-megacycle tests where the
ground patterns were freer from scalloping in the case of horizontal polarization On
the other hand, it 18 toc be expected that troubls may arise 1n the case of horizontal-
ly polarized systems because of the presence of horizontal telephone and telegraph
wires 1n the close vicintty of the antenna

From the data obtained in the experiments described to date and other tests on
a visual type radle rangﬂ,7 1t 15 quite defimtely indicated that horizontal polariza-
tion would be superier te vertical polarization provided purely polarized waves could
be obtalned Nearly all of the objectionable features of a horizontally polarized
range derived from the large vertical component present in the radiation from the
crogged horizontal dipole array would be automatically eliminated provided this com-
ponent could be elimnated 1% was this knowledge that led to the developrent of the
purely polarized horizontal leop antenna referred to later in this report

Signal Tlutter and Spurious Mcdulaticons

In all testa on 125 megacycles at Pittsburgh wath both horizontally and verti-
cally polarized arrays, a disturbing signal flutter or superimposed low—{requency mod-
ulatlen was cobserved. This 15 due to rapid variations in the amplitude of the received
signal caused by continually changing reflections from rugged terrain The flutter
was most severe at low altatudes eand dimnisned with increasing altltudes, although 1t
was encountered higher than 4,000 feet above ground Thais phenomenon was barely
noticeable at a distance o~ 63 megacycles, nowever, 1t was severe in the immediate
viecinity of the range Altaough 1t 1s very disturbing in the headphones on aural re-
ception, 1t 15 bellsved that 1ts effects can be greatly diminished in a double—
modulation vaisual radio range system where automatic gain control can be used to
advantags.

Propeller modulation wea encountered only on 63 megacycles where the size of
the airplane propeller 15 comparable to one-half wavelength. However, this effect may
be mxrmimzed by proper lecation of the recelving antenna  In one of the airline tests
on a Douglas DC-3 the propeller modulation was barely noticeable, and none of the air-
line pilots mertioned 1t

Courge Discontinuity

Turing the Indiaznapolis tests with horizontal polarazation on 125 megacyules,
1t was observed that 1% was almost i1mpossible to fly a range course within a radius
of about 6 miles from tre station The difficulty was at filrst attributed to bends
in the courses later, the same trouble was notea at Pittsburgh, and again at
Washington, D S Further flight tests, wath constant gyro headings, established the
fact that as successive high-angle radiation lobes were crossed, tone range course
suddenly beeame discontinuous The course was observed to shift to the left and then
to tne right, ete , indicating tnat the on—course cross-overs of successive hagh-—
angle lobes were not 1n alignment  The effect was noted also in the case of vertical
polarization, but to a much smaller degree Al Washington, D C , where the antenna
was 16 wavelengths above ground, the discontinuities were so irregular that the
courses could net be flown mwithin a radius of several miles of the station. Discon—
tinuities of course were s5till present at Pittsburgh and Washinglon when counter-—
polses were used, even though the minimums between the high-angle lobes were pushed
out to &U or 80 percert of tie intensit, of the lcbes  From these results, 1t 1s
apparent that tnis effect 15 serious encugh to preclude the possibilit of using very
high antenna structures.

7=
i

J M lee and ¢ d Jackson, "Preliminary Investigation of the Effects of
Wave Polarigzat-on and Site Determanation with the Portable Ultra-Figh-Freguency Visual

Radio Hznge," Caivil Aeronautica Authority Technical Development Repert No 24,
February 1940



Distance Range

Under average noise conditions, in an airplane equipped wath the usual shiel-
ded plugs and harness, the distance range of the &3-megacycle 100-wett trarsuitter was
40 to 50 mles at 1,000 feet, wher the trarswtting array was lo feet »17h and one-
quarter wavelength above a counterpoise, 1in flat country such as the vicinity of
Indianapolis In mountainoua terrain, suck as at Pattsburgh, with the antenna 12 feet
high, one—quertsr wavelength above a counterpoise, the distance range was 50 to 65
miles at 1,000 feet above ground  This increase in distance range was no doubt lue to
an increase i1n line-of-sight conditions caused by the downward sleming of the terrain
amoy from the station. Distance range results on 125 megacycles at the two sites were
identical to those obteined on 63 megacycles Simlarly, no appreciable difference in
distance range was observed between torizontally and vertically polarized antenras at
ei1ther site

Jurves 1 and 2 of figure 13 show tiat the counterpoise decreases the useful
distance range bto about 83 percent of the distance obtained without a counterpoise

Curve 3 of figure 13 indicates that a G0 percent improvement in distance range
may be obtained simply by reducing the noise pick-up In the case of curve 3, the
engine was throttled down to about 1,700 revelutions per muinute The regulator on the
battery—charging generator was responsible for the major nolse received in this test
In general, 1t 1s believed that for ultra-high-frequency work, both primaries and
secordaries of i1gnmition systets will require wore thorough shielding than 1s ordinar.ly
necesdary at low frequencies.

Atmospherics

The vaat improvement which the ultra-hish frequencies offer over the low
frequencies in the reduction of ztmospheric static has already been reported,8 and
this fact has been substantiatsd from time to time durinsg the progress of these tests

A Iimited amount of information has been geined to date relatave to the ef-—
fects of precipitation static, and mest of the experience obtained aim this direction
was from airline pilots' observations during the test periods on the €3-megacycle
range installed at Pittsburgh and Indisnapolis  Among pilots' reports are the fol-
lowing comments-

mIattle static on U4F, considerable on low frequency ' "Little razan

static Very heavy static on low frequercy ' 'Very little atmospaeric
static—none cloge te station 25 miles out ' '"Mo stetic wath lightming
around.'"

Ionosphere Reflections

The trerendous advantages offered by t1e ultra—nigh frequencies 1n minumzing
reflections from the 1onosphere make these frequencies particularly adaptable for
radic range services Gonsiderable information has been obtained znd data have been
published i1n various magazines and journals with regard to sporadic long distance
communication on gome of the ultra-hagh frequencies, particularly by racio amateurs
in tne frequency bands 55 to &0 megacycles  In this respect 1t appears that some
interference dues to Heaviside layer reflections might be experienced in a radio range
system 1n the 60- to 66-megacycle hand but would be highly improbable 1n the 119- to
126-—megacycle band

AIRCRAI'T RECETVING ANTENKAS
To 1llustrate some of the effects of airplane structare on the characteristics

of ultra-high-freguency receiving antennas a ready mentioned in taie Discussicn, a

