
BUREAU  OF 
RESEARCH AND  DEVELOPMENT 

CHARACTERISTICS OF A VOR 
ON A 2 0 0 - F O O T  TOWER 

APRIL 1960 

P r e p a r e d  by 

NATIONAL AVIATION FACILITIES  EXPERIMENTAL  CENTER 
ATLANTIC  CITY, NEW JERSEY 

; I '  
- f > ' T  9 

- I  

f ( * a  i. 2 -  iJ[ d , ? I  1 0  ~ nrg 



FINAL  REPORT 

CHARACTERISTICS O F  A VOR ON A 200-FOOT TOWER 

P r e p a r e d  by Ster lmg R. Anderson 
and  Robert  B.  Flint 

Approved  by William S. Cowart,  J r  
Chief ,   Test  & Experimentation  Divislon 

This   repor t  1s based  on a technical  evaluatlon of equipment  and 
procedures  available  to  the  Bureau of Research  and  Development 
It has  been  reviewed  by  the  Agency  and 1s approved for dlstrlbutlon 

Acting  Director 
Bureau of Research  and  Development 
Federal  Aviation  Agency 

April  1960 



TABLE OF CONTENTS 

SUMMARY 

INTRODUCTION 

SITE AND EQUIPMENI 

TESTS 

THEORETICAL  CONSIDERATIONS 

CONCLUSIONS 

Page 

1 

1 

1 

2 

4 

6 

1 



LIST OF  ILLUSTRATIONS 

Topographlc  Map of Test  Area 

Moblle  VOR in Center of Cleared  Area 

Vlew of Tower and  Woods  Looklng  Northwest 

Vlew of Tower and  Woods  Looking  Southeast 

Coursa  Scalloplng on a  20-Mlle Orblt  Flight  wlth  VOR on 
10- and 200-Foot  Towers 

Recordlngs of CDI  Current on East  to  West  Radial  Fllghts 

Flgure 

1 

2 

3A 

3B 

4 

5 

Calibratlon and Scallopmg 6 

Scalloplng In 2 5"  Null 7 

VOR  Distance  Range  with  VOR  Antenna on 10- and 200-Foot  Towers 8 

Plan Vlew of Scalloping on 8 Radials 

Course  Scalloplng on Radlal  Flights 

Course  Scalloplng on Radlal  Flights 

Course  Scalloplng on Radial  Fllghts 

Course  Scalloplng on Radlal  Fllghts 

Course  Scalloping on Radial  Fllghts 

Course  Scalloping on Radlal  Flights 

Course  Scalloplng on Radial  Fllghts 

Course  Scalloplng on Radlal  Flights 

Vertical  Plane  Field  Strength  Patterns of 0" Radlal 

Vertlcal  Plane  Fleld  Strength  Patterns of 90" Radial 

Vertlcal  Plane  Fleld  Strength  Patterns of 180" Radlal 

Vertlcal  Plane  Fleld  Strength  Patterns of 270"  Radlal 

Vertical  Plane  Fleld  Strength  Patterns of 315"  Radlal 

Scalloplng  as a  Functlon of Fleld  Strength  In  Nulls 

9 

10A 

10B 

10c 

10D 

10E 

10F 

10g 

10H 

11A 

11B 

11c 

11D 

11E 

12 



LIST OF ILLUSTRATIONS (Contlnued) 

Theoretical Course Scalloping Versus Vertlcal Angle 

Theoretxal  Course S c a l l o p m g  Versus Reflector  Locatlon 

Flgure 

13 

14 

111 



CHARACmISTICS OF A VOR ON A XK)-FOOl' TOWER 

SUMMARY 

A nobile VOR s ta t lon  located  in  a cleared area 200 feet  square a t  
one corner of a heavily wooded slte was  flight tes ted.  A maxim course 

an a l t i tude  of 1,000 feet   Later,  a VOR antenna was erected on a 200-foot 
scalloping of plus   or  rmnus 11 5' was recorded at  a radlus of 20 miles and 

tower v i t h  a 60-foot-diameter counterpoise Sirmlar  f l igh t   t es t s   ind lca ted  
a scalloping maxim of plus or  mnus 0 5". A 20-mile-radius o r b l t a l   f l i g h t  
i n  the first n u l l  (1 2 O )  produced scalloping of plus   or  winus 6" maximum. 
The distance  range,  for a receiver  Input signal of 5 mcrovol t s ,   vaned  from 
63 miles at 3 0  f ee t   a l t i t ude  t o  175 nules a t  9,000 f ee t   a l t i t ude .  

