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Thls 1s a technrcal mforrnatlon report  and  does  not 
necessarlly represent CAA pollcy In all respects  



EFFECT O F  A GROUND DISCONTINUITY ON A VOR* 

SUMMARY 

Tests  were  conducted on top  of a hlgh  bluff  along  the  shore of Lake Mlchxgan near   Por t  
Washmgton,  Wisconsm.  to  determme  the  effect of an  abrupt  ground  dlsconttlnmty  on  the  course 
accuracy of a VHF omnrrange.  These  tests  mdlcated  that  satrsfactory  operatron of a VOR 
located  in proximity to a sharp  ground  dlscontlnulty 1s attamed  when  the  antenna 1s located 
4 feet   above  the  terraln  and  not  less  than 63 feet  from  the  ground  discontmulty  The  tests 

to 125 feet   for  satlsfactory  operatlon If the  antenna IS raised  to a helght of 14 feet above  the 
also  showed  that  the  dlstance  from  the ante- to  the  ground  drscontlnulty  must be Increased 

t e r r a m  

the  course-devlatmn  mdlcator  and  the  TO-FROM  mdlcator  were  observed In the  nulls  when 

were  greatly  decreased as the  antenna  was  lowered  to 4 feet  above  the  terram and  when  the 
the  antenna  was  placed 1 3  feet  from  the dlscontmnulty at a herght of 14  feet  These  varlatrons 

away  from  the  ground  dlscontmulty,  the  nulls of the  vertrcal  radlatron  pattern  were  fllled In 
dlstance of 13 feet  from  the  ground  dlscontlnulty was  malntamed  When  the  antenna was  moved 

and  the  varlatlons of the  course-devlatlon  lndlcator  were  further  decreased  The  surface of 
the  lake was  calm  durlng  the tests, and  fllght  recordmgs  fa&d  to  reveal  any  lrregularltles 
whlch  mlght be attributed to  changes m the  surface condztions of the  lake 

tests  The  theoretrcal  and  measured  posltlons of the  lowest  null w e r e  In close  agreement 
Equations were  derlved  whlch  explam  some of the  phenomena  observed  durlng  these 

Deep  nulls  were  evldent In the  vertlcal  plane-radlatlon  patterns,  and  large  varlations of 

INTRODUCTION 

In the  past,  very-hlgh-frequency omnirange (VOR) sltes  have  been  chosen so that  they 
are  located  far  from  large  ground  dlscontlnultles  Because  thls  practlce  llmlts  the  cholce of 

more preclsely  Its  effects  on  the  accuracy of the VOR. This report  presents  the  results of 
sltes, It was  deemed  deslrable  to  conduct tests near  a large  ground  discontmulty to determme 

such  tests  whlch were conducted  near  Port  Washlngton,  Wlsconsm,  along  the  shore of Lake 
Mlchlgan,  where a reasonably  stralght  length of shorelme  presented  an  almost  vertlcal   drop 
of approumately  125  feet  from  ground  to water level. 

EQUIPMENT 

A portable  ommrange  statlon.  shown In Fxg 1, was  used It conslsted of a 4-loop VOR 
antenna  system,  enclosed  in a Masonlte  shelter  for  weather  protectlon.  and a 12-foot-d~ameter 
counterpolse,  both  mounted  14  feet  above  ground  on  top of a 2 1/2-ton  truck  The  transmltter 

momtor,  wlth  the  plckup  supported  slrghtly  above  counterpolse  level  in  front of the  truck by 
and associated VOR components  were  located In the  enclosed  van  beneath  the  counterporse A 

means of an  alumlnum  support,  was  used  to  Insure  proper  operation of the  statlon  durlng  the 
tests  Power was  supplled  to  the  equlpment  by  an  englne-drlven  generator In another  truck 

the  ground  and  towed  on  flat  sklds  by  the  transmltter  truck See Flg 2 The  dlstance  between 
500 feet  dlstant For t es t s  at the  ground  level,  the  antenna  and  counterpolse were lowered  to 

the  antenna  and  the  transmltter  truck  was  malntarned at 100  feet 

SITE 

A relatlvely flat site on a bluff on the  shore of Lake  Mlchlgan  at  Port  Washmgton, 
Wlsconsln.  was  chosen  for  the  tests  The  elevatlon of the  slte  above  the  surface of Lake  Mlch- 
lgan  was  approxlmately 125 feet  The  slte  was  devold of t r e e s  and  other  obstructlons  for 
approxlmately 1000 feet In all dlrectlons  Approxlmately  one-thlrd of the  s l te   nearest  t h e  