£5ee reference 1 on page 1 and reference 5 on page 5



number of antenna patterns are shown in figures 43, 49, and 51 tc 55, inclusive. All
of these patterns were obtained by recording the signal strength while the airplane
was malang a 360° tarn in the middle of a quadrant, several mles from the trensmt-
ting stetion, with the tranamtter opsrating key-locked Signal level 1s plotted in
decibels up and down about an arbtatrary zero level so that all patterns are comparable
and show the resulting aural variation of gignal at all azimth angles  Ths airplane
diagram 1n the center of the patiermns gives 1ts true bearing toward the station, that
19, directly up on the page 1s "*tall-tom™ station, directly down the page 15 "noss—to!
station, etec In each case two flight records were made, one i1n the clockwise direc—
tion (golid thin curve), and onme in the counter—clockwise direction (dotted curva),
gach taken with a 10° bank Te solid heavy curve represents the average of the clock-
wise and counter-clockwise curves, as would be observed ain a flat turm in either
direction

Figure 48 represents the characteristic obtained on a one—quarter wavelength
whip antenna at 63 megacycles. The antenna was mounted above the fuselags of Stinson
NC-80 just back of the vrlot's seat, as shown in figure 34 Tie low potential end of
the tuning system waz comected to the metal tubing of the zirplane structure A
horizontal V antenna, normally used for plane—to-ground commumecation on 3,105 kzlo-
cycles, was Installed from wing tips to rudder post, but the lead-in was not connected
to the transmitter The pattern 15 seen to vary =n average of ahout & decikels but
has a deep dip forward of the left wing in clockwise rotation which disappears on
circling counter—clockwise In a clockwise turn, the left waing 1s high and between
the antenna and stetion This wing contained the long air speed pitot tube. In the
counter—clockwise rotation the left wing 1s down, and there 1s nc cbstruction between
the antenna and the station.

In figure 49 all of the above conditions are the same except that the high-
frequency V antenna was entirely removed The clockmse pattern 23 considerably
worse than before, altnough the ccunter—clockwise and average curves are little
changed  Apparently the V antenna, azlthough Wfloating,! provided greater unmiformty
of "ground" beneath the whip antenna

Fagure 50 amply i1llustrates the effect of the airplane structure on the
tuning of the antenna  This receording was taken during an on—courss flight at
Pittsburgh in airplane NG—80., The &3-megacycle vertically polarized range was n
operation and the receiving antenna was the one—quarier wavelength vertical whip
shomn 1n figure 34 Te plane was equipped with a medium high frequency reel antenna
which was fully reeled out when the recorder was started The recording shows suc—
cessive resonances in the tunming zs the high—frequency antenna was being reeled in

Figure 51 shows the characteristic of the same antenna taken at ancther time
The high-frequency transmitting antenna was of the trailing ware type ard the ware
was reeled gut to a poinb between the resonance peals shown in figure 50 A 30-inch
copper foi1l counterpoise was Installed underneath the fabraic in the roof of the plane
below the whip antemnna  The same general trend inh the clockwisge and counter-
clockwigse curves 1s noted as in frgures 48 and 49, but for some reasons the null in
the clockwise pattern was deeper in these measurements The measurements sere re-—
peated with tne trailing wire recled out to conform with a resonance peak (fig 50),
and the resulting curves of this test are shown in figure 52 The trailing wire
had very little effect o7l the contoars, altheugh slight improvement 15 seen with the
trailing wire tuned,

Figure 52 shows the characteristic of the cne-half wavelength antenna which
ie shown just forward of the rudcer post in figure 34  Although the characteristic
of this antenna 1s reasonably gfood and withcout deep nulls in any darectron, this
antenna gave bad propeller modulaticn, having been located akoat one wavelength oe-
hind the propeller.

In figare 54 1s giver the characterastic cf a 125-—megncycle whnp antenna
located 1n the positlon shown in figure 34 Thais characteristic was very uniform
over the tail and about 60% to either side of the teil and, in general, was not
affected greatly by the banlkang of the plane



The characteristic of the 125-regzcicle horizental loop 1s giver in figure 55
Tne locp and methods of rount.ng beles the bolly of tne plane are shown 1n greater de-
tail in figure 34 The average curve shows nexartan variations of about 9 decibels
A slight dafferenze was cobserved in clocltmiss and coanter—clockwise rotation., In the
clockw.se turn the landi-g gear shielded the loop with the rlght wing tovard the
station, and 1n the counter-clecwise turn the lznding gear shielded the loop wnen the
left wing wvas toward the station

The above revrresentative cases show that 1t 15 difficult 4o oredict the an-
tenna characteristic pattern which may be expected of any glven type airplane On all
occasions, however, the shielding effect of wang and landing gear structures was ap-
parent wien these structures became interposed between the transmitting stat_ons and
the receiving antenna, and was very marked 10 the case of the Douglas airliners
21though this effect mght be considered detrimental during orientation maneuvers, 1t
.5 coneceivable that the reverse may be true It may provide an indication of tne
direction of the station from the aircraft

TESTS ON 125 MEGACYCLES USING PURE HORIZONTALLY
POLARTZED LOOF ANTENNAS

Followirg the prevaously described tests, and as a result of the development
of a pure horizentally polarized ultraz-hign-frequency loop antenna?, in cornection
with the Civil Aeronautica Adnanistration radio instrument landing system,lo greater
impetus was received in furthering the radio range develooment on 125 megacyclea with
horizontal pelarization It was apparent that 1f radio ranges could be developed in
the 125-megacycle band, a single-band ultra-high-irequency receirver might be used for
ranges, instrument landing localizera, and airport traffic control, thereby simpli-
fying and reducirg the cost and weight of the aircraft installation In view of these
facts, several experimental installations were set up at Lndianapolis using variocus
combinations of pure horizentally polarlzed loop radiators mounted on a counter—
poi1ge gtructure 30 feet high.

Theoretical Discussion

An 1mportant part of the development of a radic range 18 the design of the
antenna system  When the size of the radiating elenents is small, compared to a wave-
length, relatively close spacings may be used and satisfactory field patterms pro-
duced The perfect crossed figure-of-eight pattern comsisting of four circles (soe
f1g 44) 1s the optimum shape that can bte obtained when only twe pairs of elements
are used to vroduce a four~gcourse range The circles are approached only when the
spacing of the elements 15 small compared to a wavelength The loecp type antennas
which have been developed to radiate pure horlzontally peolarized waves have dimensions
which are ar appreciable portion of a wavelength  The physical size of the loop
radiators precludes a system in which the elements are spaced less than 70 elecirical
degrees  Blectrically 1t 2s difficult to use spacings smaller than 130° because of
complications brought azbout by coupling between the elementa In order to use this
type of radiator to produce a four—course range, 1t was found desirable to depart from
the conventional four-element antenna system and the essentially circular patterns
which it produces

An artenna system of five loops can be set up to radiate a wide variety of
field patterns The shape ol the field patterns is controlled by adjustment of the
independent variables of tne array, namely, -pacing of elements, currents in the
elements, and phasc relationships of the various currents It 15 obvicus that there
are many possible combinations of adjustment »nd that some combinations are nct

