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THE DEVELOPMENT AND TESTING 
OF THF, TERMINAL VHF OMNJRANGE 

SUMMARY 

Tb~s report describes the development of the terminal VHF ommrange whxh was first 
started in 1950 at the Technical Development and Evaluation Center of the Clvll Aeronautics 
Admunstration at lndxanapol~s, Indana. The performance of terminal VHF arnmrange mstal- 
laiions at Indianapolis, Indiana, Traverse Crty, Mxhlgan, Augusta, Mame, Oklahoma City, 
Oklahoma, Toledo, Otio, and Wasbmgton, D. C , arports are dxcussed with specml emphasis 
on the effect of nearby hangars and of other large obstructions 

The results of ertensxve tests whxch used a large surface to snnulate a hangar face are 
presented and are compared with predicted results, based on wave-reflectmn theory, m order 
to explam the characterlstxs of such surfaces as a sou=ce of omnfrange-course scallopmg 

It 1s concluded that the termmal VHF omrurange can be extremely useful as an ud for 
obtainmg an accurate fix, as a holdmg aid, or in the guidance of alrcraft to or from an alrport 
during low approaches to the field for landing. 

INTRODUCTION 

The operational experxnce obtamed from tbe use of the very-high-frequency omrurange 
(VOR) has resulted in the grourmg conviction that there are potentially many advantages to be 
realued by instalkng VOR factities on or adjacent to the axports. Such an ommrange mstal- 
lation has been designated as a terminal VHF ormurange, or TVOR 

The daatmct advantages of TVOR mstallations fall into several categories. Many al=- 
parts havmg low traffic dens+ are now bang operated only under tisual-fhght-rule (VFR) 
conditiona because of the lack of nearby tuurcraft navigational facilrties. The installatmn of a 
TVOR at these arrports would be of tremendous aid m the completion of flights under instrument- 
f&!ht-rule (IFR) con&tions with lowered xrumn-ia. The TVOR ,n yet another category has many 
possible uses at axports m areas of heavy traffic den&y. When the TVOR facilrty 1s located 
at the airport, ur traffic controllers have at hand a facility with many traffx-control posslblli- 
ties in conjunction with radar plan-posl~on-ln~cator (PPI) approaches and departures, routmg. 
and holdmg procedures. Conslderatmns of the probable benefits whrch would be derived from 
an omnirange located at M alrport resulted in the establishment of a project at thx Center to 
develop and evaluate a terminal VHF o-range. 

This is a report of the results obtained from a detuled investigation conducted to 
establish crlterla with respect to TVOR sit+, transnJtter power, and counterpoise size and 
heightand to study the effects of nearby hangars on course stab&ty and accuracy. The flight- 
test result8 obtuned on TVOR mstallatfons at the In&anapohs, Indaana; Traverse City, mchi- 
gM. Augusta. Mane, Oklahoma City, Oklahoma. Toledo, Ohm, and Washmgton, D. C., airports 
are described. 

TERMINAL-OMNIRANGE EQUIPMENT 

The first TVOR installed at the Indianapolis Weir Cook Mumc~pal Airport was housed in 
& building approximately SIX feet square and seven feet high. This space was sufficient to 
house the m&,.x components of the TVOR equipment. With the additmn of other components, 
it was necessary to Increase the size of the b,ulding to su( feet by eight feet by seven feet for 
the installations at the Augusta, Toledo, Traverse City, Oklahoma City, and Washington, D. C., 
airports. The building w&s constructed of wood and masonite and was supported by skids 
which provided a space of approxamately four inches between the floor of the buildrng and the 
ground. Ventilation was provided by screened openings near the top and the bottom on opposite 
sides of the building. See Wg. 1. 
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The TVOR equrpment, shown diagrammatically in Fig. 2. was essentially tbe same. 
wltb the exception of the transrmtter, as that used III a standard VOR rurways faclllty. A self- 
contamed Type TUQ transmrtter havmg a rated output of 50 watts provided tbe main source of 
r-f power to the antenna. The urt was crystal-controlled and had a tunable range from 111 to 
127 MC waltb proasron for operation by remote control The r-f and the audio components, 
the d-c plate and filament power supplies are assembled on an alummum chassis whxh 1s 
housed I,, a steel cabnet. The audio and the modulator components are capable of producwng 
90 per cent modulation of the r-f cerr,er at audio frequencres up to and mcludtng tbe IO-kc 
subcarrler w1t.b an input level to the transmitter of -20 db. 

Fig. 1 Location of the TVOR Wltb Respect to the Snnulated Hangar Face 

FIN. 2 TVOR Transmltiang Equpment 
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Some modifications m the au&o-ampkher stages were necessary to provide for three 
separate modulations of the r-f carrier. The maximum d-c operating potential III the wt was 
approximately 600 volts, and the r-f output circuit was deslgned to feed a 5Z-ohm load This 
transmitter was primarily deslgned for communication purposes. but it has proved qute satis- 
factory for TVOR operation 

THE ANTENNA SYSTEM 

The oriqnal experImenta TVOR mstallatlon at Indlanapolls was deslgned for a four-loop 
antenna array The antenna was sheltered in a Fxberglas house anchored to a mne-foot-square 
wooden base supported on four-mch skids at ground level. The top of the wooden base was 
covered untb a galvanized metal sheet nme feet m &ameter The four-loop pedestals were 
mounted on a galvanized steel base plate whzch was bolted to the wooden base and was 0 25 inch 
tick and 44 inches in diameter The standard loop height of 48 mches above the base plate was 
mruntained 

The standard VOR five-loop array has been used at several TVOR Installations. It’s con- 
frguation 1s well known2 and needs no description here The performance of thu array 1s 

‘Sterhng R Anderson, Hugh F. Keary, and Willwrr, L Wright, “The Four-Loop VOR 
Antenna,” CAA Techmcal Development Report No 210, June 1953 

2 K C Hurley, S R Anderson, and H. F Keary. “The CAA VHF Omnlrange.” CAA 
Techmcal Development Report No. 113, June 1950. 

Fig. 4 Indianapolis Axport 
Fig. 3 Indranapolx TVOR, Counterpoise 

12 Feet in Diameter, 10 Feet High 



4 

Fig. 5 Indianapolis TVOR 3D-Mile-Radlus Scdloping Grqh 

i 
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essentially the same, either on the ground or on LI IO-foot high counterpoise. with respect to 
bearing information and &stance range as that of the four-loop array. but the cone character- 
istics are inferior to those obtained with the four-loop array. 