*Manuscript submltted  for  publicatlon  November 1955 
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F l g  1 Portable VOR Equipment 

edge of the  lake  bank was  plowed ground and  the remamder w a s  In a natural   state  Flgure 3 
shows a general  mew of the  slte  looklng  toward Lake Mlchlgan,  and  Flg. 4 shows  the  ground 
dlscontlnulty as vlewed  from  approxlmately 80 feet  down the  steep  slope  The  surface of the 
lake was calm  durlng  the  tests 

FLIGHC TESTS AND RESULTS 

Flrght  tests  were  conducted  with  the  omnrrange  at  several  locations as shown  In  Flg 5 
Recordings of the  course-devlatlon  lndlcator (CDI), the TO-FROM mdlcator.  and  the  electrlc 
fleld  strength  were  made on radlals of 45' and 90" wrth respect  to the  face of the  ground  dls- 
contmulty  whlch  had  an  average  azlmuth of 9' magnetlc A theodollte  calrbratron  clrcle of 
approxlmately  10-mlle  radlus  also  was  recorded  The  first serles  of tests  was  made  wlth  the 

the  terrarn  These  tests  were  repeated  wlth  the  antenna  and  counterpolse  on  the  ground 
antenna  and  counterpolse  mounted on top of the  truck,  whlch  placed  the  antenna  14  feet  above 

dlstances  from  the  ground  dlscontmuity  Inabrllty to repeat   measurements  of the  field  strength 
FIgure 6 shows a plot of the  vertlcal  plane  patterns  for  the  antenna  at  varrous  herghts  and 

necessxtated  the  selectlon of a reference p o d  to  permlt  dlrect  comparrsons of the  lobular 

Fzg 2 Counterpolse on Ground. 13 Feet  from  Bank  Edge 
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Frg. 3 General  Vlew of T e s t  Slte  

Flg 4 Bank Edge  Vlewed from Lower Level  
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F ig  5 C h a r t  of VOR Tes t  S ~ t e  

structure  The  maxrrnum  amplrtude of the  largest  lobe  (occurrrng  between 25' and 35.) was 
made  equal  to  a  relative faeld strength of 6 4  unlts  in  all  vertical  plane  patterns  shown  rn 
F lg .  6 These  relatlve  field-strength unxts represent  the  number of mrllrvolts whrch  would  be 
measured  at the  rnput to  a  modrfred  Collins  51R2  recerver rf the  recelver  were  moved m the 
Tertrcal  plane  between  elevatron  angles of 0' and 90' along  the  crrcumference of a  crrcle 
havrng a  one-mrle  radius  centered  on  the  omnirange 

was  computed to occur  at  1.88*,  and  the  measured  null  as  recorded wrth the  held-strength 
cally  rdeal  condltlons  and  the  type of ground  drscontrnurty  under  test  The  theoretrcal  null 

meter   occurred at approxrmately  1 5' 
A, B, and C on  Frg 6 show the  vertrcal  plane  patterns for the  omnrrange  antenna  and 

counterporse  mounted  on  top of the  truck  (antenna  14  feet  above  the  ground)  for  locaiaons of 
13, 125, and 250 feet  respectively  from  the  edge of the  ground  drscontinuity D, E, and F on 
thls frgure show  the vertrcal  plane  patterns  with  the  antenna  and  counterporse  on  the  skids 
(antenna  4  feet  above  the  ground) for locations of 13, 63. and 125 feet  respectrvely  from  the 
edge  of  the  ground  drscontrnuity  Lrttle  change  was  noted  m  the  size or shape of the  vertical 
plane  patterns  above 17' elevatron  when  the  antenna  was 14 feet  above  ground. or above 10' 
elevatron  when  the  antenna was  4 feet  above  ground A t  anglee of elevatron  above  appro=- 
mately  lo',   the  shape of the  pattern IS prrmarlly  controlled  by  alee of the counterpolse 
and  by  the  herght of the  antenna  and  counterporse  above  ground. Below approamate ly  10. 