9andrew Alford and A. G. Kandoien, "Ultra—High-Frequency Loop Antennzs,n
Trane A I E E , January 1940

10W & Jackson, A Alford, P F Byrne and H. 3 Fischer, "The Development
of the Cival Aeronautics Authority Instrument Ianding System at Indianapelis,n
Tranz: A I E E , December 1939.
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applicable to the four—course range 45 w.th the four-element antenna, the course re-
sults from alternately radiated overlapoing field patterns 4 range with reciprocal
courses at right angles permiis a symmetrical placement of radistors and an economical
and practical method of feeding them

Ir the present state of the art, course alignment cther than the above requires
considerably more complex feeaing networks Such systems are beyond the scope of thus
discussion Let us consider a cod.zuration of fave raciztors 1n which four are loca-
ted 1n the corners of a sqiuare wath the f1ifth 1n the center. The centrally located
rediator 15 to be fed continucusly with constanl current and will be considered the
reference poant with resvect to phase relationship of tie other elements  Diagonally
opoosite elements may be i1nterlock keyed  Figure 56 1s a diagram of such an arrange-
ment The advantages gained by the use of five radiators are {1) possioility of
wide spacings suitable for relatively large loop type elements, {2) increased cow se
snarpness, and (3) 1ncressed percentage of signel in the on-coarse region

The field potterns of elements spaced meore than 180 electrical degrees zate
apt to have secondary lebes, and careful consideration mist "¢ given to tne veriical
as well as to the horazental patterns in desigmng a radio range antenna array It
13 possible to tune an array to produce excellent range charscteristics at low argles
and yet have gquadrant reversals at high argles well cutside the cone—of-silence.

Such a condition cannot be lolerated when the reversal takes place well outside the
cone—of-g1lence zone,

An analysis of tne descriptive gecmetry of various radiation characteristics
reveals that two distinct types or famlies of field patterns may be obtained TFirst
Zet w3 consider point source radistors and free space patterns  Two radiator ele-
ments fed in phase cpposition yield the first famly  When the spacing between the
radiators 15 small, the space pattern radiated resembles twe tangent spheres with
tneir collinear axes coincident with a lane jolming the radiators. As the spacing
between the radiators is increased, these stheres become oblate along the line join-
1ng the radiaters until, 2% about 180°, the radiation aleng this line begins to
deerease, reaching zero at 360° spacing. At all times the field in the plane md-
way between the radiators and perpendicular to their axes 15 zero  Let us call thas
type of pattern Type I {see f1g 357} The second type of pattern i1s radiated by twe
elements fed in-phase  When the elements are very close together the pattern is
soherical, but as they are moved apart, this pattern becomes condensed along a line
Joiming the two radiators, forming a2 teroid when the spacing 1s one-half wavelength
At spacings greater than one-half wavelength a secondary lcbe appears along the
l.ne jJoining the raldiators and increases to predominate 1n cross sectlons at 360°
The fi1eld ar the plane mdway between the elemerts and normal te a lane jorming the
elements 15 always maxemun let us call this family of patterns Type IT (see fig
57)

Compariscn of the drawings of space field patterns of the twoe types shown
in fagure 57 will clarafy tais classification In these three dimensicnal plets a
quarter-section nas been cut away to show more clearly the form of surfaces obtained
it any angle the field strength 15 proportional to the length of the radius drawn to
the surface of the solid

Introduction of a third radiating element i1n-lire and midway betwsen the two
previously considered elements, and fed either at O or 180° phase with cne (or both)
of ther, may yield radiation patterns of either type or a combination of both., By
proper mamipulation of the three variables (spacing, current phase, and current
amplitudes) of the array, 2 wide variety of shapes may be obtained

In a radic range, 1t 1s desirable to radiate a high percentage of s1gnal on-
course 1n crder to provide maxaimum service along the course ALt the same lime 1t
15 desirable to reduce the percentage of signal radiated toward the certer of the
quadrant i1n order to mnimize the pessibilaity of reflections from local obsects At
a distance where the angle of elevation 1s low, only the horizental field pattern
need be considered and either the Type I or the Type II field pattern 1s suitable
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Considering higher angle radiation, field patterns of this farst type will not retain
these characteristics, the maximum signal at raigh angles will be in the center of the
quadrant Patterns of the second type, on the otlier hand, will retain the high per-
centage of cn-course signal at all angles of elevation, but, at high angles near the
ccne~of-silence, quadrant reversals may be encountered

In practice we cannot have point source radiation and we cannot assume free
space patterns The antenna "form factorm and "ground factor" must be considered in
the calculation of the vertical plane radiation patterns These factors may be used
te advartage to irprove the cone-of-silence region It must be emphasizod, however,
that -f quadrant reversal occurs at a given angle, that angle cannot be changed by
manipulation of these factors The loop type radiators used during this develcpment
Yave a form [actor which oroduces a cone-of-silence repgaraless of the vertical nattern
of the point scurce array Various ground fzctors arc obtained by adjustment of the
height of the array above ground. For instance, placing the array one-half wavelength
above the ground {or counterpoise) will reduce the signal at high angles, but placing
1t one—quarter wavelength above ground will reinforce high-angle signals If an
array can be designed which posseases all the desirable characterigtics mentioned but
has quaarant reversal at very high angles, thas effect may be made uncobjectionable
from a navigational vaiewpoint by widening the cone—of-silence The reversal will then
occur when the signal 1s very weak, or probably inaudible The manner 1in which such a
field pattern may be obtained will be discussed later

Let us start with the derivation of the simple expressions for radiation pat-
terns of the farst type in which there 1s wmerc field 1n the plane normal to a line
joeimng the elements Consider first three radiators in-line, spaced 3 electrical
degrees apart  This 15 the same sitaation as in a five—element antennz in which cne
pair of loops 1s tuned to be inmactive when not fed directly through the interlock
relay If the currenls i1n the active cutside elements are egqual and in-phase, the
current in tne center element s equal to the sum of the currents in the outside
elements and 130° out of phase with them  The expression for the relative Tield
produced at a dastance, I, may bs wrilten

MG
Fp -7 [cos (5 cos B) cos @ -1
For point soarce radiators in free space, the factors M and G are umity  When loop
antennas are used and mounted on a counterpoise above ground

