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VHF OMNIRANGE WAVE REFLECTIONS FROM WIRES 

SUMMARY 

This report presents data obtamed 
both by measurements made on the ground 
and durmg flights of a very-high-frequency 
omnldlrectmnal r ad I o r an g e (VOR) with 
horlsontal wires, metallic fences, and 
wooden fences located near the statmn for 
the purpose of determmmg theu effect on 
the performance of the ommrange The 
phenomena of wave reflectmns from wires 
are treated mathematically 

INTRODUCTION 

VOR facllltles are located at approx- 
imately lOO-mile intervals so that an air- 
craft about to fly beyond the distance range 
of one statmn ~111 have gwdance from the 
adJacent statmn wlthout a break I,, contmu- 
ItY The proper sltmg of a large number of 
statmns on a natmnal b as 1 s 1s a d,fficult 
task consldermg the fact that many ob,ects, 
such as trees, fences, bmldmgs, and w,res 
mayhave an adverse effect on the ommrange 
radlatmn pattern This report 1s confined 
to a study of the effect of nearby fences and 
overhead horizontal wires on the operatmn 
of the VHF ommrange 

EQUIPMENT 

AstandardVORfaclllty with a counter- 
po,se 15 feet above ground was used as the 
test statmn for all tests except m the case of 
the long straight fence testwhere the counter- 
poise was 10 feet above ground The antenna 
array conslsted of four loop antennas fed by 
two VHF bridge cucuts Wooden poles 
spaced approxunately 200 feet apart w e r e 
used to support either one or two No 6 
solid copper conductors Fences 100 feet 
and 50 feet long were bult to rotate about a 
50-foot vertical wooden pole A test was 
conducted at an exlstmg ommrange statmn 
where a farmer’s fence five feet high and 
several thousand feet long passed wlthm 50 
feet of the VOR antennas 

All observatmns m flight were made 
in a Douglas C-47 arcraft carrymg a stand- 
ardVOR recelvmg mstallatmn whlchmcluded 
a Collms Type 51R-1 navlgatmn recel~er 
Ground measurements were made with stand- 
ard VOR receivers at a number of az,muths 
from the VOR The course dew&u,,, mdlca- 
tor movements were recorded topermlt later 
analysis 

TESTS 

A test was made to sunulate the con- 
dltmns where an overhead power line LS 
brought to the statmn along a radml d,rec- 
tmn. A No 6 copper wire was secured to 
the e d g e of the counterpoise and was run 
radially for a distance of 577 feet, 15 feet 
above ground The far end of the wire 
sloped to the ground for a distance of 200 
feet and extended along the ground for 
approximately 200 feet to simulate an infi- 
mte hle Two flights were made around the 
VOR at radu of 6 9 and 15.0 rmles The 
results of these flights, when compared w,th 
those obtamed with the wire removed, mdl- 
cated that no effects were caused by the 
radial wire 

The condltmns and results of each of 
the other tests are shown in Figs 1 to 9. on 
which the measured course devlatmn mdlca- 
tor error versus aarnuth 1s plotted 

T h 1 s mformatmn was- obtamed when 
flymg around the VOR at a constant radius 
of 15 nnles. The ommbearmg selector was 
set every ten degrees so that the axcraft 
would continually cross the course Just 
selected A comparison of such recordmgs, 
with and wlthout the wire under test, u-.dl- 
cates the effect of the w,re on the course 
devrxtmn mdlcator The curves show the 
greatest over-all error m each 10’ sector 
Over-all error 1s defined as the difference 
between the number of degrees traversed by 
the course devlatlon mdlcator (extremes 
plus to rmnus) with the test wire ,n place 
and with the test wire removed 

A study of Figs 1 to 9 reveals that 
I The north half of the w,re in Figs 1 

to 4. 1s responsible for the northerly lobe, 
while the south half 1s responsible for the 
southerly lobe Compare Fig 4 wulth 
Fig 5. 