the  lake  Srnce  most  operatronal  flyrng IS performed  at  elevatron  angles of a few degrees wrth 
elevatron.  multrple  lobes  were  produced  by  reflections of the  radro  waves  from  the  surface of 

less  than 10'. 
respect to the  omnlrange  statron,  a  more  detarled  analysls  was  made  for  elevatron  angles of 

The  posrtlon of the  lowest  null  was  calculated to provrde  a  comparrson  between  theoretr- 

Omnirange." CAA Technical  Development  Report No. 225, January 1954, F l g  37. 
IS. R Anderson  and  T. S. Wonnell.  "The  Development  and  Testing of the  Terminal  VHF 
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In A, B, C. and D on  Flg 7, the  vertlcal  plane  patterns below 10' elevatlon are plotted 
In rectangular  co-ordlnates  The  maxtmurn  amphtude of the  fourth  lobe  above  the  horizontal 
has  been  made  equal  for all  of the  patterns to permlt  more  dlrect  comparlsons  Smce  the 
deepest  nulls  occurred  when  the  antenna was 13  feet  from  the  ground  dlscontmulty  and  at 
erther 4 or 14 feet  above  the  terraln,  the resulting vertlcal  plane  patterns  are  plotted  wlth 
those  correspondmg  antenna  helghts and at  other  dlstances  from  the  ground  d~scontrnmty to 
Illustrate  the  flllmg-m of the  nulls 

A and B on Fig  7 show the  vertlcal  plane  patterns  when  the  antenna W 8 5  14 feet  above ' the  terraln  at   dlstances of 125 and 250 feet  respectrvely  from  the  ground  dlscontlnulty 
C and D on  Flg 7 show  the  vertlcal  plane  patterns  when  the  antenna was  4 feet  above  the 
terraxn  at  dlstances of 63 and 1 2 5  feet  respectively from  the  ground  dlscontrnulty A study of 
these  Datterns  shows  the  rate at whlch  the  nulls flll In as the  antenna  svstem 1s moved  awav 
from  the  ground  dlscontlnulty 

Flpures  8 and 9 are  recordmps of fteld  strenpth, TO-FROM mdlcator,  and CDI cor re -  

and 11 correspond to the radlatlon patterns shown  In Flg 7C Nulls In  the  vertlcal  fleld  pat- 
spondmgto  the  radlatlon patterns shown m Flg 7A- Slmllarly,  the recordings In  Fxgs 1 0  

tern  are  evldent as mlnlmurns In the  f leld-strength  record~ngs The effect of these  mlnlmums 
also 1s evldent In the TO-FROM and CDI recordmgs A cornparlson of the  recordmgs  shown 
In Flgs 8 and 10 shows  that  lowerlng  the  antenna  from 14 feet to 4 feet  greatly  unproved  the 
performance of the VOR A greater  Improvement  was  attamed  elther by movlng the antenna 
to a dlstance of 125 feet  from  the  ground  dlscontlnulty  at  the  14-foot  helght as shown  In 
F lg  9. or by  movmg  the  antenna  to a posltlon 63 feet  from  the  ground  dlscontlnulty at the 
&foot  helght as shown In F l g  11 
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Dlstance of Antenna 
F r o m  

Ground  Dlscontlnu~ty 
(feet) 

13 
13 

F lg  7 Vertlcal  Plane  Patterns 

TABLE I 

BEARING ERRORS MEASURED IN THE  NULLS* 

Null  Angle  Antenna Height Maximum Bearing 
Error an Null 

(degrees)  (feet)  (*degrees) 

13 
13 

13 
13 
13 
13 

125 
125 

63 
63 

*Altitude 1000 feet  above  ground 

3.0 
1 5  

4 5  
6.0 

3 .O 
1 5  

4 5  
6 0  

3 0  
1.5 

3.0 
1 5  

14 
14 
14 
14 

4 
4 
4 
4 

14 
14 

4 
4 

7.0 
2 5  
5 0  
2.5 

0 25 
0 375 
0 5  
0 5  
0 25 
0 00 
0 25 
0 00 
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FIE 8 Recordmgs of Fleld  Strength.  TO-FROM  Indlcator,  and  Course-Devlatlon  Indlcator. 
mr l-..,ll ". 
lm,"l.9U.Y 