F = relative field strength at distance, D, when D 19
P sufficiently great that S5/D 1s very small.
N = a constant
M - the antenna form factor in the vert-cal plane
which for loop radiators miy be considered
equal tc cos ¢
G = <*he ground factor which, as explained below,
may have two values
-1y
Gy = sin (i) + hy) sin @ wheng<tan —F2
Gp = sin (112 s.n ¢) when @ >tan _1_112
P
S — the spacing from outside elements to the center
element 1n electrical degrees
hy; = the height of the counterpoise atove ground in
electrical degrees
hz = the height of the antemna above the counterpoise
1in electrical degrees
R = ilhe radius of the counterpoise in electrical degrees
1] = the zzimuth angle measured from a vertical plane

passing tbhrough the array

425910 (76) -
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¢ = the elevation angle from the horizontal plane
The two values of the ground factor are hased cn the assumption that zt elevation
angles less thar ( 1h ) at which reflection takes place frem the ground, only
L

il

G1 applies At elevaticn angles greater than (;an l‘EQ at which reflectlon takes
place from the counterpoise, cnly G; applies Strictly therse 15 not an abrupt change
in this factor at the criticzl angle Imperfect refleciion st the edge and diffrac-
tion over the edge of the counterpcise cause a gradual change in the interference pat-
tern produced Computation of the pattern in tnis reglon 1a of purely academic
interest At any given installation slight irregularitles in terrain make any mathe-
matieal analysas of the situation only approximate The ground factors are based on
the approximaticn that the reflection coefficients of both the earth and the counter-
poilse are unaty, and the phase change at reflection is 18Q°

Figure 55 shows several curves repressnting the field patterns in the horizon-
tal plane, plotted in rectangular coordinates, for the three—element array arranged
with various spacings of elements. Figure 59 1s i1ncluded to show comparative theoret-
1cal patterns of 2 two-element antenra {four-element range) The pattern for 60°
spacing approaches a figure eight consisting of twe circles However, this spacing
i1s physically unattainable becaase of the size of the loop type antennas All the
patterns of the three—element array are superior to those of the two-element rrray in
course sharpness and ratio of on-—course to maximim gquadrant signal

From figure 58 1t 15 seen that the course sharpness decreases while the ratio
of on-course signal to maximmum signzl increases with increased spacing At spacings
beyond 180% the pattern provides decreasing radiation in the off-course regicn
Curve 1 of figure 58 1s considered the best compromise between these factors and shows
a very desirable field pattern for radio range operation

Now let us consider the five-element array which comprises the complete rangs
antenna fed as shown in figure 56 A slight improvement of the on-course signal may
be obtained by feeding a small amount of current into the idle loops in phase with
the main outside loops (for instance, parasitically). When this 15 done, a small
secondary lobe appears in the vertical pattern This 1s of minor importance 1f the
ratic of this current to that in the main loeops 15 kept small seo that any quadrant
reversal cccurs wlthin the cone-of-silence reglon At the same time the phase of the
center loop may be changed slightly from 180° The resulting expression for the
field pattern ist

Fp Z_NDM_} {4 [Kl cos (S cos@) cosg+En cos (S sin @§)cos ¢]2 .
+4 coadfl:Kl cos {8 cos@) cos ¢ + K2 cos (5 sing) cos ¢ ] +1p2

where Ky = the ratlo of the current in the main outside loops te current in tne
center loop
Ko = the ratio of the current in the secondary outside loops t¢ that in the
center loop
ir - the phase angle of the center leop with respect to the corner loops The
corner locps are all in phase

Figure 60 represents the field patterns of the original three—element array
with different phase avgle adjustments. It 1s evadent that the optimm phase angle
iz 180° Figure 61 representa field patterns of a five-element array spaced 180°
from center-to-corner elements, tae corner elements fed xn-phase and 1B0° out of phase
with the center element These curves are for various current ratios Curve 4 is
included for comparison with the most desirable comblnation using a2 three—element
array With the five—element array, there 1s a slight gein ain both the course sharp-
ness and thé ratio of on-course to maxuwmum gignal  There 15 also a desirable decrease
in the ratic of the signai 45° off wourse to the maximm slgnal However, the secon-
dary lobea in the horizontal plane mst be considered In the worst case, the secon-
dary lobe 18 conly 10 percent of the complementary signal This effsect occurs in the
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centers of the quadrants and sithin an angle of 15° In tte patterns represaented by
curves 1 and 2 the effect 1s mathain 6° and 10°, respectively, and of such magnituds
as to be undetectable 1r ar zural range systen

The effect of these lobes in the vertical plane i1s of major importance Fig-
ure 62 represents tne free space range si1g 21s 1n tne veilical plane for point source
radiations. The bwo sets of curves arc for azimuth angles of 0° and 40°, correspon—
ding to center—guadrant z~a 5° off-course Ili1g1t, respectively  The carves coriespond
to the horizontal pattern of figure 61, curve 2 This particular set of adjustments
gives quadrant reversal at elevation a-sles of 57°% ana 59° for center—quadrant and 5°
off-course flight, respectively. As previcusly explained, this effect .s not a Junc-
tion of the antenma form factor or the groanc lactcr

Figure 63 1s calculated for the same azrray as figure 62 but 1ncludes the an-
tenna form factor and gromd Tactor It 15 seen that the quadrant reversals occur
at nearly tae same angles Althougn thec maxamem signal 18 in the center of the quad-
rant at very hrgh angles, the percertage of the signal on-coarse .s always quate 11gh

Te criterion of the gllowaole magnitude of this quadrant reversal effect is
the actual =signal received 1n the airovlanc wrile the plane 1s passinzg through the
cone—o”—s1lence reglor  Figurs 64 shows celcaleted values of signal strength as
would he receirvea 1n an aglrplane flying through the cone-of-silence along the m.ddle
cf the N gquadrant at an assumed altitude of 2,000 feet Computations for this figure
were based on an antenna array tuned to produce the horizontal pattern of curve 2,
figure 61  The computations for these curves were made assuming loop type transmit-
ting antennas one-half wavelength above growrd and a receiving antenna having
characteristics of a horizontal loop in free space inth linear detectaon. TIn this
case ouacrart reversal takes place at a horizontal distance of 1,400 feet from the
station At this point the signal strengtn 18 16 decibels down from masimum and
rapidly cecreases as the station 13 approacred

If we assume an air speed of 150 miles per hour (220 feet per second), the
total Auration of the effect wall be 12 7 seconds, about 6 seconds of which the sig-
mal wi1ll be below audimlity because of the cone—cf-silence  Under these conditicns,
between one and two A-N interlocks will be rezeived on each side of the cone  Under
normzl conditaons the effsct would not be detectable becaase of the precise flying
reqaired to distinguish the effect from that heard wa1en a2 normal cone 15 mssed by
a ghort distance It can trerefore be said tLal there 1s a defimite 11t to the
allomble parasitic current in the 1dle loops The high-angie quadrant reversals
caused by sach currents may be undetectable while the increase of signal on—course 1s
a slaght advantage The course sharpness obtained wlth this tun.ing 1s slightly
greater than that cbtaired from an antenna s1th greater spacing giving the same ratio
of on—course to maximum signal but without parasitic current in the i1dle locps
Curve 3 of figure 61 may be said to be the Iarnting case  If the parasitic carrents
sre greater than in this case, the quadrant reversal effect may be considered unde-
sirable