2 The length of the northerly extensmn 
of wire 1s not crltlcal with regard to error 
m the 50” to 70’ sector so long as the wire 
1s not less than 200 feet m length 

3 Ralsmg the wire from 15 to 30 feet 
above ground Increased the error approxl- 
n-lately 90 per cent 

4. The repoval of the ground termma- 
tmns had negllglble effect on lobe size. but 
It did narrow the lobe, thereby reducmg the 
40’ aznnuth error 

5 The radial wire shown in Fig 7 had 
negllg,ble effect, as may be seen bycompsr- 
mg Figs 6 and 7 



Fig. 1 @4easured Course Deviation 
Indwator Error Versus Aeunuth 

Fq. 3 Measured Course Dew&ton 
lmdu!ator Error Versus Aslmuth 

Fig. Measured Course Deviatmn 
Indicator Error Versus Aslmuth 

Fig 4 Measured Course Devlatvxn 
Indicator Error Versus Azrnuth 

I 
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Fig. 5 Measured Course Devmtmn Fig. b Measured Course Devlatmq 
Indxator Error Versus Aznnuth Indrcatw Error Versus &\qnuth 

Fq. 7 Measured Course Devlatmn 
Indicator Error Versus Azmmth 

, 

, . 



Fig. 9 Measured Course Devlatmn 
Indicator Error Versus Aslmuth 

b Fig 8 mdlcates that the lobe pomts 
more to the north as the wire 1s moved to 
the north This would be expected from 
optlcal reflectmn theory 

7 Fig 9 shows that moving the wire 
closer to the VOR produces strong reflec- 
tmns ,n the dlrectmns 30’ and 40” azxnuth, 
as does movmg the wire to the north These 
facts also support optical reflectmn theory 

The test condltmns III Fig b were 
repeated, but Instead of one conductor, two 
No b s&d copper conductors spaced 12 
III c he s apart were used to determme the 
effect of a reduced characterlstlc impedance 
Due to the add,tmnal w,re. approxm,ately 
56 per cent increase ,n error was observed 

In view of the increase 1x1 error ex- 

4 

perlenced byan increase m wire height from 
15 to 30 feet and by the use of two conductors 
12 Inches apart III place of one conductor, 
the r adI al wire test was repeated The 
addltmnal test was performed with two No 6 
solld copper vales spaced 12 Inches apart. 
The wires were fastened 15 feet above 
ground to the edge of the counterpoise The 
vnre rose to 30 feet above ground wlthm a 
distance of 162 feet, then ran 341 feet at 
30 feet above ground. and sloped to the 
ground III the next 139 feet A number of 
radial fhghts and one 15-mile rad,us c,rcu- 
lar flight were made, and It was found that 
the radial wires caused IJO detectable effect 
Theoretically, t&s/should be so since the 
electric vector radiates from theVORarray, 
IS horlsontal, and 1s everywhere perpendx- 
ular to the wires Therefore, no current 
could be Induced m the wires to produce a 
radlatmn field. 

A wire fence 100 feet long and b feet 
high was constructed with Its mldpolnt 
mounted on a vertical pole so that the fence 
could be rotated about the pole The center 
of the fefxe (supportmg pole) was 177 feet 
from the VOR array which was located on a 
15-foot high, 35-foot diameter counterpcuse 
A VOR receiver with a course devlatlon 
mdlcator recorder attached was located at 
a number of different azm,uths and approxl- 
mately 2. 000 feet from the VOR. A rotatmn 
of the fence produced such a small error 
that It was dlfflcult to measure (approx~- 
mately 0 5’total spread) 

A second test was performed at a VOR 
havmg an exlstmg straght-lme fence, five 
feet high and several thousand feet long. and 
50 feet from the VOR at the nearest point. 
Fig 1OA displays the s,tuatmn Table 1 
shows some of the characterlstvcs of the 
fence as a reflector with all data, except 
that marked theoretlcal, taken from fhght 
records. 

The rnax~~-~urn scallopmg measured on 
the east side of the statmn occurred at an 

TABLE I 

Scallopmg Characterlstlcs From a Wire Fence 

Azxnuth 
(Degrees) 

Rad,us of 
Circle Flown 

(h,llles) 

Width of 
Sca110p1ng 

sector 
(Degrees) 

M~X1~“l-C 
Sca110p1ng 
Amplitude 

Total Spread 
(Degrees) 

Sca110p1ng 
Frequency 

(CPS) 

325 20 10 2 25 0 011 
50 b 10 42 0 03 

325 b 10 3 0 

TheoretIcal 
Scallopmg 
Frequency 

(cps) 

0 014 
0 04 
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A. Plan View of VOR Array With Respect 
to the Wme Fence. The Dlrectmn and 
Amplitude of Maxmmn Measured 
Scalloping Are Gwen 

B. Parts of Fence Causmg Maximum 
Scalloping, Determmed Theoretically 

Fig. 10 An Example of a Fence Which 
Caused Scalloping on a VOR and 
the Parts of the Fence Causing 
the Scalloping 

angle of reflectvan of 35’. while the angle of 
reflectlon on the west side was 55’ The 
reason for the difference appears to be due 
to the ground elevation which IS less on the 
west side of the site than on the east side 
The amplitude of the scallopmg be a r s out 
t h I s explanation, since the scalloping IS 
greater on the east side than on the we s t 
side. 