- 
Counterpilse 10 Fee t  Hlg<, 13 Feet  from Bank  Edge 

Durlng  radlal  fllghts, CDI varlatlons  were  observed to occur In the  nulls  of  the  vertlcal 

normal  to  the  face of the bluff a r e  glven In  Table I 
plane-radlatlon  patterns The  maxlmum bearmg e r ro r s   measu red  Ln the  nulls  along  the  radlal 

Flg 9 Recordings of Fleld  Strength, TO-FROM Indlcator.  and  Course-Devlatlon  Indrcator, 
Counterpolse 10 Feet  Hlgh,  125  Feet  from  Bank  Edge 



a 

Flg 10 Recordlngs of Fleld  Strength, TO-FROM  Indmator. and Course-Devlatlon  Indlcator. 
Counterpolse  on  Ground, 13 F e e t  from Bank Edge 

F l g  1 1  Recordlngs of Fleld  Strength, TO-FROM Indlcator,  and  Course-Dewatlo3 Indlcdtor,  
Counterpoise  on  Ground. 6 3  F e e t  from Bank Edge 
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lngs In Flgs  8B and  10B  The excursions of the TO-FROM mdlcator  from  the  normal  posltlon 
Addltlonal  effects  assocxated  wlth  the  nulls  are  shown  In  the  TO-FROM  mdlcator  record- 

can be caused  elther by a phase  shlft  between  the  reference-  and  vanable-phase  slgnals or  by 

proper  operatlon of the receiver, I t  w a s  assumed  that  the  dlsplacement  from  normal  was 
a severe loss of sxgnal  Smce  the  slgnal  level  In  the  nulls  was  greater  than  that  requrred  for 

produced  by a phase  shift  The TO-FROM mdlcator  vanatlons  due  to  nulls  decreased and 
finally  dl3sppeared  as  the  antenna  was  moved  away  from  the  edge of the  ground  dlscontlnulty, 
as evidenced In Flgs 10B and 11B 

mlle  radxus are shown In A and B on Flg 12, when  the  antenna  was  14  feet  hlgh  and  located  13 
Beanng-error  curves  obtalned  from  recordmgs of theodolite callbratLon  clrcles of 10- 

feet  and  125  feet  respectlvely  from  the  edge of the  ground  dlscontmulty  The  magmtude of 

e r ror   curves  A comparlson of A and B on Flg,  12  shows  the  lrnprovement  whlch w a s  attalned 
course  scalloplng observed In ce r t am sectors 2s lndlcated  by  shaded  portlons of the  bearlng- 

by  movmg  the  antenna  from a posltlon  13  feet  from  the  ground  dlscontmulty to a posltlon 125 
feet   from It  By  referrmg  to C and D on F l g  12,  slmllar  comparlsons  can be made for an 

dlscontlnulty to a posltlon 63 feet   f rom I t  A s  the  helght  of  the  antenna  was  decreased  from 14 
antenna  helght of 4 feet  when  the  antenna w a s  moved  from a posltron  13  feet  from  the  ground 

feet  to 4 feet  at a flxed  dlstance of 13  feet  from  the  edge of the bluff,  the  scalloplng  amplltude 
decreased  Thls  may be seen  by  comparlng A and C on Flg  12 

54"  and  144"  radlals  (45" to the  edge of the  ground  dlscontmulty), wbxch were  theodohte- 
controlled.  had  slmllar  varlatlons  but were  of opposlte  senslng  Thls  condltlon  exlsted  only 
when  the  antenna  was  14  feet  hlgh  and 1 3  feet   f rom the ground  dlscontmulty 

Durlng  the  analyszs of the  radlal  fllght  recordrngs shown In F z g  13, I t  was  noted  that  the 