Figure 65 1s similar to flgure 64 but 15 caleculated for the antenna adjust-
ment proaucing the Type II pattern, the horizontal field of which i1s shown in
figure £6 Here 1t 1s seen that the quadrant signal reverses approximately 1,400
feet befcre the masimum signal 13 reached, which 1s more then one-half mile from the
station during flights 2,000 feet abeve tle grocund  When the same assumptlons are
made &5 before, betwsen six and eight reverse signals will be heard each side of the
comne The incorrectly identified area in this case 18 of sufficient size to cause
difficulty in orientaticon over the station  Because of this, the otherwase highly
desirable antenna adjustment cannct be used Quadrant reversal along the center
of the quadrant occurs at 32 5° elevation

The characteristics of the four- and five-loop arrays are shown in table 1
Elevation angles at which quadrant reversal takes place are given for flights along
the mddle of a quadrant In all cases the data are calculated 1n accordance with
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Table I
Tabtulation of Varicus Characteristics of Four-Loop
and Five-Loop Hadio Range Antenna Arrays
Figure| Antenna|Courge On-course | Center—Quairant|Max Signal|Quadrant
Type Sharpness |max slgnal|ma~x signal degrees Reversal
Surve | (db/degrees){psrcent) | (percent) off—course | (degrees
elevation)
&0 1 0 18 as 100 LA None
2 c 20 80 100 45 None
3 O 24 i 100 45 None
A ¢ 30 71 100 45 None
59 1 0 25 92 g2 12.5 None
2 o 3¢ 8l 100 45 Nene
3 0 35 76 100 45 MNone
4 O 40 70 100 45 Hone
61 2 0 30 80 100 45 None
3 091 a2 5 100 45 None
4 032 B4 100 45 None
62 1 0 26 3.5 82 10 55
2 0 27 33 81 10 59
3 0 29 92 g0 10 63
o7 1 0 50 76 5 49 15 325

rreviously outlined theory, and the figures should not be confused wath the experimen-
tal results described later

A review of the discussion indicates that 1t 15 possible to obtain very sat-
1sfactory ulira-high-frequency radio rangs operztion when a three—element system
adjusted zs described for curve 1 of figure 5B 1s used  Actuzlly, the system prova-
ding operation as shown n tigure 66 was tested prior to the other tests described
herein  However, 1t was {ound {1hat the severe quadrant reversal effect could not be
tolerated and tests proceedec or otner combinations, as wall be described later
The discussion also indicates that a five—element array (five loops using merasitic
current 1n the two :dle loopa} may be adjusted to give perforzarce characteristics
slightly superior to the three—element array (five loops with merc current :n the two
1dle loops) These characteristics are showm 1m curve 2 of figure 61 The tests de—
scribed later in thae report will show the superior performsnce of the three- and
five—element arreys over the original two—element (four-ioop) system Tigure 67 ais
included to compare the best possible combinaticn using loop type antemmas for each
of the three systems {two-, three-, and “ive—elementa)

It 15 rot difficult to adjust either a three—elemsnt or a five-element array
to vroduce any of the radiation patterns described The loops, figure 56, are mounted
at the desired spacing and the certer antenna 1s conmected to the tramsmitter through
1ts transmission line  Zefore any lines are commected to the corner loops, each umit
15 1naividually funed to resonance. This tumng 1s done by exciting the center leop
arnd adjusting the stub, Q, or the desired corner leop until maxirmm current is ob-
tained at the center of one of the loop sides. The remaining three corner loops are
short-circuited during the tuning process One corner locp 1s then connected to the
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transmtter and the center locp 18 discomnected from ats 1ine and resonated

The five-loop system then may be comnected ag shown and the lines termnated
by means of the terminatlng stubs, P At th.s point the length of the feeding laines
A-B and C-D must be adjusted to exactly the same electraical length  The current ratio
of corner-to—center elements may then te set with the relay energizing loops A and B,
while loops C amd D are shorted, and the current in E 1s adjusted by meana of the stub
and tzp at the serding end The same adjustment wlll e correct for lcops C and D if
the preceding adjustments have been made correctly  The phasing of the corner and
center elements may be determined %y measurement of the field pattern. During thege
measurements 1t 18 very important that the 1dle lcops be short—circulted. Correction
of the phase relatlonships 13 made by means of the phasing line. When the connectlons
are ags shown, the line feeding the 1dle loops 15 open at the interlock relay. Adjust-
ment of the length of this lane permlts independent adjustment of the 1mpedance of the
idle loops and hence the magnltude znd phase of the parasitic current in them  The
phase relationstip of the parasitic cuarrert to the currenl in the excited loops willl
deperd on the distance of the parasatic loops from the excited loops ard their tuning
Mampulation cf the length of the feeding line permits a reasonably wlde range of
conditions

When the spacing, S, 18 180°, the phase and current relations shown in figurs
61 are obtained when the loops ere resonated It should be remembered that the sya-
tem must be symmetrical When a three—element array i1s used, the same adjustment
procedure 1s followed except that the currents in the 1dle loops are eliminated, The
line lengths to the corner loops mst be adjusted simultaneously It should alsc be
emphasized that 1f the lines are not terminated properly, and 1f a starding wave
exigts along them, adjustment of the phesing line will change the magnitude of current
in the load as well as 1ts phase I+ has baen found that actual field patterna taken
at a distance of geveral wavelengths serve as an accurate check on the antenns ad-
Justments  Measurements sc made eliminate the recessity of a person's working close
to the antenna elements with the consequent probability of his disturbing the field
pattern

Equipmsnt

{a)} Sounterpecise and Tower

The tests described were all made with the antenna system mounted on a
circular counterpoise of 1/2-inch-sgquere galvamzed iron mesh, 30 feet in diameter,
and supported 30 feet above ground The structure was fabracated entirely of wood.
A frame bualding located under the counterpoise housed the transmitter and associa-
ted equipment. Figure 68 18 a vaiew of the statlon