there st111 are objectlonable  course  bends  In  the  nulls of the   ve r t l ca l  
It is shown that  wlth an antenna 200 f e e t  above ground, while 

plane  radiation  pattern,  the  detrimental  effect of t he   s i t e  on VOR perform- 
ance was reduced at  low elevation  angles, and the  low-altltude  coverage was 
extended This type of i n s t a l l a t ion  should  be useful   in   heavi ly  wooded ter- 
r a m  where a su i t ab le   s i t e  cannot  be  obtained for   the   Ins ta l la t ion  of a more 
conventional  station. 

INTFiOIXTCTION 

k r m g  the  establishment of the  VRF omnirange system (VOR), two 
major problems have been (1) the  provision of sufficient low-altitude cov- 
erage due to  the  inherent  llne-of-sight  propagation, and ( 2 )  the  extenslve 

and removal of trees and other  obstructlons 
site  preparation  requlred,  including removal or replacement of wire  fences, 

The A n  Coordinating Comrmttee  on April 20, 1955, recommended t o  
the Air Navigation Development Board t h a t  a p roJec t   be   l n l t i a t ed   t o  improve 
the  low-altitude  coverage and  minimize s l te   preparat ion of VHF omnirange 

Indianapolis,  Ind 
s ta t lons This project was a s s l a e d  t o  the CAA Technical Development Center, 

This  report  includes  results of tests conducted with a mobile VOR 
s t a t ion  having an antenna 14 f e e t  high, compared wlth  the  results  obtained 
when the  antenna was erected on a tower 200 f ee t  high wi th  a counterpoise 
60 f e e t   i n  diameter. Both VOR's were tes ted  at  the same heavlly wooded 
s i t e   w b c h  had negligible  preparation. 

SITE ATD EWWKENT 

O C C U P Y n g  an area 0.4 by 0 75 rmle A topographic map of the sl te i s  shown 
The s l t e  was a large wood with trees 60 t o  75 f e e t  ta l l ,  

i n  Fig. 1. 
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A mobile VOR station, having a transmitter power  of  50 watts, mld 
an Alford slotted-cylinder antenna, mounted  on the  truck  witba  counterpoise 

view of the mobile VOR in  the  center of the 200-foot-square cleared  area is 
14 feet  high and 12 fee t  i n  diameter, was used in the  preliminary  tests A 

shown i n  Fig. 2 

For the high-tower tes t s ,  a  200-foot tower was modified t o  Support 
a counterpoise 60 fee t  i n  diameter The counterpoise was covered with 
Robertson &flooring. A standard  four-loop VOR antennal and Fiberaas  dome 
were installed at the  center of the  counterpoise. Two views of the tower 
and  voods are shown in Figs 3A and 3E 

Flight  obsemations were made i n  B E - 3  a i rc raf t  equipped with 
Collins Type 5lR-3 navigation  receivers and Esterline-Angus  graphic re- 
corders t o  record  the  operation of the course  deviation  indicator (CDI). A 
5lR-l receiver was converted into a l inear   f ie ld  strength meter and used t o  
obtain  data f o r  plotting  vertical-plane  field  patterns 

TESTS 

An area 200 feet  square was cleared in the  southeast  corner of the 
woods, and the mobile VOR was located a t  the  center of the  clearing  for  pre- 

preparation. A maximum scalloping of plus or minus 11.5" was recorded on a 
l iminary  f l ight  tests in order t o  obtain data for the   s i te  v l t h  negligible 

20-mile o rb i t a l   f l i gh t   a t  1,ooO feet   a l t i tude.  This is shown in Fig. 4. The 
least  scalloping was observed in a direction  directly through the Woods  on 
the 340" radial. This improvement in scalloping may have been due to   the 
fact  that the  trees were symmetrically  disposed on either  side of the course, 
which cancelled  the  reflections  containing  both  "left" and "right" informa- 
t ion.  This theory was borne out in later tests,   after  erection of the tower 
The largest  scalloping amplitude was measured on the  north course  because 
most of the  reflecting  trees were west of the course which reradiated west- 
e r l y   s i a a l s  Figure 5 shows recordings  obtained on rad ia l   f l igh ts  in which 
course bends occur with amplitudes of 5 1/2' on the 90" radial  and 5 0- on 
the 270° radial. The long-period bends are  characteristic of reflecting 
objects  close  to  the VOR station. 