THEORETICAL CONSIDERATIONS 

A theoretxal   s tudy of the  effects  on a VOR caused  by a ground dlscontmnulty was 
Imtxated  by  the u s e  of apphcable  geornetrlcal  optlcs  Thls  approach w ~ l l  not  produce  exact 
results,  but I t  w d l  lndlcate  approxlmately  the  nature of the  phenomena  involved 

stralght-llne  dlscontmulty  formed  by  an  abrupt  drop m ground  elevatlon down to water  level 

wlth  the  lndrrer  wave  reflectzd  from  the  water  surface  When  the  reflected  wave  grazes  the 
The  flgure  shows  the  dlrect  and  reflected  waves  dxrected to the  alrcraft at elevatlon  angle 8, 

edge of the  dlscontmulty. e = Bc A further  Increase m 0 results In a complete  land  reflectlon 
The  followxng  equatlon  expresses Bc In te rms  of the  azlrnuth  angle  and  the  helght  and  drstance 
of the VOR antenna  from the  dlsconttlnulty 

e = a rc   t an  (i s m  $) (1) 

Where 

0 = elevatzon  angle  when  the  reflected  wave  grazes  the  edge of  the  dlscontlnulty, In degrees 

h = hel@t  of VOR antenna  above  the  ground,  In  feet 

d = the  dlstance  from  the VOR antenna  normal  to  the  dlscontmurty. In feet 

$ = azlmuth  angle, In degrees 

The  type of ground  dlscontlnulty  under  conslderatlon 1s displayed In F l g  14 It 15 a 

Equation (1) 1s plotted  in  Flg 15 It w l l l  be noted  that Bc becomes  smaller  wrth  changes 

In azlmuth  from 9 0 "  and  wlth  an  lncrease In; It 1s deslrable to  have B as  small as posslble 

to  reduce  the  number of nulls In  the  vertlcal  plane-radlatlon  pattern  caused by reflectlons  from 
the  water  Generally,  the  bearmg  mformatlon 15 adversely  affected In the  nulls  by undesired 
srgnals  because  the  fleld  strength 1s small  Reflectlons  from  the  land would cause  nulls  In  the 
vertlcal  radlatlon  pattern A counterpolse 1s used,  however,  to  reduce  the  land  reflectlons  at 
hlgh  elevatlon  angles  and  thereby  suppress  the  hlgh  angle  nulls  The  helght of the VOR antenna 
above  ground 1s chosen so that no nulls wl l l  result  from  land  reflectlons at low elevatlon  angles 
Flgure 15 shows  that  the  greatest  number of nulls  caused  by  reflectlons  from  the  water would 
be expected  at 90' azlmuth and that  the  number of nulls will dlmmlsh  wlth a departure  from a 
dlrectlon  normal to  the  bank 

C 
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IC1 COUNTERPOISE ON GROUND I3 F I  FROM BANK EDGE 1D1 COUNTERPOISE ON GROUND 65  FT FROM BANK EDGE .% o-m, DI. 
/" "Y ._ - 

F l g  1 2  Theodolite  Callbratlon of Test VOR, Por t  Washmgtan,  Wlsconsm 

Fzg 1 3  VOR Radlals of 54' and 144'. Counterpoise 10 Feet Hlgh. 
13 Feet from Bank Edge 
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Flg  14 A VOR Located  Near a Ground D1scontrnulty Formed by a Lake Bank 



1 2  

A B 
Flg  15 Plots  Showlng  Values of 9 Versus  Ammuth  Angle, 

d 
h 

C 
Wlth - as the  Parameter 

from  the  water IS expressed  by 
The  lowest  null 1n the  verhcal  plane  pattern  of  the VOR antenna  caused  by  reflectmns 

9 =  
2 8  65 X 

H t h  

Where 

9 = elevatzon  angle, 1n degrees 

H = herght of ground  dlscontmmty. ~n feet  

x = wavelength, ~n feet  
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Comblnmg  Equatlons ( 1 )  and ( 2 ) ,  lettmg 0 = €Ic, and  then  solvlng  for d. 

h d =  
245 5 '  