The antenna is usually located on a Line due north of the transmitter bufldmg and approx- 
imately 50 feet from It. This spacing is governed by $he height of the equipment above ground. 
The height of the equipment, as determined from previous tests, should not exceed 48 mches. 
This requirement 1s discussed lster Ln this report. The location of the antenna on the ground 
provides a simple installation, since it dispenses with a tower. Although the usable distance 
range is reduced, it is still quite satisfactory for the intended purpose. The polarization effects 
me similar to those obtained with the antenna elevated above the ground, although the cone 
characteristics are superior to those of the elevated antenna 

In later tests at Indtanapolts, the TVOR mstdlatlon was modified. The roof of the trans- 
mltter building was adapted to a counterpoise 12 feet in diameter with the antenna array mounted 
thereon and housed m the Fiberglas shelter. The counterpoise was approximately ten feet above 
ground. This arrangement allowed a compact and efficient mstallation wltb an increase xn the 
usable distance range of approldmately 30 per cent over that obtained when the array wea on 
the ground. Also, the shortened coa*ial feed lines provided & more efficient transfer of r-f 
power from the transmitter to the antenna and were completely protected from extreme weather 
conditions. Aside from the improvements noted. the performance of the facilrty under these 
conditions was similar to that observed when the array was at ground level. A view of the 
installation is shown in Fig. 3. 

FLIGHT TESTS 

The first TVOR was constructed and installed at Weir Cook Monicipal Airport. Indiana- 
polia, Indiana, xn September 1950. The equipment consisted of a 50rratt transmftter waltb D 
four-loop antenna array situated on the ground 50 feet from the transmitter. After the comple- 
tion of the preliminary tests, this TVOR was operationally evaluated ]ointly by personnel of 
TDEC and of the Office of Federal Airways. The results of the evaluation revealed that the 
TVOR was very satisfactory and was potentially a valuable aid to air navigation. 

Fig. 7 Traverse City TVOR 30-Mile-Radius Scalloping Graph 
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When the fJight tests on the TVOR at Ind&snapolis had been completed, it was desired 
to obtam data relating to the nature and the extent of the reflected energy which might be en- 
countered at installations on airports of different sizes and having varying numbers. sizes, or 
shapes of adjacent buil&ngs such as hangars and administration bufldmgs. The presence of 
these bulldmgs and their proxirmty to the TVOR is the fundamental difference between the 
siting of a TVOR and that of an en route VOR. Although such bulJd.mgs may be as much es 
2,000 feet from the TVOR, they present themselves as plane-surface reflectors of a height 
whxh may exceed 50 feet. The airports selected for trial TVOR ine.taUations were located 
at Traverse City, Augusta, Washington, D. C., OkIahoma City, and Toledo. When the mstal- 
labon and tuneup of the TVOR at each of these airports were completed, flight tests were 
conducted to obtain the followmg data 

1. Theodolite flight cahbration at five-mile radius. 
2 Twenty- or thirty-mile-radius calibration. 
3. Cone measurements 
4 Airways radial-flight checks. 
5 Polarization checks. 

Approximately 12 hours of flying time were required in flight-testing each installation. 
Since these installations were sxnUar. the flight-test data were repetitious but were necessary 
to provide scientific proof that the TVOR was UL proper operation and that any differences in 
operational performance mere functions of sitig and not of equipment. 

The flight-test data which proved to be most knportant included the amplitude. the fre- 
quency, end the azimuth of course scallopl~g as tbey were determined from the recordings 
obtained on the 20- and 30-rmle-radius calibration flights The d&a provided mformataon about 
the extent of “airport effect” and about the obJecta responsible for the refiectlon of TVOR energy. 
The scalloping recorded on the large-radius calibration circles varied from a simple sine-wave 
type of scalloping to a very complex type of scaJJopmng. The reflectmg surface may be quite 
accurately located from the simple type of scalloping, but the complex type of scalloping in&- 
cates that a number of ObJects are contributing to the interference of the direct signal. 

The six alrports selected for testing represented different types in respect to sizes, 
types, and numbers of buildings around the airport and in respect to Uferent kinds of terrain 
in the immediate vicmity of the airport The fight tests revealed that the Augusta and the 
Indianapolis airports provided very satisfactory sites. The Toledo and Oklahoma City mstalla- 
tions proved to be cases in which one simple source of reflecton predominated. The Traverse 
City TVOR site was marginal inasmuch as it had three directions of large-ampUtude scalloping, 
one direction belng Just under the tolerance. Flight tests at Washington, D C , indxated that 
tis airport was not suitable 8s a site for good TVOR performance in all sectors A discussion 
of the tests at the six airports follows. 

The layout of the In&anapolis airport is shown in Fig. 4 The 20-mile-ra&us scalloping 
characteristics are shown III Fig. 5 This 1s an example of an acceptable airport site on flat 
terrain and based on BP arbitrarily selected maximum acceptable scalloping of * 3” The 
curves labeled “recorded-scallopmg amplitude” and “scalloping-frequency” were obtaxned from 
the flight-test data The curve labeled “zero-frequency, scalloping-amphtude” was obtained 
from the two &fore-mentioned curves with the aid of Fig. 22.3 For example, point A shown on 
Fig 5 has a value of l 1.0’ and pornt B has a value of 0.12 cps. Both of these figures were 
originally obtamed from tie course-deviation-indcator(CDI) recording made during a flight 
of 20 miIes in radius. In reference to Fig 22, 0.12 cps corresponds to an ordinate of 88 per 
cent of scalloping amplitude. The zero-frequency scalloping amplitude, point C, is then obtained 
by AlO” 

m = l 1.14’. 

The significance of the zero-frequency scalloping amputude is that during E very parti- 
cular type of fight (namely, one that deviates 1’ or less from a radial flight) a very slow scal- 
loping frequency, even zero, will be experienced 4 It is at such a tkne that the CD1 errors will 
equal the zero-frequency scalloping amplitude. 