(b) Transmtter

The 1l25-megacycle transmtter used in thls project was excited by an 807
oscillator-tripler controlled by a 5208.33-klloeycle crystal The ocacillator was
followed by an B07 doubler Trese two tubes and their power supply comprised the
exciter umit, which was mounted 1n a relay rack with the keyer and the interlock
relay rectifier The exciter was link-coupled to the transmitter proper by means
of a flexible coaxial lina The transmitter was bullt in a type TXI frame and
consisted of two HK-54 (triode) doublers fcllowed by a final amplifier consisting
of two HE-254 triodes operated in push-pull ILank coupling was used between each
gtage. The final amplifier tank was of the loaded transmission line type  All
other tuned circuits used coils and condensers  The high-voltage power supply for
the HK-54 and the HK-254 tubes was supplied by a bridge type selenium dry disc
rectifier This rectifier was made up of 28 stacks of 32 plates each and supplied
1,650 volts to the transmitter It has proved excellent from the maintenance point
of view The power input to the stage was 330 watts (ummodnlated) The plates
of the power amplifier were Q0 percent modulated at 1020 cycles A bleck diagram
of the transmitter 1s shown in figure 69 The high-voltage power supply was mounted
in 8 second relay rack which was placed adjacent to and to the right of the exciter
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rack A third rack placed betwesen tne ftransmitters and the exciter rack was used as =
frame to support the varlous radio—frequency networhs used to feed the antenna system

Because of the remote locatlon of the station, poor voltage regulation of the
power source, and intermittent loads on the line, 1t was necessary to ugde a voltage
regulator to secure satisfactory service This regulator was an automatic umit of
three EVA rating whach has no moving parts It had the very desirable characteristic
of drawing tut 300 watts when the output terminals were short-circuited, thus elim.na-
ting the need for heavy lane fuses or circuit breakers. The normal operating charac—
teristics were as follows. output voltage 110 volts plus or mmusg 1 1 volts with
input voltage of 110 plus or minus 16 volts, full load power factor 90 percert and an
efficiency of 85 percent

{c) Antenna and Transmission Lines

During the tests two metnods of feeding the antennz sere used  The first
consisted of a single concentric line run from the transmitter output circuit to the
interlock relay  The relay output was fed toc balancirg networks, and shielded two-
wire transmassion line wes used for the remainder of the system Figure 70 15 a
schematic diagram of the arrangement  This method was used only Tor the tests con-
ducted wath the four-loop antemma array. The second method consisted of dual line
throughout. This balanced system was used with the five-loop antenna In crder to
make this possible, 1t was necessary to develop a suitable deuble-pole interlock
relay. The double-pcle relay was burlt from a standard interleck relay. It was,
of course, necessary to redegigr the contact system, and in the new design 1t was
found possible to completely shield and 1aclate all radio-frequancy conductors
The parts were so proportioned that there would be a mimmum of 1mpedance discontin-
wty Figure 71 shows the contact mechanmism of the relay.

As previously explained, the five-loop antemna requared very exact adjustment
of phase and amplitude of the varlous radiator currents A trombone type of adjust-
able phasing line was built tc phase the corner loops with respect to the center loop.
This line was built from telescoping tubing and was of such length that the thase
could be wvaried over a range of about 120° The sizesa of fusing used were selected
so that the charactesristic impedance of the section would be the same as that of the
two-mire line Figure 72 158 a view of the phasing umt and shielded interlock relay
The dual interleck relay was mounted on the top of the relay rack with the phasing
section directly beneath 1t.

The antenna array schematic shown in figure 56 was used  This method of
feeding was found quite satisfactory mechanically as well as elsctrically  Because
of the short duraticn of the tests no effort was made to maintain gas within the
lines However, they were thoroughly dried cut and sealed against the entrance of
moisture Figure 72 15 a vaew of the fivc—loop array mounted on the counterpoise

(d) Receivang Equipzent

Field patterns in the horizontal plane were tzken using a portable vacuun
tube fi1eld detector Headings were taken at 10° intervals on the ground arcund an
accurately staked circle of 240-foot radius  Although there was gome variation in
ground level, 1t was possible to obtain accurate field patterns by compensating the
height of the field meter

The airplane equipment consisted of a tunaonle ultra-high-frequency receiver
and the Esterline-Angus recording mlliammeter already described. A horizontal
wltra-lugh-frequency loop antenna was mounted on top of the fuselage of airplane
NC-80. This antenna was similar 1n design to that used in the instrument landing
testsll and 18 shown 1n figure 74

Lses referencs 9 on page 14.



22

Tests

The tests conducted consist of tac distincet parts The first part covered
operation of the four-loop antenna system a1 the second part covered operation of the
five-loop array  Various combinations of phasing and current retios were teated, and
from the results an optimum set of ad;astments was determined It should be mentioned
at thisz time that tne tuning operations werc greatly simplified after the dual trans-—
mssion lane vas used throughout the feeding system  Although ne seriocus difficulty
was experienced 1n adjusting the single to dwal line networs, they were found some-
what critical in adjustment At a frequency as high as 125 megacycles, short lengths
of exposed conductors introduced apprecianle reactances, and in an installation such
as this, great care was necessary to preserve reascnable impedance relaticnshaips
Shielding of tne entire relay system was founa necessary in order to keep radico-
fregquency currents from appearing on the cuter surfaces of the lines The use of the
dual transmission lines completely elimnzted all these difficulties

Extonsive flight and ground tests of both systems were made to determine the
characteristics and service ranges for various adjustments A thecretical analysls of
the cone-~of-silence led to a thorough flight investigation of this regmwon  Recordings
were made during these flights and repreduction of representative curves are included
in this report A series of measurements was made to determine the effect of string—
ing wire along the members of the coanterpoise supporting structure Thig was done 1n
order to make the wooden tower similzte a2 steel structure  Number 12 copper wire was
used and strung on all four sides of the framework in vertical, horizontal, and diago-
nal directions, Both before and after apolication of the wire, 1t was not possible
to detect any vert.cal component in the radiated signal around the station

In general, the experizental results agreed with the preveously outlined
theory  The flight tests showed that the five-loop antennz was capable of producing
more desirable characteristics and greater service range than the four-loop antenna
Most of the data presented for the five-loop system are for concitions using
five elements (parasitic currernts in the 1dle loops) This 15 because t1e results
ohtained wath this arrangement were slightly superior to those obtained wifh the
three—-elemgnt f1ve-loop system 211 ground and flaight measur=zments indicated that the
most desirable adjustment of the five-loop antenna was tnat which corresponds to
curve 2 of figure 61 Figure 75 .8 a plot of the measured horizontal field pattern
of this adjustrnen® of the antenna The caleulated pattern 1s included for comparison
Jurve 2 of figure 59 apprommates the norizontal pattern of the four-loop aystem, and
figure 76 1s a plot of the caleculated and measured field The field pattern of the
three—element five-loop system 1s very sim_lar to the five-element five-loop system
shown 1n figure 75