The parts of the fence which caused 
the maxxnum scalloplng were determlned by 
usmg the dIrectIons of maximum scallopmg 
obtamed from flight recordings andEquatIons 
(14) and (15). The results are illustrated in 

Fig 10B. Smce the scalloping extended 
over a sector of 10”. 100 feet of fence on the 
west side and 150 feet on the east side were 
replaced with a wooden picket fence The 
scalloping was then reduced to a negllglble 
magmtude 

Fig. 11 A Wire Reflector Located Near 
a VOR 

THEORETICAL CONSIDERATIONS 

A general solution to the wire reflec- 
tvan problem appears to be a tremendous 
undertaklng. however. some understandmg 
of the phenomena may be obtained by approxl- 
mate approaches to the problem Fig 11 
presents the arrangement of the reflector 
with respect to the VOR From this the 
relative magnitude of the error to the VOR 
caused by a wire may be derived as follows 

The field intensity m the vlamty of 
the wire 1s expressed by 

where h IS the wavelength and K1 IS a con- 
stant. This expressIon assumes a perfectly 
conducting earth for horvzontal polar~zatvxa 
In practice this assumption IS true to a first 
approximation. particularly for small reflec- 
tmn angles The wire IS assumed to be 
terminated In Its characterlstlc xnpedance 
Z. at both ends Hence, the current produced 
m the wre by the electric field 1s 

where 1. the wire length, IS assumed to be 
small so that the Induced lncrementnl volt- 
ages are m phase throughout the length of the 
wire and may be added algebrnlrally 



The horIzontally polarized field 
radiated by the wire in a given aalmuthal 
dmectmn IS 

(3) 

where K2 1s a constant and 0 1s the elevatmn 
angle of transmlssmn from the wre to the 
aircraft Equatmn (3) holds for vertical 
polarlzatmn as well as for horleontal polar- 
leatmnfor small values of 0 over land 
Combmxng Equatmns (1). (2), and (3) 

(4) 

Equatmn (4) IS shown plotted m Fig. 12 for 
several of the parameters tested 

The omnibearmg devlatmn mdxator 
errar caused by the wire is directly pro- 

portmnal to the field mtenslty radiated by the 
wme . The data ,n Table II shows how the 
measured error varle d with distance as 
compared with the equalleed data calculated 
by means of Equatmn (4) Smce Equ+on (4)’ 
applies to short wires, the calculated errors 
are approxwnate only, whereas long wires 
were used m the tests 

If only the characterlstlc Impedance 1s 
varied, usmg Equatmn (4). the following 
equatmn results 

where the prmx mdlcates a new field m the 
vlcxntyof the arcraft because of a new value 
of characterlstlc lmpe danc e One No b 
conductor 30 feet above ground has a charac- 
terktlc xnpedance Z. = 545 ohms For two 
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TABLE II 

Measured Scallopmg Amplitude Compared to Predicted Scalloping Amplitude 

Test 
Condltmns 

Fig 4 
Indlanapolls 

VOR 

Aelmuth 
(Degrees) 

50 
310 

(F:et) 

203 
lb30 

* Equahzed with measured 5.15” 

No. 6 conductors spaced 12 Inches apart 
hormontally. Z’, = 394 ohms. Hence, 

The measured ratm was 1.56 
Equatmn (5) 1s a tool useful m estlma- 

tmg the effect of a number of conductors with 
varmus spacmgs. It 1s mterestmg to note 
that If two conductors of No. 6 solId copper 
are placed s DDE by side and touching. 
Zb = 524 ohms and 

Such a change would be dlfflcult to measure. 
A fence 1s consldered as a special case, 

where the wre 1s close to the ground A 
he lght of four feet has been used as an 
average fence height. In Fig 12. the equation 
hl = 4 feet 1s representative of a fence. The 
topmost wxre on a fence 1s the most detrl- 
mental, and 1s used to represent the fence as 
an approximate solution The effect of all 
the w 1 r e s may be mcluded by fmdmg the 
characterlstlc xnpedance of the system of 
wires. then by usmg a height h 

& 
somewhere 

between mldhelght and top of e fence A 
study of Fig. 12 shows that a fence, 
hl = 4 feet, ~~11 cause scallopmg as much as 
that caused by power lmes, provided the 
fence 1s fewer than 130 feet from the VOR 
array. This distance 1s based on the fact that 
a power lme 800 feet distant and 30 feet high 
causes scallopmg of 1.5” total spread(meas- 
“red on a 20&xle radms cxcle) In Fig. 12, 
hl = 4 feet mdlcates that yery severe 
scallopmg may be caused by a fence located 
50 to 100 feet away from the VOR array. 