Following these  tests,  a tower 200 f ee t  high with a counterpoise 
60 feet  i n  diameter was erected. A preassembled four-loop  antenna mounted 
on a stmdard  array  plate was instal led on the tower.  Operation was ini- 
t i a ted  using a %-watt transmitter. Au east-to-west radial  flight showed a 
great improvement in close-in performance when compared with the mobile VOR. 

mitting antenna and the shadowing effect  of the  counterpoise combined t o  
This recording i s  shown in Fig. 5 also The 204-foot height of the trans- 

increase  the  ratio of direct   to   ref lected  s ignal   a t   the   a i rcraf t  and reduce 
the amplitude and period of the course bends and scalloping  as  the cone v a s  

'Sterling R Anderson, Hugh F. Keary,  and W i l l i a m  L. Wright, 
"The  Four-Loop VOR Antenna, I' Technical Development Report No. 210, 
June 1953 
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approached. A 20-mile o r b i t a l   f l i g h t  a t  an   a l t i tude  of 1,000 f e e t  i9ldicated 
a large  reduction  in  scalloping,  that  i s ,  a maximum of plus  or minus 1.0" 
The data from t h s  f l i gh t   a r e   p lo t t ed  i n  Fig 4. 

Two 20-mile ca l ibra t ion   c i rc les  were flown af te r   the   t ransmi t te r  
power was increased t o  200 watts These data are   plot ted  In   Fig 6 The 
first c i r c l e  was a t  1,OOO f e e t  above  ground In the  lower lobe of the  ver- 
t ical   p lane  radiat ion  pat tern,  and the system er ror  was plus o r  minus 1 05"- 
A scalloping of plus or minus 0 5" was the maximum recorded. The second 
c i r c l e  was at  2,200 f e e t  above ground in   the   ca lcu la ted  first n u l l  a t  1.2' 

an eas t e r ly   h rec t ion ,  where t h e   a n c r a f t   a c t u a l l y  was i n   t h e  nu=, while 
elevation  angle. A maximum scalloping of plus or minus 6" was recorded i n  

where t h e   n u l l  was not a t  the  calculated  posit ion due t o   t e r r a i n  
considerably  lower  errors were encountered on the west side of the   s ta t ion  

i r r egu la r i t i e s  The system er ror  was plus or mnus 0 9 " .  

scal loping  in   the  nul ls  h d  not  always  repeat i n  amplitude  or  shape on suc- 
During the  course of flight t e s t s ,  It was noted  that   the  

cessive  f l ights.   Since  the second n u l l  was the  worst, a more thorough in- 
vest'igation was conducted  near  the 90" radial a t  a distance of approximately 
40 miles and 9,000 f e e t  above mound.  Five  radlals were flown i n  each di- 
rection  about 2" apart   whle  using  both  hatch- and  tail-mounted a i r c r a f t  
antennas The recorded  scalloping  varied from minus 19 4" t o   p l u s  or minus 
2.5' Figure 7 i s  a p lo t  of the  data from t h s  t e s t  

than that of a VOR using a standard 10-foot-high  counterpolse, X F I  m y  be 
seen i n   F i g  8 

The distance  range of the  200-foot VOR was considerably  greater 

radials   with  par t icular  emphasis on the   f l e ld   s t r eng th   i n   t he   nu l l s  and the  
resultant course  scalloping. The automatic volume control  action was suf- 
f ic ien t   to   p revent  a C D I  disturbance due t o  a drop i n  signal strength  alone, 
and there  was only  general  correlation between the  depth of the  nul l  and  the 

the   r admls   t e s t ed  Figure 9 shows the  scalloplng on the   rad ia l s  i n  re la -  
scalloping  recorded due to   the   d i f fe rences   in   t e r ra in  and t ree   loca t ions  on 

t i o n   t o   t h e   s t a t l o n  and immediate woods It can  be  seen from t h i s   f i g u r e  
that the  best  VOR course, 270°, w a s  obtained  because  the ground was suff i -  

pat tern The next best course was the  315" r ad ia l   d i r ec t ly  through  the 
cient ly  rough t o  prevent  the  formatlon of  deep nul l s   in   the   ver t ica l   p lane  

woods, where the  extent of the  t rees   causmg  the  ref lect lons was "balanced" 

the   t rees   to   the   nor th  of the  VOR caused r-f energy  containmg  quadrature 
about the  course  bemg flown The roughest  course was the  90" radial where 

azimuth  informatlon t o  r e f l e c t   i n t o   t h e  deep nul l s  of the  ver t ical   p lane 
pat tern 