3 The derivation of Wg. 22 is treated m more detail under the section of tlus report 
entitled “Tests of a Simulated Hangar Face I’ 

4 S. R Anderson and H F. Keary, “VHF Omnlrange Wave Reflections From Wires.” 
CAA Technical Development Report No. 126. May 1952, pp. 14 and 15 



Fig 8 Augusta Airport 

The mstallation and the night-testmg of the TVOR at Traverse City. Mxbgan. were 
completed m March 1951 This TVOR was not affected by the heavy snow which had Just 
accumulated. The locatmn of reflectmg ob,ects may be seen xn Fig 6, and the associated 
scallopmg characteristics are presented fr, Fig 7. The terrain at Traverse City hrport IS 
flat with rising land four to sxx miles away. Results of flight tests revealed tbx to be a satls- 
factory site. The maxu,-, urn at 190- to 200’ azimuth zero-frequency scalloping amplitude, 
Fig 7, is beheved to be due to reflections from the south face of the control-tower buldmg 
north of the TVOR. The sources causmg the large scallopmg at 100” and at 260’ ezunuth are 
unknown, but it 1s mdxated by the data that both scalloping sectors may be caused by one 
SollICe. The three maxima are of such amplitude that ratial-flight tests might well be m 
order to determlne the accuracies that exist ,n practzce I,, the three sectors The zero- 
frequency-amphtude curve mdzcates that the tolerance IS met I,, all &rectmns It ~111 be 
noted that high-frequency scallopmg causes small recorded scallopmg amplitudes to uxrease 
to large zero-frequency scalloping amplitudes For example, compare the scallopmg amph- 
tudes at 100’ and at 260” aem,utb 

The alrport at Augusta, Mane, 1s located on a hllltop with the land decllnmg sharply 
from the alrport proper This was expected to produce some lrre8ularltres in the cone or 11, 
the courses, although none were observed durmg the lxmted flymg perlad and satisfactory 
TVOR performance was obtuned A plan view of the site is shown m Fig 8 The course- 
scalloprng characterlstrcs are given I,, Fig 9. 

Oklahoma City Will Rogers Fxld has a szte smular to the one at Indwanapolx m that 
the terram 1s flat. See Fig. 10. Buldmgs are the source of scallopmg Fig 11 shows the 
resultmg scalloping characterxtlcs The zero-frequency, scallopmg-amplrtude curve rnaxuna 
at 60” and at 280” aannuth are belleved to be caused by reflections from hangar No. 50 and 
from the terminal buldmg, respectwely. The sources of other m-ma are not known The 
sharp peak at 122’ aexnuth 1s so narrow that from the practxal standpomt It may be neglected. 



Fig. 9 Augusta TVOR 30-Mile-Rachus Scallopmg Graph 

This arrport 1s consIdered an acceptable TVOR site for servzce m all drrectlons except the 
sector of 55’ to 65” aexnuth, where the scallopmg approaches the maxunum acceptable value. 

At the Toledo Mumclpal Alrport, the TVOR was mstalled ‘~lth the antenna placed on a 
standard counterpoIse 35 feet XL diameter and ten feet above ground After the flight tests, the 
counterpoIse and Its supportIng structure were removed. the antenna was placed on the ground, 
and the flight tests were repeated These tests revealed that the ratio of reflected-to-direct 
radmted signal IS not changed when the antenna 1s elevated above ground. The performance for 
both cases was excellent throughout 351’ of azunuth, but excessive scalloprq was encountered 
In a 9” sector centering approximately at azunuth 277”. An analysis of the recordings revealed 
that the reflecting object was a hangar 45 feet hqh and 1,900 feet from the TVOR and that the 
near end of It was acting as a metal plane reflector with an angle of lncldence of approximately 
45” Upon reference to Fig. 12, Site No 1 was selected to provrde the maximum approach ser- 
vice to all runways on the azrport and to provide the greatest distance between the TVOR and 
potentml reflectmn sources. 

In an attempt to reduce the reflectron of energy from the one large hangar on the field. 
three addItIona sites (Nos 2, 3, and 4 in Fig. 12) were selected. The installations wltb the 
antennas on the ground were in turn made at these three sites, and flight tests were conducted 
In each case 

Fig 13A presents the condensed flight-test data pertinent and &stznct to the Toledo. Ohlo, 
sltmg problem From the recor&ngs obtalned on the 30-mxle-ramus cahbratmn flrght, the 
maxxnum over-all scallopmg recorded on each 10” sector 1s plotted. Table 11s a tabulation of 
the azunuth and of the amphtude of the maxnnum scalloping recorded when a ra&al was flown 
In an area of scalloping. 

From Fig I3A and Table I, It can be seen that Sites Nos. 2 and 3 were lnferror t0 Sites 
Nos 1 and 4 Site No 2 proved to be the least desirable of the four sites tested because of Its 
praxxnlty to a ralroad watchyard and Its assocmted hghtmg towers and power-tsansmlsslon 
lmes. 
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TABLE I 

TOLEDO, OHIO TVOR FLIGHT-TEST DATA 

Slk 30-Mile-Radius Radial-Fkght Data 
Flight Test 

Area of Amplitude Radial Amphtude 
Ik?%VY of Flown of 

Scalloping Maximum MaXlmUIn 
Scalloping Scallopmg 

(Degrees) (Degrees) (Degrees)(Degrees) 

l** 281 - 272 5 05 276 6 14 

lA* 283 - 274 54 276 95 

2 290 - 270 40 280 62 

3 330 - 290 28 313 46 

4 284 - 278 39 280 62 

** Antenna on ground 

* IO-foot&igh counterpoIse Fig 10 Will Rogers Field. Oklahoma City 

The selection of a site for the Toledo TVOR then became a chmce of ather Site No 1 
or Site No 4 Site No 4 was selected to provide approxxnately the same angle wxth respect 
to the large hangar on the field as Site No 1 and yet to provide a greater distance separatmn 
between the TVOR and the reflectmg surface Site No 4 gave n-nproved performance over 
Site No 1, but ltstrll had a 6’ sector m whxch out-of-tolerance scallopmg occurred Smce 
Site No 4 appeared to be the best locatmn avaIlable on the azrport, a more thorough analysis 
was made of Its scallopmg data than was made of the data of the other sites Fig 13B presents 
the results The zero-frequency. scallopmg-amphtude curve clearly mdlcates that the 
scallopmg caused by the afore-mentmned hangar face exceeds the tolerance at 280’ azwnuth 