The frequency of the scalloping ~111 be 
low, smce the fence must be located close 
to the VOR to produce measurable amplitudes 
Equation (13) gives the frequency of the 
scallopmg 

Fig 13 1s a curve (derwed theoretl- 
tally) which shows how the amplitude of 

(Fkt) 

Over-all Error 
Due to Wires (Degrees) 

Theoretical. 
Measured from Fig 12 

30 5 15 5 15* 
30 0 25-O 37 0 207* 

scallopmg varies from a nondlrectmnal re- 
flector wth asxnuth of the recewer This 
mformatmn may be used to p r e d 1 c t the 
relative amplitude of the scallopmgproduced 
by a plane reflectmg surface, if we assume 
that the reflecting object 1s located m the 
place of the nondlrectmnal r e f 1 e c t 0 r of 
Fig 13 and If the surface 1s turned as the 

6- 

Fig. 13 Amplitude of Cross Pointer 
Osclllatmns Due to One Reflectmg 
Object Versus Azxnuth Angle 
(Oscillation = l Amount Shown) 
(Independent of DIrectIon of Fhght) 

, - /-3 
‘I’ 

J , 

” * 



Fig. 14 Amplitude of Course Devlatmn Indicator Osclllatmns Caused bv an Optical 
Refiectmn From a Vertical Plane Surface Versus Reflectmn Angle - 

arcraft circles the statmn so that the re- 
fleeted wave goes to the arcraft The field 
lntenslty of the reflected wave ~111 be pro- 
portmnal to the area normal to the arrlvmg 
wave This may be expressed mcme clearly 
by usmg Equatmn (6) to aId m obtammg the 
curve of Fig 14 

,,a,= I 416 a4Famo (6) 

where a IS obtamed from the g e o m e t r y or 
from the expressmn 

o i 450 - g (7) 

f(a) IS the amplitude of the curve of Fig. 14. 

f(q) 1s the amplitude of the curve of F,g. 13. 

Fig 14 may be used to predict the 
amount of scallopmg produced by each small 
sectmn of a horrmntal strwght wme or any 
other obJect such as a vertical hangar face. 

Eqaatlon (1) IS used to express the dl- 

rect fxeld m the vmmty of the a 1 r c r af t, 
Equatmn (4) with the cosine term ormtted, 
smce f(a) takes It Into account, 1s a statement 
of the reflected field, and f(a) from Fig 14 
accounts for the difference in azmnuth of the 
arcraft and the reflecting obJect 

Then usmg Equatmns (1) and (4) and 
Fig 14 

where 

S : amplitude of scallopmg 

D1 = distance from reflector to amcraft 

D2 = da-tance from VOR to axcraft 

K3 = a constant dependmg upon the reflector 
SEW and other parameters 
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Smce 2 changes so little with height h , It 
IS taken’as a constant and combmedwthk 
The value of S 1s determmed by a flight te?t’ 
Another small sectmn of the same (or srmlar) 
reflector ~111 then produce scallopmg ex- 
pressed by 

Combmmg Equatmns (8) and (9) 

5’ = f 

If the alrcraft 1s at the same distance and 
elevatmn angle from the reflector and the 
VOR for both cases. Equatmn (10) 1s sxn- 
pllfled and becomes 

A great sunpllflcatmn can be made m Equa- 
tmn (11) lf 

T h,s sunpllfzatmn admats an error of 11 
per cent or less for eacl. 51ne term Equa- 
tmn (11) then becomes 

Equatmn (8) mdlcates how the scallop- 
,ng from a horizontal wire or vertical plane 
surface varies. One of the Equatmns (10). 