A detailed  investigation of scalloping was conducted on elght 

5,000 f e e t  above ground are   presented  in   Fig 10. The theoret lcal   locat lons 

was qui te  good  on those  radials  where the  ground was l e v e l   f o r  1 mile from 
Of the   nul ls   are  shown  on the  graphs The correlat ion  with  actual   nul ls  

Detailed  graphs of these  radials  showing data taken a t  1,000 and 
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the  station.  For  example,  Fig 10D shows  the  points  of maximum scalloping 
at  sllghtly  lower  angles  than  the  theoretical  The  ground  slopes  downward 
at 135" azimth, and  the  effect is that  of a taller  tower  in  that  direction. 

Vertical  plane  patterns  on  flve  radials  are  shorn In Fig. 11 in 
both  polar and rectangular  coordinates  These  data  were  obtained  using a 
tail-V  aircraft  antenna  on an outbound  heading  in  order  to  minimize  possible 
proximty effects  of  the  aircraft  Variations  in  the  depths  of  nulls  on  the 
same  radial  occur  because  of  variatlons  in  roughness  and  tree  growth  at  the 
point  at  whlch  the  r-f  energy  causing  the  interference  strikes  the  ground. 

Figure 12 shows a comparison  of  fleld  strength  and  scalloping in 
the  nulls on five  selected  radials  There i s  a fair  correlation  between 
null depth  and  scalloping  in  the  null,  although  there  are  several  examples 
where  negligible  scalloping  occurs in the  deeper  null. 

T H E ~ C f f i  CONSIDERATIONS 

of  the  VOR  antenna  atop  the  200-foot  tower.  Although a counterpoise 12 feet 
A theoretical  study 1s necessary  to  understand  the  characteristics 

in  diameter  was  used  at a height  of 10 feet,  and a counterpoise 60 feet in 

terpoise. This assumption simplifies the  analysis  and  appears  to  be 
diameter was used  at a height  of 200 feet,  the  mathematics  assumes  no  coun- 

justified  for  low  elevatlon  angles A perfect  earth is assumed 

VOR  antenna i s  ho  above a perfect  flat  earth,  the  reflecting  object 1s hl 
Flgure 13 shows a diagram  of  the  situatlon  studled,  wherein  the 

above  ground,  and D is the  distance  between  antenna  and  reflector  The 

point.  The  waves  travel  to  the  aircraft  from  the  two  sources  at  elevation 
reflectmg object  for  simplicity is assumed  to  be  effectively  located  at  one 

The  amplitude of the  VOR  course  scalloping, S, may  be  expressed 

where 

9 = amplitude  of VOR course  scalloping 

Dl = distance  from  the  reflector  to  the  aircraft 

2S R Anderson  and H F Keary, "VRF Gnmirange  Wave  Reflections 
from  Wires,''  Technical  Development Report Bo 126, May 1952, Equation ( 8 ) ,  
P 8 -  < 



5 

D2 = distance from VOR antenna t o   a i r c r a f t  

K = a constant depending upon the   re f lec tor   s ize  and o t h e r   P a m e t e r s  

f(&) = a function of the  reflectlng  object and t h e   a z m t h   a n g l e .  
3 

In  the  present  application, f(b) i s  constant  since  the  azimuth 
angle and reflecting  object  are  held unchanged S 1 s  the  comse  scalloping 
f o r  a given  height h, of the VOR antenna  abwe ground The Course scalkJPing 
assoc ia ted   r i th  a different  VOR antenna height, ho', above Pound W Y  be 
designated by S ' .  Thus 

Equation ( 3 )  by l e t t i n g  S '  = S204 = amplitude of VOR course  scalloping 

with  the VOR antenna 204 f ee t  above ground. Also, S = S14 = emplitude 

of VOR course  scalloping  with  the VOR mtenna 14 f ee t  above ground 

The conditions of the  high-tower tests may be appl ied  to  

hO 
= 204 f ee t  

ho = 14 f e e t  

= 8.56 f e e t  

Thus 

I 
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Figure 13 is a plot  of  Equatlon (4) for  two  values  of  the  parameter 
- hl It i s  evldent  from  Fig 13 that  the  course  scalloping  decreases  upon 
D 
raising  the VOR antenna  from 14 feet  above  ground  to 204 feet  at  elevatlon 
angles  of 0' to 1.05" and 1 45" to 2,05O for  hl = 0 025 k c h  flying  takes 

place  in  the  airspace  below 1' where a substantial  improvement  in  scalloping 
is  realized  for  hl = 0 025 