The range characteristics due only to propagatior pheromena were the same for
both types of antenmas Because of the pure polarization of the signals radiated
fronm the loop type antemnas, the pushing end circling effects were reduced to a2 mni-
mim In all cases both effects were much less than had prevaiously been observed on
ultra-high-frequency ranges The greatsst pushing amounted to less than 1/2° (0.4
miles at a distarce of 40 miles) and in most cases was too small to be measured It
15 pogsible that a large percertage of the pushing 1s dae to the airplane installation
There was no tendency at any time toward bent, mltiple, or discontinucus coursges
The quality of the course signals was at all times excellent znd contrasted strik.ngly
with early attempts to produce a 125-megacycle range wilth crossed-dipole radiators
Key clicks were almost undetectable both with single-pole znd double-pole relays.
Slight fades near the station were enccuntered tut were of such a nature as not to
confuse a pilot. The characteristics of the four- and five-loop systems are summed
up 1n table 2

It 1s not posaible to show directly comparable recordings of the various
course characteristics because of the different weather and wind condlticons under
which they were made Figures 77 and 72 are cross-course records taken at distances
of 15 and 31 mles, respectively, from the four-loop statien A simlsr record for
the five-element, five-loop antsnna taken at a distance of 30 miles 1s shewn in
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Table 2

Tabulation of tre Various Characteriatics of the
Ranges Using Four-Leoop and Five-Loop Antennas

Four-Loop System Five-Loop System

Course sharpness

Average width 3 5 degrees or slightly Average width 2 B degrees or
broader than the pre- slightly narrower
sent low-frequency ran- than tre present
ges (SERA) low-frequency ranges

Cong-ci-si1lence

Average width 15 degrees each side of Average wlath 20 degrees each
station, wrich 1s quite s1de of staticn

noticeably wider than the
lew—frequency ranges

Quadrant revergal None None 1n the 3-element system
Detectable 1n the 5-element system
only when recelver gain 15 Very
high and staticn 1s approached along
exact center of gquadrant For navi-
gational purposes Lre efiecl may be
called regligible

Cistarece range 50 to 60 mles at an 60 to 70 miles at an altitudas of
altitude of 1,000 fest 1,000 feet over flat country
over flat country

Multiple courses’ None None

figure 79 Figure 80 15 a recording made during a {light on—course cvar the station
and shows the cone-of-silence characteristic of the four-loop antenna Figure Bl re-
presents the on-course cons-of-silence characteristic of the five-element, five-loop
artenna The surges and fades shown as the station 1s approached and passed are func—
t1oms of both the height of the transmtting antenna (ground factor) and the charac-
teristics of the airplane receiving antenna In this comnection tre ground facter is
responsible for the two surges farthest fror tre station  The surges near tre sta-
tion are caused by the receiving antenna  The problems of antenna irstallation on
tall towers wil! be covered in a subsequent report  Flgure 82 15 a recording made
during a flight through the cone-of-silence along a quaarant center The gain of the
receiver was turned very righ i1n order to show the quadrant reversal effect  This re-
cording shows the previously cutlined theory remarkably well It was quite diffaicult
to fly the range with sulfficient precision to record the reversal It may be saild
congervatively that the effect 1s so minor that 1t may be disregarded  This, rowever,
cannot be saild of tle adjustments shown 1n figures 65 and 66  Although no actual re-
cordings were made, fiight observations indicated a very wide angle in which quadrant
signals were reversed The diameter of the region was approximately 1 mile at an
altitude of 4,000 feet

figures 83 and 84 are included to give a comparison of the ultra-high-

frequency range with the sumultansoas low-frequency ranges now i1n use  These figures
are recordings maae of the Indianapolis simultaneous range (266 l1locycles) through
the cone-of-silence and acrecss a course at a digtance of 15 miles As a navigaticnal
aid, the five-loop system givang a high percentage of signal on and near the courses
proved to be very desirable W=th the same input pewer to tre transmatter, the on-
course dilstance range was apprecisbly increased TDhuring orientation under the hood,
1t 18 very difficult to tell that the f1eld pattern is not the same as that of the



Table 3

Radio Range Operation Considering
Undesirable Features

Undesirable Features Radio Range Operation

63 Megacycles 125 Megacycles

v H v H HP
Multiple courses Good Geood Poor | Good | Good
Pushing and circling Good Poor Fair | Poor | Good
Propeller modulaticn Poor Fair Good | Good | Good
Flutter modulation Fair Fair Poor | Poor | Good
Atmospheric static Good Good Good | Good | Good
Rain static Good Good Good | Good | Good
Tgnition nolse Fair Falr Goed | CGood | Good
Icnogphere reflection Fair Fair Good | Goed | Good

¥V - Vertical Polatrlz&tlon
H - Horizontal Folarization (Crossed Dipoles)

HP - Horizental Polarization (Pure UHF lcop antenna)

present ranges because the ratio of A to N quadrant signals gradually appreaches unity
as the course 13 approached

The undesirable features of & radio range, together with the relative freedom
frem these undes:irable characteristics obtained for the various types of antennas and
frequencies tried, as reported in this paper, are shown in table 3

Genclugions

The following conclusiong have been reached as a result of the ultra-high-
frequency renge tests described in thas report

1 The l25-megacycle pure horizontally polarized aural radio range described
in this repert is the most satisfactory aural type ultra-high-frequency radic range
that has been tested or developed by the Civil Aercnautics Admmstration

2. Both the three-elemsnt and the five—element pure horizontally polarized
arrays are economical to 1nstall and easy to maintain. The three—element array pro-
vides very satisfactory results and 1s scmewhat simpler in adjustment than the five-
element system, which gives slightly sharper ccurses. Slight gquadrant reversals
appear 1n the cone—of-sgilence area with the five-—element system which are not present
with the three—element array

3 The five-loop system (elther three— or five-elements) 1s more desirable
than the four-loop system because 1t will provade increased course sharpness together
with a 15 percent increase in field strength on-course
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4 The optinun adjustments for the three—element and the five—element antemna
systems as described herein are as follows

Three—element Five—element

Relatiwve current in corner loops 1 1

Relative current in 1dle corner loops 0 0 36
Relative current in center loop 2 118
Fhase argle between current in center

loop 2nd current in the corner loops 180° 180:
Spacing between corner loops 420° 360

5 The results of this development show that tne three—element system 185 the
most desirable ultra-high-frequency zural range czcause of the absence of quadrant
reversals 1n the cone-of-s1lence

6 Horizontal polarization 1s definitely sdperior to vertical polarization

7 The use of pure polarization, either horizontal or vertical, is essential
in an ultra-high-frequency radic range system in order to reduce undesirable pushing
ana circling effects.