“,“:ZEaT .--- 
A. Sample Recordmg Showng One Cycle of 

Course Devlatmn Indxator Osc~llatmn 

B. A VOR and One Reflectmg ObJeCt 

Fig. 15 Figures Concerned With VOR 
Course Sca11op1ng 

(11). or (12), whIchever LS most apphcable. 
may be use:’ to predict the amplitude of 
scalloping s , if the amplitude of scallopmg 
S for one set of condltmns 1s known 

Fig. 15A represents a sample record- 
mg of the course devlatmn lndlcator taken 
when the arcraft was flymg around the VOR. 
The dashed straight lme 1s the path whxh the 
recorder pen would have followed had no re- 
flectmg ObJect been present. The errors 
mtroduced by wiles show up as a permdlc 
varlatmn about the correct bearmgs received 
directly from the VOR. In Appendix I of this 
report. the followmg equatmn was derived 
for the frequency of the osallatmn III cps 

f=N r 
cor4 

1 (13) 

where N 1s the velocity of the alrcraft ,n 
wavelengths per second and the other symbols 
are defmed XI Fig. 15B. Fig 16 1s a plot of 



Equatmn (13) with 0 as the parameter As- 
sume f = 115 megacycles (MC) and amcraft 
speed = 152mph. ThenN = 26 05wavelengths 
per second. Equatmn (13) makes possible a 
determlnatlon of the frequency of the 
osclllatmn caused by woes, Independent of 
amplitude. Table III shows measured 
calculated values for Fig 4 and for 
another example, the commxsmned VOR at 
Indianapolis, Indmna. 

Fig. 17 represents a VOR with a ver- 
tlcal reflectmg surface located at a distance 

Fig. 17 The Fresnel First Zone of a 
Vertical Sheet Reflector 

h, due west The elllptlcal figure (shown 
dashed) mdlcates the Fresnel first zone 
located m the vertical reflectmg surface. 

TABLE III 

Measured Scallopmg Frequency Compared to PredIcted Scalloping Frequency 

Test Ammuth d 
Condltmns (Degrees) (h4&s) (M&s) (Degzees) 

Measured Calculated 
(Frequency cps) Comments 

Fig. 4 2: 15 0 0384 20 0 0833 0 063 Center of north 
Fig. 4 15 0 03.94 30 0 0584 0 061 half of wire taken 

as source of re- 
flected wave. 

Indlanapohs Pant of optIca 
VOR 310 6 0 308 10 1.4 1 41 reflectmn of ware 

to aircraft taken 
as source of re- 
flected wave 

f = 115MC 
Aircraft speed : 160 mph 
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The wave whxh reflects from the vertical 
surface at pant B does so by mducmg cur- 
rents in the surface. The currents contained 
In the Fresnel first zone produce the reflected 
wave The zones outside of the first cancel 
each other’s effects, making the first zone 
the only part of the area required to bring 
about a complete reflectmn A discussio_n of 
the fjr s t Fresnel zone may be found m a 
paper by Hey, Parsons, and Jackson of the 
British Mmistry of Supply The equations 
wbxh follow gwe approximately the dimen- 
slons of the first Fresnel Zone 

(15) 

(16) 

where ?. = wavelength, and Fig 17 defines 
the remammg symbols 

If It IS assumed that a vertxle sheet 
that conducts well Includes the wre of 
Fig. 6. then the dunensmns of the Fresnel 
first zone are found as follows for the 
assumed point of reflectlon. the mldpomt 
of the wre h = 8 56 feet, h = 177 feet, and 

‘J. S. Hey, S. J. Parsons, and 
F. J a c k s on, ‘I ReflexIons of Centxnetrlc 
Electromagnetic Waves Over Ground, and 
Dlffractlon Effects with Wire-Nettmg 
Screens.” Proceedmgs of the Physic al 
Society. London, V 01. 59. pp. 847- 857. 
September 1. 1947. 

Q = 60.55” ThenBE =45.1feet,ED=95.7 feet, 
and BF = 41 7 feet. 

This explams why the wxe length had 
little effect In the 50’. 60”, and 70”dlrec- 
tions, as m Figs 1 and 4 for example A 
horizontal wire meets the requirement for 
the DE dunensmn but, of course, falls for 
the vertical height reqmred. vu , ZBF- 

The wire reflectors shown m Figs 1 
to 9 produce a radlatmn pattern which 1s 
symmetrica about the wire Yet all of the 
tests, Figs. 1 to 9, showed no measurable 
error caused by the wz-e on the wire side of 
the VOR The wire radiates m the dIrections 
330’, 320’. and 310’ azimuth as shown by the 
dashed lobe in Fig 8 It is believed that the 
30-cps phase angle transmItted by the wre 
1s wlthm approximately 10’ of the 30-cps 
p h a s e angle transrmtted d I r e c t 1 y to the 
a 1 r c r aft from the VOR or 180” from this 
value. because the wire lies m the 315” to 
335’ azimuth sector Therefore, the error 
m the 31O’to 330” aeunuth sector caused by 
the wire would be zero or so small that It 
would be difficult to measure 