- 
D 

- 
D 

equals 0 613" Thls shows  that  when hl<O 01, an lmprwement in  relative 
course  scalloping  results D 

Figure 14 i s  another  plot of Equatlon (4) where  the  parameter 0 

- 
The  slmiflcance  of  Flgs 13 and 14 may  be  obtained  by  reference 

to  the  actual  high-tower VOR site  The  site  conslsts  prilnarily  of  trees  60 
to 75 feet  high.  It  can  be  shown  that  the  upper  portlon  of  reflecting  ob- 
jects contnbutes most  to  the VOR course  scalloping For thls  analysis, 
let hl = 50 feet  From  Fig 14, it  can  be  seen  that  the  scalloping  remains 
constant  as  the VOR antenna  is  raised  from 14 feet  to 204 feet  for  trees 
5,000 feet  from  the VOR (hl = 0 01) For  trees  from 227 feet  to 2,941 feet, 
the  course  scalloping  is  reduced  approximately  two  thirds.  For  trees  at 

maxurmm of 1 6 tlmes  that  for a 14-foot-hlgh VOR It  is important to point 
greater  distances  than 5,000 feet,  the  course  scalloping  increases  to a 

out  that  experlence  has  shown  that  trees  beyond  approximately 3,000 feet 
from  the VOR cause  negligible  scalloping. 

b 

Applying  the  50-foot  tree  reflector  to  Fig. 13, the 5 0 002 
curve  may  be  though  of as a curve  for D? 25,000 feet, a distan e too  gre t 
to  cause  perceptible  effects  on  the VOR course  scalloping  The 1 = 0 025 

VOR course  scalloping  is  experlenced  from  reflectors  at  thls  distance.  The 
c w e  applies  for D = 2,000 feet  when  the  reflecting  object is 50 feet  high 

2.4", 3 .6" ,  and so forth,  are  explained  by  the  term Sin (8,580" Sin e) = 0 
infinite  values of VOR course  scalloping,  which OCCUT theoretically  at 1.2', 

the  vertical  plane  field  pattern of the  204-foot VOR antenna. 
of Equation (4). Equation (4) in th i s  way  takes  into  account  the  nulls  in 

I- I 
k 9 

COMCLUSIOITS 

The  tests  of a VOR on the  200-foot  tower  have sham that. 

1 The  largest  course  scalloping  appears  In  the  nulls  of  the  vertical 
plane  field  pattern. 

1 
2 The counterpoise i s  very  effective  in provldmg stralght  courses 

flying  over  the VOR. 
at  elevation  angles  between 7" and 65", thus  permitting  guidance  when 
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t e r ra in  where a sui table   s i te  cannot be obtalned for  a more conventional VOR. 
However, this f ac i l l t y  would not meet flight inspection requirements in the 
nul ls  between 1' and 7". 

3.  This type of installation could  be used i n  rough, heavily wooded 

of the  vertical  plane  pattern,  the  effects of a detrimental site' have been 
reduced at  low elevation  angles, and the low-altitude coverage has been ex- 
tended  very substantially. For example, the  distance range has been 
increased 70 per cent a t  an al t i tude of 500 feet .  

4. While there s t i l l  are objectlonable  cwrse bends in the lower nulls 





FIG. 2 MOBILE VOR IN CENTER O F  CLEARED  AREA 



FIG 3A VIEW O F  TOWER AND WOODS LOOKING NORTHWEST 



FIG 3B VIEW O F  TOWER  AND  WOODS LOOKING SOUTHEAST 



+12 

* I 0  

- 
W 
al +a 
0 
W 
cl 

W z 

z 

- 
I 3 +6 
el 
4 : 
2 i4 w 

0 
3 

u 

*2  

0 

AZIMUTH (DEGREES) 