The Washnxgton Natxmal AIrport 1s an example of an alrport where a good TVOR site 
could not be found The hangars and buldmgs on the south and west edges of the field made it 
lmposslble to locate the TVOR so that the wave mcldent to the faces of all the bulldmgs did not 
cause scalloping See Fig 14 The Potomac River boundmg the north. east, and south edges of 
the field makes It rnposslble to move the TVOR far enough away from the arrport bulldrngs to 
reduce the scalloping from approximately l 7’ to a deared value of * 3’ or less The scallop- 
1ng characterlstlcs for Site No 2 are presented in Fig 15 The maxxnum scalloping at 170’ 
aeiinuth on the zero-frequency, scallopmg-amplitude curve 1s believed to be a result of reflec- 
tmns from the southwest faces of hangars Nos 1 through 7 The large scallopmg at 310’ 
aelmuth 1s from an unknown source, however, the large frequency of scalloprng 1s evidence that 
the reflectmg ObJect 1s 4,600 feet or more from the TVOR The tests conducted at Sites Nos 1. 
2. and 3 and the theoretlcal analysis made of the alrport lndlcate that by movmg the TVOR on 
the field the sector or sectors of large scallopmg may be drrected to other aznnuths These 
same tests mdxate that the amplitude of maxunum scalloping 1s little changed Therefore, if 
certain aznnuths are of less importance than others m air navlgatxon. the dlrectmn of maxunum 
scallopmg may be so located 
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TESTS OF A SIMULATED HANGAR FACE 

Durmg the tests conducted at the varmus alrports, large scallopmg was experienced 
because oi reflectmns from some hangars While reflectmns from objects had been mvestlgated 
theoretIcally and had been observed durmg prevmus flight tests of omnlrsnges, little had been 
done to Investigate thoroughly the scallopmg caused by a real or smulated hangar face The 
followmg 1s a descrlptmn of a series of tests conducted on a srnulated hangar face 

A vertical plane surface conslstmg of 27 hormontal No, 12 copper conductors, each appror- 
rnately 146 feet long, spaced 22 Inches apart, and stretched between two poles, smmlated a 
hangar face The surface extended from ground level to a height of 50 feet It was erected m 
such a way that It could be tllted from the vertical posltmn to a b0” angle of elevation wztb the 
horizontal and could readily be lowered to the ground A view of thrs reflecting surface 1s shown 
m Fig 16 

A four-loop TVOR with the antenna at ground level was moved about as required with 
respect to the simulated hangar face A C-47 type of axcraft eqrupped wltb a navlgatlon receiver 
and a tall V recelvlng antenna was used to measure the scallopmg caused by the hangar face. 

5 Ibld. 

Fig. 11 Oklahoma City TVOR 30-Mile-Radius Scalloping Graph 



Fig 12 Toledo Mumclpal Amport 

The plan dragram, Fig. 17, shows the locatlon of the antenna with respect to the reflect- 
Ing surface Fig 18 shows the manner in which the amplitude of scallopr,g caused by the 
samulated hangar varies with the azunuth of the arcraft for various angles of the reflected 
wave a The distance between the reflecting sheet and the antenna was 500 feet 11, each case 
The ax&aft was flown in a s.x-mile-rad,us circle around the TVOR and at an altitude of 1,500 
feet above ground Fig. IgA, for example, was taken wzth the angle a c = 15” Maxnnum scal- 
1opx.g occurred at 165”. lndlcatlng that the angle of wicldence to the center of the face IS equal 
to the angle of reflection, as would be expected from optical theory The frequency of the scal- 
loping was 0 244 cps, measured at and near the dlrectlon of maxrn~m amplitude, and the half- 
power beam width was 8”. Figs 1gB through 1gF present slm~lar u,formatlon for ~2 c = 30’, 
= 45". = 60", = 75", and = 90”, respectively The angle of lncldence to the center of the face 
and the angle of reflection, as deterrmned by the azxn,,th of the center of the beam for all cases, 
are nearly equal except m Fig 18F Fig 1gF represents a special case, since the wave strlklng 
the center of the face would reflect at an azimuth of 90” and would produce axcraft-bearing 
u-.format,on of the same phase 01 m phase opposltlon to that transmitted directly to the axcraft 
Tlus would not ca~lse an error m the received bearxng Waves reflected from the reflectrng 
surface at angles of 83” and of 87” caused scallopu,g In one test performed in this serws, o c 
was 0’ and d was 500 feet No scalloping or other effects due to the srnulated hangar face 
were noted 

The theoretlcal frequency of the scalloping versus the complement of the angle of ~ncl- 
dence has been plotted I,, Fig 19 Measured points from Fig. 18 show reasonable agreement 
with the cal ulated curve 

i; 
The measured points cannot be expected to fall exactly on the theor- 

etxal curve smce the ground speed of the urcraft was not accurately known, therefore. the 
m&cated speed of the alrcraft, 150 mph, was used as the ground speed Fig 20 shows how much 
the complement of the angle of lncldence over the sxnulated hangar face may vary for the 
500-foot spacing between reflecting surface and the TVOR antenna. 

The widths of the scalloping patterns shown in Fig 18 are plotted m Fig 21 The points 
a = 63’ and = 87’ were taken from Fig. lgF, where It was assumed that the angles of lncldence 
and reflectlon were equal for the tirectlons of maxxnuxn scalloping 

6 Ibrd., Appendxes I. I&and III 



Fig 13A Toledo TVOR 30-Mile-Rachus Scalloprng Graph 

The curve In Fig. 22 shows how the CD1 responds to scalloping It IS seen that the in&- 
cated scallopmg amplitude 1s a function of the scallopmg frequency The curve represents the 
average of a large number of pomts obtamed m actual fhght tests Therefore, the curve can be 
considered to be a plot of normnal values The arbltrarlly selected maxwnum acceptable scal- 
loping 1s l 3” Sxnce the mdlcated amplitude 1s a funchon of the scallopmg frequency and since 
the 0-cps, loo-per-cent scalloping-amplitude pant of Fig. 22 corresponds to l 3”, lugher scal- 
lopmg frequencxs ~~11 have correspondmgly smaller amphtudes. This 1s graphically expressed 
m Fig. 23 