CONCLUSIONS 

It has been shown that errors m the 
form of course devlatlon indicator oscilla- 
tmns can be caused by wxes located near 
a VOR A number of examples are gwen 
to show what errors can be expected. 
E quatlons are Included whxch permit an 
estimate of the frequency of the error as 
well as Its relative magnitude. The error 
mcreases as the number of conductors 1s 
Increased, bemg mversely proportmnal to 
the characterlstlc unpedance of the wire 
system. Radial wires cause no measurable 
error. The wave appears to reflect from 
the wire accordmg to geometrical optxcs. 
and therefore a wire acts very much hke a 
vertical reflectmg sheet contaming the wre. 
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APPENDIX I 

OMNIRANGE COURSE SCALLOPING+ 

Fig Omnlrange 

The course scalloping of omnlrange 
courses treated in this appendix 1s that 
caused by reflectmns of electromagnetic 
energy from obJects located both close to 
and remote from the omnuange. The 
problem m general 1s very complicated 
because of the many variables encountered. 
However, much 1s to be learned about course 
scalloping phenomena by considermg the 
simplest possible case, that of one reflectmg 
obJect. A complex course scalloping 
problem may be solved by treating Its parts 
one at a txne and combmmg their effects m 
a proper manner 

In this study no attempt 1s made to 
solve the re-radlatmn characterlstlcs of 
varmus ObJects, herem, It 1s assumed that 
the phase change upon reflectmn is b and 
that the amount of voltage at the receiver 
mput due to the reflected wave 1s A tunes as 
much as the voltage appearmg at the 
receiver due to the direct wave. The re- 
radlatmg oboe ct IS assumed to radlate 
equally well In all dIrectIons. The advantage 
of makmg the above a,ssumptmns is that the 
results of reflectmns from objects, as 

* The material for the AppendIces I, 
II, and III was taken from a prevmusly 
unpublished memorandum by S R Anderson. 
CAA ExperImental Statlon, May 14, 1945 

Course 

observed m awcraft, are obtamed with a 
minimum of effort. 

Smce the omnirange radiates energy 
equally In all dlrectmns, we are at liberty to 
locate the reflectmg obJect m any directvan. 
The locatmn of the reflector has been arbl- 
trarily chosen as 90” aznnuth with respect 
to the range for all curves shown m this 
appendix. Fig 18 presents the arrangement 
of the problem, and Fig 18A applies to all the 
attached curves Referrmg to Fig 18.4, T 
represents the omnlrange. R the re-radatmg 
obJect, and P the recelvmg arcraft. The 
arrow at P indicates the dIrectIon of flight. 
The azunuth of the arcraft 1s 9, and p 1s Its 
dlrectmn of flight with respect to the course. 

A study of the problem of reflectmn 
mdlcates that, at the recelvmg aircraft, two 
pairs of variable phase sldebands are 
received, one par is m phase with the 
carrier, the other 1s in phase quadrature 
with respect to the carrier The effects 
produced m the receiver output by the phase 
quadrature sldebands depend upon the char- 
acterlstlcs of the recelvmg equipment and 
wxll not be considered here The m-phase 
sidebands plus the curler constitute an 
amplitude modulated wave which produces 
the variable phase output of the receiver It 
1s this output with which we are concerned, 
for the phase of the variable phase output 
sIgna determines the locatmn of the omm- 
range course selected 

It 1s shown m Appendix II that the 
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Fig. 19 Ommrange Course Scalloping 
Frequency For Radml Flights 

phase of the variable phase slgnal vales 
between 

and 

This is due to the reflectmn of energy &om 
one obJect The swing of the phase angle of 
the variable phase voltage IS equal to the 
number of degrees of swmg of the ommrange 
course The magmtude of the course dls- 
tortmn 1s dependent upon A The frequency 
of the course swing (course scallopmg) 1s 
given m Appendix III It 15 the frequency of 
the course scallopmg with which this treat- 
ment is concerned prmnarlly 

Fig. 19 shows the frequencies of the 
course dIstortIon for radml flights toward or 
away from the statmn at an azmnuth of 0’ or 
180” The arcraft 1s located varmus dls- 
tances r from the range, while the re- 
radmtmgOobJect IS at a distance dl from the 
range It 1s mterestmg to note that the 
frequency mcreases as the arcraft nears 
the omnlrange, or, holdmg the arcraft 
distance constant, the frequency of the 
course scallopmg decreases with a decrease 
I* dl, which 1s the distance between the 
reflector and the range Because of the 