FIG 4 COURSE  SCALLOPING ON A 20-MILE  ORBIT  FLIGHT  WITH VOR 
ON  10-  AND  200-FOOT  TOWERS 



\ \ \ \ 

\ \ \ IO-FOOT TOWER 
\ 

\ \ \ \ \ \ \ \ \ I  
- 

\ \, \, \, \ \ \ \ \ \ \ \ \ I  
DIRECTION OF  FLIGHT  ALTITUDE 2,500 FEET  ABOVE GROUND 1 

\ \, \ \, \, \\ \\ \\ \\ \, \\ \ 

\ \ \ \ \ \ \ \ \ \ \ \ \ 
i 112 5 2 112 0 2 112 5 

DISTANCE FROM STATJON (MILES) 

3.7' 5.5 11. 90' 11' 5 5' 
VERTICAL  ANGLE  (DEGREES) 

FIG 5 RECORDINGS OF CDI CURRENT ON EAST TO WEST RADIAL  FLIGHTS 



d 
0 

2 -1 

20 40 60 80 100 120 140 IbO 180 200 220 240 260 2bO 300  320  340 360 

FIG 6 CALIBRATION  AND SCALLOPING 
AZIMUTH (DEGREES) 



ii 
U 



12 

0 20 40 60 80 100 120 140 160 180 200 
MILES 

FIG 8 VOR DISTANCE  RANGE  WITH VOR ANTENNA  ON 10- AND  ZOO-FOOT TOWERS 



FIG 9 PLAN VIEW OF SCALLOPING ON 8 RADIALS 



n 
0 

W 

> 

> 
0 

6 

m 
a 
+ 
W 
W 
LL 

5 

0 



U 
0 
> 
w 6  

0 
> 
m 
a 
& 5  

0 



7 

n 
0 
5 

W E  
5 
0 
m 
a 

W 
W 
LL 

0 

5 

k 4  

0 



(r 

0 
> 
W 
> 
0 m 
a 
F 

W 
W 

LL 

LL 
0 

E 

7 

0 
0 10 2 0  30 40  50 60 7 0  80 9 0  100 110 120 130 140 15 

D I S T A N C E  I N  M I L E S  F R O M  V O R  

F I G  I O D  COURSE S C A L L O P I N G   O N   R A D I A L   F L I G H T S  

(n 
w 
w 
(L 
0 
w n 
5 

w 
Lo 

0 

LL 
3 

0 

0 



U 
0 
5 

W 

0 
> 

4 
m 

I- 
W 
W 
U 
U 
0 

D I S T A N C E  I N  M I L E S  FROM V O P  

F I G  I O  E C O U R S E   S C A L L O P I N G  ON R A D I A L  FL IGHTS 





120 130 140 150 
D I S T A N C E  IN M I L E S  F R O M  V O R  

F I G  I O G  COURSE S C A L L O P I N G   O N  R A D I A L  F L I G H T S  



U 
0 
5 

4 
c w 
W 
U 

U 
0 

m 
w 
W 

K 
VJ 
W 
0 

z - 
W 

a 5 
0 
J 
1 

0 
4 

m 
W 
m 
If 
3 
0 
0 

0 I O  2 0  30 40 50 60 70 80 90 100 110 120 130 140 150 

D I S T A N C E  IN M I L E S  F R O M  V O R  

F I G  I O  H COURSE SCALLOPING ON R A D I A L   F L I G H T S  







8 

7 
X z z 6  
W 

$ 5  
n 

9 4  

> 3  i 

a 
lil 
W 

< 
w 2  
J 
1 

I 

0 1 2 3 4 5 6 7 8 9 10 

ANGLE O F  ELEVATION  (DEGREES) 

5 00 6 0" 7 0" so' 

R E L A T I V E  F I E L D  STRENGTH 

FLG I1C VERTLCAL PLANE  FIELD STRENGTH PATTERNS  OF 180 RADIAL 



8 

7 

6 

5 

4 

3 

L 

1 

n 
n 1 2 3 4 5 6 7 8 9 LO 

ANGLE OF ELEVATION  (DECREES) 

5 0" 6 0" e 0' 

R E L A T I V E  F IELD STRENGTH 

FIG L I D  VERTICAL PLANE FIELD STRENGTH PATTERNS OF 2700 RADLAL 
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TIC 11E  VERTICAL PLkhE FIELD STRENGTH PATTERNS O F  315  RADIAL 
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FIG. 1 2  SCALLOPING AS A FUNCTION O F  FIELD  STRENGTH IN NULLS 
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FIG. 13 THEORETICAL  COURSE  SCALLOPING  VERSUS  VERTICAL  ANGLE 
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FIG. 14 THEORETICAL  COURSE  SCALLOPING VERSUS REFLECTOR  LOCATION 