The maxxna of the scallopmg pattern shown in Fig 18, with the values corrected to a 



Fig 13B Toledo TVOR Detailed Analysis of Site 4 Scallopxng Graph 

scallo ~ng frequency of 0 cps, are plotted in Fig 24 to show the agreement with the theoretical 
CUlV.2 5 The amplitude of scallopmg may appear to be large or small. dependmg on its frequen- 
cy All amplitudes were corrected to values correspondxng to a common frequency by use of the 
curve of Fig 22 to compensate for this change Fig 25 illustrates the effect of the dxstance 
between the simulated hangar face and the TVOR antenna on scallopmg In each case, a c Was 
held constant at 45’ The alrcraft was flown in cucles with radll of 6 miles for a spacmg of 
500 feet between the TVOR and the reflectmg surface, of 12 mxles for 1,000 feet, of 18 miles 
for 1,500 feet. and of 24 moles for 2,000 feet The reason for flymg the aircraft In circles of 
different radll was to hold the scallopmg frequency constant The altitude of the alrcraft abrve 
ground was held at 1,500 feet 

The amplitude of scallopmg caused by a horizontal wire. as given by Anderson,’ 1s shown 
m Equation (1) 

71b,d , F’lg 14. p 8 

BI bid 



where 

D = distance between the VOR array and the reflecting wire 

Dl = distance from the reflector to the arcraft 

D2 = distance from the VOR to the alrcraft 

K3 = a constant dependmg upon the reflector size and other parameters 

f(a)= a factor accountmg for the change m scallopmg amplitude because of a change m 0 

o = angle of mcldence to the vertical plane surface contammg honaontal wires 

A = wavelength 

ho = height of the VOR array above the ground 

bl = he,ght of the reflectq wire above the ground 

e : elevatmn angle of the aIrcraft above the hor~zonta, 

iI, n 

Fig 14 Washmgtan. D. C , National Axport 
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Fig 15 Washmgton, 3 C , TVOR 30-MAe-Radrus Scallopmg Graph 
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Fig. 16 Smnulated Hangar Face 
w 

Fig. 17 TVOR Antennas and Sunulated Hangar Face 
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Fig. 18 Polar Plots of course sca11op1ng 



Fig 19 Measured and Calculated Course- 
Scallopmg Frequency Versus 
Angle of Incrdence 

Fig 20 Angls of Incidence at the Ends of the 
Sxnulated Hangar Face As a Functmn 
of the Incidence Angle to the Center 

Fig 21 Course-Scallopmg Pattern Width 
Versus Angle of Incidence 

Fig 22 Scallopmg Characterlstxs of 
Navlgatmnal Type Recervers 

To obtar, an expressmn for the scallopmg produced by one conductor which 1s h, feet 
above ground, equatmn (1) can be sunphfred under the followmg contitmns 

f (0) = a constant, 51nce a c = 45”, 

D,lD , 
k 

because D 1s small compared wrth Dl and D2 and because of the locatron of the 
alrcra t when on a maxu,,um, 

2nhohl 2rhohl 
=XD,becauser g 16 9’ 

and 



when ho = 4 feet and X = 8.56 feet, Equatmn (1) becomes 

/2ah. \ 

s = K4hl *l* t- I 1 sm B 
(2) 

D‘ sin 8 

As seen In Fig 26, curve A 1s a plot of Equatmn (2) an whxh are mdrcated measured 
pomts representmg maxima of scallopmg patterns shown in Fig 25. The simulated hangar 
face consisted of a number of wires, one above the other, forming a plane surface. By addmg 
the fields produced by each conductor from ground level to height h2, the scallopmg produced 
by the surface may be obtalned 9 

Thus 

S=D2Tlne[:2 hlsm(T sm,)dhl 

Integratmg. we get 

sin 
s= K5 2nh2 2rrh2 

D2 a-,2 0 
- - co* - 

*In 8 A ( )I A 
51” e (4) 

The appllcatmn of Equatmn (4) to the condxtons of Fig. 26 results In D Sin 0 becoming a 
constant. smce D was Increased &the same fact= by vknch sin 0 was dn-mnlshed The expression 
used to plot curve B 1s 

S = K6 (5) 

‘The currents m the conductors of the face are assumed to be in phase, smce the phase 
actually changes 105” between the topmost and the bottommost conductors This assumptron 
meets the Raylelgh quarter-wave crltermn for the formatron of an image In optxs 

Fig 23 Maxrnum Acceptable Scallopmg 
for a Given Scallopmg Frequency 

Fig 24 Measured and Calculated Scallopmg 
Amphtude Versus Angle of Incidence 
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Fig 27 IS a plot of the widths of the patterns shown m Fig. 25. These data clearly 
lndlcate that the pattern widths decrease with an mcrease In distance between the sxnulated 
hangar face and the TVOR antenna far an angle of mcldence of 45’ 

Several tests were made at 500, 900, and 1,600 feet between the snnulated hangar face 
and the TVOR antenna The reflectmg surface was alternately placed In the vertrcal plane 
and inclined at 60” to the earth. The lower part of the surface was moved toward the TVOR 
antenna while the top remained fixed to achieve the lnclmed posltmn The amplitude of the 
scallopmg was measured at each &stance and with the surface set at the two posltmns These 
results mdlcate that the ratio 

scallopmg at 60” scalloping at 9oT X 100 = 11 per cent (average) 

The sltuatmn IS Illustrated In. Fig. 28. wherem P 1s the pant of optlcal reflectmn from the 
surface and vector 1D m&cates the dlrectmn of the reflected wave The equatrons Included 
I” Fig. 28 permit a sol&on for the components of x, y. and z of the reflected wave Results 

Fig. 25 Polar Plots of Course Scallopmg 



Fzg. 26 Variation of the Amplitude 
of Scalloping With Distance 

Fig. 28 Determmatmn of the DIrectIon of a 
Wave Reflected From a Plane Surface 

Fig 27 Measured Course-Scallopmg Pattern 
Width a a Function of Distance 

Fig. 29 Polar Plot of Scalloping Pattern 

for the condltmns tested, a 1 : 60’ and = 90”, are tabulated. The values of a 
the table mdxate that the region of scalloping due to the lnclmed surface wxl f 

and a 3 given m 
be at an aermuth 

18 5’ greater than wrth the surface vertical and at a large vertical angle, 37.8’. An aircraft 
would, therefore, receive a reflection from an rnclmed surface only by flying through the cone 
where the scallopmg frequency may be so great that no scallopmg would be observed on the 
CD1 This was verified In fhghts made through tk&s regwn. 