Equatlon (3) IS plotted m F I ~  16 for the two parameters   tes ted,  h = 4 feet  and h = 14 feet 
The  curves on Flg 16 lndlcate  that  the  hlgher  the  lake  bank H. the  further  the VOR antenna 
must  be placed  from  the dlscontmuLty Also,  these  curves  show  that  decreaslng  the  antenna 
helght h decreases  appreclably  the  dlstance d that  the VOR antenna  must be placed  from  the 
edge of the  dlscontlnulty  Theoretlcally, If the  condltlons of Equatlon (3)  or Flg 16 a re   met ,  
the  nulls In the  vertlcal  plane  pattern  caused  by reflections from  the  water  are  suppressed t0 
some  extent  by  the  shleldlng  effect of the  lake  bank  The  lowest null IS frlled In the  least. 
wlth m o r e  flllmg In attamed  wlth  each successive htgher  angle  null 

F l g  16 Condltzons  Requmed for  the  Ray  Producmg  the  Lowest  Null 
Just  to  Graze  the  Edge of the  Lake  Bank 
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Flg 17 A Cross-Sectional Vlew of  the VOR Antenna  and  Bank  Edge 

As  stated  prevlously.  a  large  reductlon 1n CDI fluctuatlons 1n the  nulls  occurred  when  the 
VOR antenna  was  lowered  from the  14-foot to the  &foot  helght  above  ground  wlth  the  antenna 
located 13 feet  from  the  ground  dlscontlnuty  Thrs  Improvement 1s belleved  to  be  caused  by 
flllmg-In of the  nulla whzch results  from  diffractlon  over  the  edge of the  ground  drscontlntuty. 
The  followrng  derlvatlon  supports  thls  belief 

appreclably  reduced by lowering  the  antenna  from 14 feet  to 4 feet  above  ground,  and (2) the 

dlffractlon  edge.  tbat 1s. the  ground  dlscontrnuity  dld  not  obstruct  elther  wave. 
dlrect-wave and reflected-wave  components  produclng  the  null  at 1.5. passed  well  above  the 

water) and the  dlrect  wave  as  functlons of the  helght  above  ground h, by taking into account  the 
Referring to Flg.  11, It 1s requred  to  find  the  reflected  wave  (before  reflection  from  the 

dlffractlon  caused  by t e  ground  &scontmuty  This  may  be done by  applymg  Fresnel straight- 
edge  dlffractron  theory  as  follows 

The  example  chosen 1s for  the 1 5’ null  because (1) the CDI fluctuatlons 1n tlus  null  were 

9 

2 = zn e-J fn  
E 

EO 

Where 

n = 1, r e fe r s  to the  reflected  wave 

n = 2, refers  to  the  drrect   wave 

E = the  diffracted  fleld  at  the  receiver 

. 
n 

E = the  free  space  field  at  the  recelver 
0 

Zn and 5 are  determlned  by  means of a functlon  v and curves  plotte d  In  a  pubhshed source 
3 

P r e s s ,  Inc , New York, 1949 
‘Chas R Burrows and Stephen S Attwood, “RacLo Wave  Propagatron,”  Academrc 



15 

FLg 1 8  The VOR Antenna  and Its  Image  Relatlve  to  a  Lake-Surface  ReflectLon 

Also. 

v =  

Where 

3 - an  angle  shown  In F l g  17 d -  

d = antenna  drstance  from  edge of discontmuity,  in  feet 

1 = wavelength. m feet. 

Also, ed = a rc   t an -  - 1 5' for  the  reflected  wave h 
d 

Bd = arc tan - t 1 5 "  for the  dlrect  wave 

Flgure 18 shows how the  problem is treated  The VOR antema  transmlts  a  dIrect  wave 
to  the  recelver while the  image  antenna  transmlts  the  reflected  wave.  The  relative  arnplltude 
of  the  resultant  freld  at  the  recelver  (dlrect  wave  plus  reflected  wave) 1s expressed 

h 
d 

I E I =-/I t NZ - ZN cos [ C , - t - 2K (H t h) s1n e] (6)  

Where 

r = magmtude of reflectlon coefficient 

Since N vanes  s lowly wlth El, the  mlnun-  field 1" the  vlclnlty of the  arrcmaft  occurs  when 

cos [ c - - ZK (H t h) sin e] = 1 Therefore,  the minxmum field 1s 

I Emm 1 =JX (7) 
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(EMINI RESYLTaNT OF DIRECT AND REFLECTED FIELD 