8 Pure heoirizontally polarized waves minimize the discontinuity of courses
near the station

9  Tests indicate that the use of metal structures (instead of wood) for
gupporting the counterpeise and antennas waill not irtroduce appreciable wertical com-—
ponent in the transm tted signals

10 The 6£3-mepacycle vertically polarized antenna system 15 far supericr to
the 125-megacycle vertically polarized antenna system and 1s somewhat superior to the
1535—megacycle horizontal crogsed—dipole antenna  Propeller modulation 1s the major
disturbing effect at 63 megacycles

11. For equivalent antenna heights at 125 megacycles, the herizontally
polarized crossed dipeles are defanitely superior to the vertically polarized anten-
nas with regard to the number of multiple courses Horizontal crossed dipoles
exhibit more proncunced course pushing and slightly worse course discontinulty in
the vacimty of the station but are subject to less flutter medulation of the re-
ceaved signal due to reflections from rough terrain

12 Very high antenna structures are undesirable because of the inabilat; of
a counterpoise, which 15 necessarily limted 1in size, to elimnate a multiplicity of
low angle lobes There 1s, however, a very noticeable increase in distance range
when hlgn towers are used.

13 With the application of the ultra-high frequenciles to the Cival Airways
of the Umited States, 1t 15 expected that a wide variety of reflecting objects will
be encountersd In a few extreme cases 1t may be necessary tc resort to specaally
snaped space patterns in order to reduce reflections and eliminate multiple courses
In this respect the two-—course radio range permits greater flexdbility than the
four—ourse range

14 The site requirements for the five-loop four—course range are not so
r1g1d as those for the conventienal four-loop range wath figure~of-eight patterns
With equivalent site conditions, satisfactory operation of ulira-nigh-freguency
ranges may be obtained in eather flat or mountslnous terrmin

15 Ultra-high-frequency radio ranges are far superlor to the oresent low-
frequency type with respect to atmospheric disturbances  Very lattle interference
to ultra-high-frequency range operztron may be expected during extreme static
conditions
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16 In mountainous terrain the avsence of multiple and bent courses nakes the
ultra-h.gh-frequency radio range supericr to the low-frequency range

17 The zbsence of 1onosphere reflections on 125 megacycles makes this freg-
vency superior to 63 megacycles from the interference poant of view.

12 Aaircraft receiaving antennas having satisfactory characteristics are ob-
tainable
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Figure 1.

Type TXI Transmitter.

Figure 2.

Interlock Relay.
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Figure 4 Block Diagram of the 63-Megacycle Recerver
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Figure 5.

PESTErAN

Figure 6. High Speed Graphic Recorder.
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Figure 10. The Pittsburgh 63-Megacycle Vertical Radio Range Antenna System.
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Figure 15. 125-Megacycle Tunable Aircraft Receiver.
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Figure 16. Block Diagram of the 125-Megacycle Tunable Receiver.
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Figure 29 Recordings Showing Supenmposed Flutter Madulation of, A, the On-Course Signal at Pittsburgh, on the 125-Megacycle Vertically
Polanzed Radio Range, and B, Flutter of Signal Recerved at Indianapolis on the Ground due to Nearby Aurcraft mn Flight
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Schematic Dhagram of the 125-Megacycie
Hornzontal Crossed- Dipole Antenna Array
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Figure 31 Horzonial Field Pattern of the 125-Megacycle Crossed Dipole
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Figure 32.

125-Megacycle Horizontal Crossed-Dipole Antenna.
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Figure 33.

125-Megacycle Crossed-Dipole Antenna on Top of the Counterpoise at Indianapolis.
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Figure 34 Diagram Showing the Various Types of Receiving Antennas Used
and Their Locations on Stinson NC-80

AURAL OR OBSERVED SIGNAL. CROSS-
DISTANCE | ALTITUDE ABOVE | COURSE WIDTH RECORDER COURSE O-ON COURSE
NO DATE COURSE | (MILES) GROUND (FEET) [DEGREES) OBSERVATION [ N AND A QUADRANTS
1 | s/e8/38 NORTH 35 3700 04 A NONODOOA
2 | 8/17/38 | NORTH 16 3500 16 R NO MULTIPLES
3 | 8/17/38 NORTH 28 4300 15 R NO MULTIPLES
4 | e/28/38 | EAsT 35 4100 07 R ADOAADCDOO00N
5 | el28ns EAST 35 4100 11 R NONNNOONONOOOOA
6 | 6/28/38 | EAST 35 4300 08 R AQOOAODCON
7 | 7/20/38 EAST 40 8000 27 R NO MULTIPLES
8 | 7/20/38 EAST 70 8500 12 A NO MULTIPLES
9 | 6/30/38 | soutH 20 3400 17 A ADAQAQCON
10 | 6/30/38 SOUTH 35 4000 21 R AOAAOAANNON
11 | 6/30/38 SOUTH 38 4700 17 A NOAACDAACA
12 | 6/30/38 | SCUTH 38 5200 07 R ACQOONNNNNNON
13 | 7427/38 | SOUTH 25 4100 08 R NO MULTIPLES
14 | 7127138 SOUTH 35 4000 14 R NO MULTIPLES
15 | 7/5/38 WEST 35 5400 05 R VERY SLIGHT MULTIPLES-
POOR RECORD
16 | 8/16/38 WEST 10 2900 16 R NO MULTIPLES
17 | 8/16/38 WEST 33 2800 35 R NO MULTIPLES
18 | Br&f3B WEST 33 3000 30 R NO MULTIPLES

Figure 35 Tabulaton of Eighteen Separate Flights on the 125-Megacycle
Honzontal Crossed-Dipole Radio Range
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Figure 36 Sample Recordings of the 125-Megucycle Honzontal Crossed- Dipole Radio Range at, A, 30 Miles, and B, 36 Miles
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Figure 37

Antenna One-Half Wavelength Above Counterpoise

Range at Indianapohs
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Figure 40 Comparison of Cone-of-Silence With and Without Counterpoise
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Figure 43. 125 Foot Tower and Counterpoise at Figure 44. Theoretical Horizontal Field Pattern of a Four-Course Radio Range.
Washington, D. C, The Horizontal
125-Megacycle Crossed-Dipole Antenna
is One-Half Wave Above the Counterpoise.
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Figure 68. View of the 125-Megacycle Range Station at Indianapolis, Using
Pure Horizontally Polarized Ultra-High-Frequency Loop Antennas.
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Figure 71.

bt

Close-Up View of the Moditied Contact Arrangement of the

Interlock Relay for use with Balanced Dual Coaxial Lines.

Figure 72. View of the Adjustable Trombone Phasing Section and the

Shielded Interlock Relay.
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Figure 73. View of the Five-Loop Antenna Array on Top of the 30-Foot Counterpoise.

Figure 74. View of the Ultra-High-Frequency Loop Receiving Antenna Mounted Above
the Fuselage of Civil Aeronautics Administration Stinson NC-80.
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Figure 77 Envelope of Recording of Cross-Course Flight for Four-Loop
Antenna Taken at 15 Miles and 5,000 Feet Above the Ground
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Figure 79 Envelope of Recording of Cross-Course Flight for Five-Loop
Antenna Taken at 30 Mailes and 2,000 Feet Above Ground
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