Two tests were conducted with a horizontal No. 6 copper conductor In place of the s~rnu- 
lated hangar face. The copper conductor was 146 feet long and 50 feet above the gx, und The 
angle to the center of the mre (I c was 45’ for both tests The first test was with a &stance 
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of 2,000 feet between the wire and the TVOR antenna No scallopmg was observed on a flrght 
of 24 miles I,, radms The TVOR was moved ln to 500 feet from the wxre with the resultma 
scallopmg pattern shown II-, Fig 29. 

TESTS OF OBSTRUCTIONS NEAR THE ANTENNA 

A proposal to construct and to evaluate a TVOR with the antenna very near the ground 
called for an rmnedlate mvestlgation of the mmxmurn distance that the transmitter house 
could be located irom the antenna wlthout causmg excesslye course dlstortmn. In order to 
keep the loss of power XI the feed knes at a nununurn and III order to obstruct less of the air- 
port area. It 1s desirable to locate the transmxtter house close to the antenna, however, any 
ob>ect m the regmn of the antenna may act as a reflector and may produce errors m the courses, 
the amplrtudes of which ~111 be a 

A four-loop. VOR antennala 
mverse functmn of the distance from the antenna to the object. 
was mounted an a counterpalse 9 feet in diameter and about 

10 rnches above the ground. Durrng these tests, the antenna was located 50 feet north of the 
transmitter house. Varmus obstructlons were moved around the array while the fluctuations of 
the CD1 were recorded at 1,700 feet north. The most informa~ve mvestlgatmns were conducted 

10 
Anderson, Keary. and Wnght, op. at 

Fig. 30 Degrees of Error Due to Cage (a) 
Posltmned Around Antenna Array 
of Low-Powered VOR 

Fq 31 Curve Showrig M- m Error 
m the Pattern of the Low-Powered 
VOR Due to Cage (a) Posrtioned at 
Varmus Distances From the Array 
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with three wire-mesh cages (a) a rectangular cage measurmg 3 feet long, 3 leet wwlde. and 
4 feet high and made by wrappmg a wooden frame with l/2-rnch-mesh. galvameed, hardware 
cloth, (b) a smnlar cage measurmg 6 feet by 6 feet by 7 feet, (c) another similar cage mea- 
surmg 6 feet by 6 feet by 4 feet. and (d) a Ford panel truck These objects could be easily 
moved around the antenna at a nearly constant rate, and they represented a progresslon m sue 
from a small obJect of less than one-half wavelength to an ob]ect of more than two wavelengths 

To determme the effect of the small cage (a), It was carried over a circular path around 
the array at varmus distances from the antenna and the course devlatmn was recorded The 
results of these tests are shown m Fig 30 For distances greater than 50 feet, the devxatmn 
was so small that it was not reliable and the results were not plotted These tests showed that 
the greatest course error occurred when the cage was east of the antenna at 90’ azimuth A 
curve showmg the error versus the distance from the antenna on the 90’ course 1s shown m 
Fig 31 

Cage (b) was moved around the antenna at a constant radius of approrunately 55 feet The 
course devlatmn was recorded as before The error data obtalned ln this test are plotted m 
Fig 32 This pattern showed that the maxm-zurn error was to be found with the cage at about 
45’ azmuth from the antenna Because of the terra” dlfficultles, thxs test was made from OS 
to 180’ azimuth only. but other tests show that the pattern 1s nearly symmetrical with shghtly 
lower errors occurrmg in the 180’-to-360’ sector 

Fig 32 
Fig 33 Curve Showing Maximum Error m the 

Pattern of the Low-Powered VOR Due 
to Cage (c) PosItIoned at Varmus 
Distances From the Array 
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Fig. 34 Error Due to Ford Panel Truck 
PosItioned Around the Antenna 
Array of the Low-Powered VOR 

With this informatmn about the azimuth of maximum error, the region from 0’ to 90’ 
was further explored by movmg the cage around at various distances from the array m tis 
quadrant. In order to deternune the effect of the height above ground of the obstruction. cage 
(c), similar to cage (b) but measurmg 6 feet by 6 feet by 4 feet, was used The 0’ - to -90’ 
quadrant was explored at two different cage heights for various &stances from the antenna. 
Fag. 33 shows the error data. 

Sinular tests were performed with the use of a large Ford panel truck instead of a cage. 
Several runs were made around the array at a radius of approldmately 50 feet. The results of 
these runs are plotted In Fig. 34. 

The effect of a dipole in the vicinity of the antenna was also checked. The dipole was 
held in a normal atitude to the ra&us and approximately eight feet above ground, and It was 
carried around at various distances from the antenna. The error was more than * 4.5’ for 
distances up to 25 feet. Tbe 25-foot circle indicated an error of l 4 5’ wltb peaks occurring 
at the 45’-azimuth points and indicated .s very low error at the four cardinal compass points. 

The effect of rotating a cage was checked by placing It on the ra&us which gave tbe 
greatest error and then rotating it about $ts vertical axis. The small cage (a) was located on an 
80’ aairnuth 20 feet from the antenna. Rot&ton showed about * 0.3’ varration in error. This 
procedure was repeated for tbe large cage (b) at 45’ azunutb and 40 feet from the array. The 
varw~tlon in error as cage (b) was rotated was less tbrrn * 0.2’ Next, one side of the cage was 
removed and the afore-mentioned rotation we.s repeated. The cage was 30 feet from the antenna. 
The variation in error was approximately + 1.1’. 
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Fig 35 Installatmn for Adjustable Counterpoise 

Fig 36 TVOR Distance-Range Varratmn With 
Counterpoise Height and Diameter 



.A 

Fig 37 Vertacal-Plane Patterns of the Four-Loop Antenna Mounted on a 
Counterpoase of Daffering Helghts and Diameters 
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Other tests were made wltb a angle horxxmtal wire One end of th.e wire was anchored 
at a pant 50 feet due east of the antenna and about 6 feet above ground. Its free end was held 
so that tbe wxre was taut and borlzontal. It was tben rotated about tbls anchored pomt The 
length of the first wire was approximately 112 feet. This gave a maxunum error of j: 1 5’ when 
tbe wire was at an angle of 45” and amed approumately northeast As the vnre was shortened 
to 50 feet, the error dropped to f 1.2’. The error for a length of 28 feet was l.l’, and for 10 
feet It was 0.7 ‘. 