Fig. 20 Omnlrange Course Scalloplng 
Frequency For Cross-Course 
Fhghts 

mechanIca dampemng of the mstrument and 
the 1250-mlcrofarad condenser across the 
Instrument, all frequencies above approxl- 
mately 1 cps would not appear on the course 
devmtlon lndlcator All frequencies below 
approxwnately 0 0010 cps would appear as a 
fixed error m the course Consequently, the 
various distances of the arcraft and the 
reflector from the range must be considered 
when flight testmg 

The dlrectmn of fhght of the aircraft 
on a given course affects the scalloping fre- 
quency Fig 20 presents calculated results 
of a flight circling the range at a fxed radius 

r. for varmus values of > It 1s apparent 
1 

that for a given distance from the range 
statmn the scallopmg frequency LS less for P 
radial fhght than for a circular flight It 15 
also clear that, as the arcraft flies around 
the statmn, the frequency of dlstortmn r‘1ses 
to a maxnmwn then drops off to zero when 



: \ ,’ 

’ , 
jt 

A. Course Scalloping Frequency Versus 
Dlrectmn of Travel of Aircraft 

Fig. 21 Course Scallopmg Frequency Versus Dlrectmn of Travel of Aircraft 

along a hne Jommg the range and reflector. 
The magrntude of the scallopmg reduces to 
zero gradually as the arcraft approaches 
the 90’ and 270’ aennuths with respect to the 
range * The same mformatmn is pre- 
sented m Fig. 16 when $ = 0’ and 180’, but 

r 
with d” as the abscissa For values not given 

1 
m any of the above curves and for flights 
other than radml and 90’ cross-course 
flights, one may use the formulae derived in 
Appendm 111. 

*This follows from %quatlOn (14). 
Appendur II. 

Figs 21A and 21B show,by means of a 
typxal example, how crltxal the course 
scallopmg frequency 1s with respe,ct to the 
dire&on of travel of the amcraft. when the 
aircraft 1s 20 nnles from the VOR and the 
reflector 1s 2,500 feet from the VOR. 
Referrmg to Fig 21A, If the aircraft 1s 
flying m a cmcle with the VOR as a center 
(P = -90”) the scallopmg frequency does not 
change apprecmbly with small changes of p . 
The other type of flight check commonly 
made on a VOR 1s a radml flight ( P = 0’). 
Fig. 21A shows that tins is a very crltxal 
regmn v&h regard to the scalloping fre- 
quency In Fig 21B. winch IS a plot of the 
critxal regmn of Fig. 21A, It 1s clearly 
shown that a small change in p ~111 cau.?.e a 
large change m the scalloping frequency 

’ 
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Consequently, for flight testmg where the Tho rea8oq for this is that the fre+ency of 
scallopmg frequency 1s to be used to deter- the scallopmg on a radml flight 1s very low. 
mme the source of the scallopmg. cross- or even zero at tunes. The filters across 
course fhghts ( P =+90’) should be made. the course devlatlon mdlcator become 
If maxnnum amplitude of scallopmg IS to he ineffective at lbw frequencies. 
determmed, a radml flight should be made. 

i’ ,, 

, 
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APPENDIX II 

A DERIVATION OF THE COURSE SCALLOPING EQUATION 

4. 41s dl’ ro, P , rl, are all shown in Fig. 18. 

E 
0 =The voltage appeanng at the re- 

ce~ver mput due to the wave travelmg 
along rO. 

El =The voltage appearmg at the re- 
ce~ver Input due to the wave travelmg 
along rl. 

G =2R 
A 

A = Wavelength of the carrier frequency 

t : Time. 

0 
z;; 

= Vanable phase frequency or modula- 
tmn frequency. 

S = Spacmg between a sldeband antenna 
and the rmddle antenna of the omn,- 
dlrectmnal array 

d = Phase change of the radm frequency 
energy due to reflectmn. 

N : Speed of arcraft in wavelengths per 
second. 

f = Frequency of the course scallopmg 
(CPS) 

B =Vanable phase 30-cps phase angle. 

J =fi 

A equals electric fwld mtenslty at the a,r- 
craft of the wave travelmg along rl dlvlded 
by electric field lntenslty at the arcraft of 
the wave travelmg along ro. (This 1s mde- 
pendent of path length differences .) 

5 1s defmed by Equatmn (24). 