INTENSITY IN PER CENT OF FREE SPACE l N T E N S l T l  &"&c;NT:;E, 

Frg 19 Theoretlcal   Fmld Intensity of the Nul l  a t  1 5' Elevatlon  Angle 
-.- 

Versus VOR Antenna  Helght  Above  Ground 

Flgure 19 1s a plot of Equatlon (7) for  the condutlons prevalllng at the  Port  Washmgton, 
Wlsconsm, slte, that 18, h = 14 feet or 4 feet.  The  curve  shows  that  the  null In the  vrcrnity of 

reducrng  the CDI varlatlons I t  also  shows  that  lowermg  the  antenna  from  14  feet to 4 fee t  
1 5 "  varres  In  depth  wlth  the  antenna  helght and that  the  null fills In as the  antenna IS lowered, 

f 

I 
I 

I 
M I C H I  

FLg 20 Plan Vlew of the VOR Antenna  Located  Near  the 
Bank  Edge  Showmg  the Fresnel  Zones 
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mcreases  the  field  strength In the  null  1 89 tlmes It 1s lnterestlng to  note  that  the  null would 
be 0 6  per  cent of free-space Intensity l f  the  dlffractlon  edge  were  removed,  thereby  placlng 
the VOR antenna  above  the  lake  surface 

The  approxrmate  locatlons of the  nulla  may be found  from  Equatlon (6)  by equatmg 

!., - 1, - 2K (H t h) s in  e = 360-n ( 8) 

Where  n = 0, 1, 2,  and so forth, 

S m  e = 
360'n - 1, - 

2K (H t h)  

I 2  

For small  values of 0 ,  In degrees, 

28611). ( ' 1 -  '2)h 

H + h  6 2 9 ( H t h )  

the  locatron of the  nulls When (H t h) = 133  5  feet,  n = 1. ).= 8 76 feet,  and = 6 = 3'. 
then 0 = 1 88" The  measured  null  locatlon  occurred  at  1 5' 

and 1 3  feet  from  the  ground  &scontznuty,  slmllar CDI varlatzons  occurred on the 54' and 

whlch  shows  that  the  ground  dlscontmulty  modlfles  the  Fresnel  zones.  but wlth opposlte  senslng. 
144' radrals  but  were of opposrte  sensmg  Thls  may  be  erplamed  by  reference  to  Ftg. 20 

were nonexlstent 
The  Fresnel  zones  are  those  whlch would he  present  In  thelr  entlrety If the  ground  &scontlnvlty 

The  second  term In Equatron  (10)  accounts  for  the  effect of the  ground  dlscontlnulty  on 

1 2  

It  was  pomted  out  earher  that  when  the VOR antenna  was  located  14 feet above  ground 

CONCLUSIONS 

1  The  errors  caused  by  the  ground  dlscontmulty  were  small  when (a) the VOR antenna w a s  
placed  14  feet  above  ground and  125  feet  from  the  dlscontlnulty. and (h)  the VOR antenna was 
4  feet  above  ground  and 63 feet  from  the  dlscontlnmty 

nulls In the  vertical  plane-radlatlon  pattern  Increases 

null  In  the  vertlcal  plane-radlatron  pattern. 

appears   as  a multtple-lobe  structure  superrmposed  on  the  normal  pattern  between  elevation 
angles of approxrmately 0' to 10' 

the VOR antenna  and  a  ground  dlscontmuity 

antenna w a s  moved  from  the  ground  dlscontlnulty. 

2 The  magnltude of the  bearlng  error  or  scalloprng  becomes  greater as the  depth of the 

3 A close correlation was  found  between  calculated  and  observed  locatlon of the lowest 

4  The  vertlcal  plane-radlahon  patterns  show  that  the  effect 05 the  ground  dlscontlnulty 

5. The  depth of the  lowest  null  decreases  slowly  with  an  Increase In the dlstance  between 

6 Hlgher  angle  nulls  produced  by  the  ground  drscontmulty  filled  m  raprdly as the VOR 