In addltimbtbe prcvmus tests, several fllgbts were made, in one, cage (b) was rused g 
feet above ground, so that Its top was 15 feet above tbe ground. and was placed directly south 
of and 44 feet from tbe antenna. This flight showed large-amplitude, low-frequency scalloping 
of approximately l 6 -. Several fhghts were made wltb only the transmitter house as the obstruc- 
tmn. When the house was 30 feet from the antenna, the error was barely no!zceable on the 
recording. and at 50 feet, It was not noticeable at all. 

COUNTERPOISE TESTS 

Durmg tbe development of tbe TVOR, a project was lrutlated to determine the character- 
istics of an onuurange usrng a counterporse which had dunensions that could be varied. Discon- 
tinuous data resulted, although tbe measurements bad been made from time to tune on omdrangc 
stations with the use of counterpoases of the following belgbts and hameters 30 feet hrgb, 35 
feet 1p hameter, 15 feet bgb, 35 feet m diameter, 10 feet lugh, 35 feet In drameter, 0 feet blgb, 
35 feet m hameter, 15 feet lugb, 4 feet in cbameter, 10 feet tigb, 12 feet In dmmeter, and 10 
feet bxgh. 9 feet In hameter Various sites were Involved, thereby addlng another variable to 
the already complex problem. It was declded that a round, s&d. sheet-metal counterpoise 
should be supported on an adlus-table wooden structure that would facihttate ralsmg and lowermg 
and on whxb the counterpoise size could be varied by cutting off successive outer rmgs. 

Fig. 35 is B photograph of tbe equpment adlusted for a counterpoise 35 feet In dx.meter 
and 5 feet high. The four-loop anterma was sheltered m the central enclosure. The transmitting 
eqmpment was housed m a shelter on the ground and 50 feet from the antenna. 

In the planrung of tbx pro,ect, it was expected that the supporting wooden structure and 
its associated hardware (the maximum dimensmns of which were held to l/8 wavelength or less) 
would have a very nunor effect on tbe r&hated fields. However, measurements showed that 
tis was not the ease for vertically polarlned components of radiation. Large polarizataon errors 
cbanglng radxally wltb the asunutb were found to result from the four vertical supportlug poles 
shown in Fig. 35. All measurements of borlzontally polarized fields are considered to be valid, 
however, because the field radiated by the supporting structure was found to be very small 
compared to the horizontally polarized field enmnatmg from the antenna. Accordingly, the 
polarlzatxon-error data sre excluded from C-us part of the report. 

Fllgbt tests were conducted for each con&tmn of counterpoise belgbt and hameter. The 
covnterpolse tiarneter was varied m steps of 35. 20. 12, 7, and 4 feet. The counterpoise was 
place at the 5-, IO-. and 15-foot heights for each hameter of tbe counterpoise and at ground- 
level helgbt for the 35-foot and 4-foot &ameters only The fights made for each combmatmn of 
counterpoise sloe and position consisted of (a) a distance-range flight at 1,000 feet altitude 

Wg. 38 Null Locations of an Antenna 
Located Above Ground Level 



Fig. 39 CD1 Movements of the Four-Loop Antenna Mounted on 
a Counterpoise of Varying Heights and Diameters 
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Fig. 39 (Contirmcd) CD1 Movements of the Four-Loop Antenna Mounted 
on a Countcrpo~se of Varying Heights and Diameters 



Fig 39 (Contmued) CD1 Movements of the Four-Loop Antenna Mounted 
on a Counterpmse of Varymg Heights and Diameters 
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FIN 39 (continued) CD1 Movements of the Four-Loop Antenna Mounted 
on a Counterpoise of Varymg Heights and Diameters 

above ground, (b) a flight w,th theodokte gudance over the statmn at 5.000 feet above ground 
to measure the cone characterlstlcs. and (c) the first part of the dxtance-range flight, with 
theodollte gmdance, out to a” elevatm” angle of approvlmately 2’ to derive the vertical-plane 
field patterns 

Fig 36 shows the results of all the distance-range flights The distance range of a VOR 
faclllty 1s defined as that distance from the VOR, I” statute miles. at whrch the course se”s~- 
tmty. I” degrees, becomes double the course sensltlvlty measured at approumately ten miles 
from the station The curves show that the drstance range ~“creases directly with the height 
and mversely with the dla-neter of the counterpoise with one exceptmn. the 12-foot diameter 
One would expect a decrease I” distance range with a” ~“crease I” counterpoise dmmeter because 
with horleontal polarleatmn the counterpmse (xi mfmlte I” extent) produces a wave wl-och cancek 
the dmect wave at low elevatmn angles Increasmg the sxze of the counterpoise approaches the 
mfuute counterpoise 

The vertical-plane patterns plotted I” Fig 37 are r”d,cat,ve of electric-held lntenslty 
varlatlo” with the elevataon angle for a constant distance from the TVOR antenna When Fig 37B 
1s compared with the calculated Fig 38, it 1s see” that the predlcted null locations 17 5’, 38’. 
and 67 5’ compare reasonably well with the null locatmns of the measured pattern It should be 
noted that, when Fig 38 IS applred, four feet should be added to the counterpolse height to obtan 
the antenna height above ground When F,g 37 1s followed from B to F. I, L, and 0, It 1s appar- 
ent that the reflecting surface has gradually been changed from the ground to the counterpolse 
Upon reference to Fig 370 and upon the assumptmn that the an+aenna height above the reflectrug 
surface 1s equal to Its height above the counterpolse (four feet), Fig 38 predicts only one null 
at 90’ The measured patter” shows a shallow null at 13” as well as the one at 90’ Thxs sug- 
gests that the counterpolse 1s still too small for low elevation angles A more complete study 
of the patterns of Fig 37 clearly mdlcates that the larger the counterpoise x., the more 
effectively the nulls are suppressed 