Referrmg to Fig. lt7A. the voltage appearmg 
at the receiver due to the v,ave travelmg 
along r. 1s 

% = a e-‘G’o I+ 5,nu15,n,G551n4,+Corufs1n,GSCor4, 
[ 1 (17) 

The first term 1s the carrier. the other 
terms are the sIdebands of the vanable 

phase sIgna The voltage appearmg at the 
rece,ver Input due to the wave travelmg 
along the path rl and experlencmg a change 
of phase and magmtude upon reflectmn at R 
15 

Here. the second term IS the curler and 
the first term represents the sidebands due 
to the vanable phase slgnal. The resultant 
receiver mput v&age 1s 

E : E, + E, (19) 

For values of dl, which are small compared 
to ro. the difference between the attenuatmn 
terms due to distance are negllglble so that 

(20) 

The first, second, and last terms are side- 
band terms whxle the rema~n,ng terms 
comprise the carrier. The carrier may be 
rewntten 

tllRRlER=,+nca.[Glr,-~~~+8]-,ns~n[G(r,-r~t +8] (22) 

(24) 

Equatmn (21) may be rewritten 
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+ndJ[G(‘I-‘d+~+51 SlndSlnGS+CmRIER e -II 

(27) 

-/ 
r In Equatmn (27) the vector representmg the 

;r carrier has been turned to the real axxs. 
This enables one to find the in-phase side- 
band terms by mspectmn of the followmg 

I equation. 

SIDEBMKS = SmutSmGS an+, COS[ + COW, Sl”,GSC094,CoS~ 

, ’ 
(28) 

The only sideband terms of Equatmn (28) 
whxh combme m the correct phase wth the 
carrrer are the real part of Equatmn (28). 

The first term in the bracket 1s the rlormal 

value for the arc tangent wIthout reflectmn, 
because the second term within the brackets 
goes to eerowhen Aequals zero. Because of 
reflectmn the second term may correctly be 
called the course scalloping term. The 
value of this term oscillates between a 
maximum posltlve value to an equally large 
negative value as the locatmn of the recelvln 
arcraft changes. that 15, ~0s (~r~-~r~ +J +5 7 
vanes between -1 and 0. then to tl as 
(Grl-Gro +CtC) changes. The magmtude of 
the distortion term vanes slowly with a 
change m 4 only. 

< I 4 = E, CL-SC - I (31) 

Equatmn (30) maybe rewritten satlsfymg the 
two equatmns in (31). 

B = ban’ I s~n~CSsIn4l + IsmGstor [ccr,-y+s+c] 
Sm~tSCos4l SwlIGSCos41 I 

(32) 
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APPENDIX III 

A DERIVATION OF EXPRESSIONS 

GIVING THE FREQUENCY OF THE COURSE SCALLOPING 

The phase angle B of the variable 
phase slgnal changes with a change III the 
posltmn of the recelvmg arcraft because of 
a change m the course scallopmg term. This 
IS the second term wlthm the brackets of 
Equatmn (32) The rate at which the phase 
angle B of thevarIable phase slgnal changes, 
with a change ,I, the posltmn of the recelvmg 
arcraft, may be obtamed by dlfferentlatmg 
with respect to the arcraft motmn. 

This may be done for radial flights as 
follows 

From the geometry of Fig. 18A 

(34) r,-r,=d,+ d,‘+X2+y*-zd,(yCo84,+xs,n4,) - m(40) 

f.N I- 
r. - d,Sm4 

r.’ + d,’ - 2d,r&9 
(35) 

If the alrcraft speed IS 152 mph, and the 
carrier frequency 115 MC, then 

N = 26 ,,5wavelengths 
seconds 

(36) 

If a flight around the range 1s made at a 
fixed radms. P = 90’, the value of f may be 
found as follows 

f = 2605 
cc-s4 

Fl 

(38) 

Is2+, Zh4 
d, 4 

The frequency f of the course scallopmg for 
any dlrectmn of flight across course may be 
determmed by consldermg Fig. 18B. Here 
the arcraft 1s asstime;l to fly paralieito the 
Y ax1s. This gives the same results as If 
the reflector were flxed and the arcraft 
crossed the ccn~rse at an angle P . 

f.N- 
dy 

A’$ (39) 

If p1 - p = 90”, the reflectmg oblect 1s 
always at right angles to the conrse crossed 
by the axcraft. 

(42) 

dl 
For accurate calculatmns where ;- > 1. 
the followmg expansmn xv111 be 0 
found useful 