Fig 39 zndlcates that the larger the counterpoise IS, the better the cone 1s That cone dx- 
tortvans are associated with the nulls of the vertical-plane patterns 1s evident from Fig 39A, B, 
C. and D, for example, where the large deviation at a” elevatmn angle of approximately 13’ on 
Fig 39A may be ldentxfled on B, C, and D as moving progressively Into a 90’ elevaixon angle 
The arrows point to the calculated locations (taken from Fig 38) of the first null 

The vertical-plane patterns of Fig 37 were used to obtal” the voltages, shown rn Fig 40. 
by talung the values of the receiver-Input voltage at a” elevation angle of 2 5’ The readxngs 
were corrected by br,nglng the areas of the patterns to a ~o,,-,,,-,o” value so that they would be on 
a” equal power and equal field-meter sensltrnty basis F,g 40 shows the same trends as Fig 
36, that IS, Fig 40 lndlcates that the voltage at the input to the receiver 1s directly proportmnal 
to the counterpoise height and inversely proportxonal to the counterpoise d,ameter except I” the 
case of the counterpoise whrch 1s 12 feet I” diameter Both figures lndlcate that the lZ-foot- 
dxnneter counterpoase ~111 produce a distance range equal to or greater than that of any other 
diameter tested The reason for this unexpected result IS unknown The correctness of the 
data for the counterpoise whrch 1s 12 feet I” d,ameter may well be questioned The figures were 
taken on two consecutive days and I” the same way as the other data Duct effect or propagation 
anomaly does not appear to be responsible, since It 1s unkkely that It would east over the permd 
of tune necessary to obtaa” all data for counterpoises 12 feet I” diameter and would not occur 
for the other diameters 



Fig. 40 Voltage DelIvered to the Recerver 
by the Antenna for Varmus Counter- 
poise Heights and Diameters 

Fig 41 Calculated Dxstance Range LLS a 
Fvnctmn of Transmitter Power and 
Transm~ttmg-Antenna Herght 

The choice of the xze and height for a TVOR counterpoise must therefore be a compro- 
mlse between the condltlons producing the greatest &stance range and those producmg the best 
cone characterlstlcs 
faclktles. 

A 12-foot dxmeter and a IO-foot height have been adopted for TVOR 
This arrangement 1s desirable also because it facllltates making the counterpoise 

the roof of the transmitter shelter. Heat from the transmitter shelter readily flows mto the 
antenna shelter, thus reducing morsture problems. The CAA standard VOR stations, with therr 
counterpoises 10 feet high and 35 feet I” hameter, sacrifice range for Improved cone character- 
1strcs The use of a ZOO-watt instead of a 50-w&t transmitter makes up for the loss in &stance 
range Incurred by the use of a 35-foot-dxameter counterpoise. 

Several theoretically derived curves are Included whxh &splay the relationshaps between 
power, transmlttmg-antenna height, and drstance range. F1g 41 shows the relatmnshlp between 

Fig. 42 Calculated Power Radiated by the 
TVOR at Low Elevation Angles 
Versus Antenna Height 

F1g 43 A Calculated Curve of the Power 
Required for a Speclfled Distance 
Range Vs. Distance From the TVOR 
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transmdtmg-antenna herght and &stance range with power as the parameter and may be com- 
pared with the measured data of F1g 36 Fig 42 mdxates the power gam. realized at small 
elevation angles because of an mcrease in transrmttmg-antenna height. If the power of a TVOR 
1s changed, a resulting change m distance range ~111 occur. F1g. 43 dxzplays this sltuatmn. As 
an example, F1g 36 mdrcates that a counterpoise 10 feet hrgh, 35 feet m hameter, and usmg a 
50-watt transmitter will provide a distance range of 48.5 m&s 
ponds to a relative power of 0.76 

In Fig 43. 4$JOm-iles corres- 
A ZOO-watt transmitter ~111 provide 0 76 Y- - 3.04, and 

accor&ng to F1g 43, a relative power of 3 04 corresponds to 56.5 miles. The 5Omeasured 
distance range for the VOR which uses a 200-watt transmitter IS 56 nules. 

CONCLUSIONS 

On the basis of the flight tests conducted on TVOR mstallatmns at six airports I” the 
Umted States and on the basis of the many special tests conducted at this Center, It 1s concluded 
that a TVOR located on an aIrport and adjacent to runway mtersectmns can serve a very useful 
purpose by provrdmg 

1. Approach routes on designated radrals to serve the various runways for almost stralght- 
m approaches under exlstmg procedures 

2. Possible additIona departure routes, depending on such factors as obstructrons, amount 
of traffic, and terra” 

3 Ad&tional holding patterns in the i- &ate vlcmlty of the alrport. 
4. An extremely accurate fix The employment of the four-loop array in the TVOR allows 

the TO-FROM mdxator actually to pmpomt the statron on any on-course track 
5. Courses to and from arports under all weather condltmns, which fact ~111 permit the 

establishment of precise routes for VFR operatmns and thus wrll reduce the IFR-VFR 
acadent potential near airports 

6. Ra&al mformatmn to pilots engaged in radar approaches This may reduce cornmum- 
catmns reqlured for plan-positmn-rndicator (PPI) approaches and ~111 provide a check 
on radar navigation. 

The TVOR is not to be regarded as a preclsron approach aId such as an mstrument landing 
system (ILS). however, It offers more accuracy and more reliability under atmospheric statrc 
condltmns and offers more ease of navlgatmn and of orientation than any low-frequency or 
medium-frequency aid currently I” use. It will provide guidance for aircraft descending under 
IFR con&+aans to n~mrna (to be established), so that the arcraft will be m a posltmn to land on 
.s runway when the pllct estabhshes vxsual contact with the aIrport 

The data obtarned with regard to reflections from objects clearly mdlcate that precautions 
must be observed 1” sltmg the TVOR Small objects such as an automobile or a horizontal dipole 
close to the antenna can cause substantial bearing errors Distant ob]ects such as bulhhngs, 
overhead power lmes. and other objects are capable of causmg large course scallopmg Scallopm 
of low enough frequency v~ll result m bearing errors 

It 1s recogmzed that a few airports may not be sultable as mstallatmn sites for the TVOR 
because of the surroundmg terra”, the aIrport layout, and other contrrbutlng factors In these 
cases the TVOR can be installed adlacent to the aIrport at a location that ~111 serve best under 
existing or proposed approach procedures 


