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THE CAA DOPPLER OMNIRANGE 

SUMMARY 

Thls   report  describes a very  hlgh  frequency  omnlrange  (VOR),  the  operatlon of whlch LS 
based  upon an apphcatlon of the  Doppler  effect  Progress In the  development of a Doppler VOR 
LS outlmed  The  Doppler VOR has a measured 7 to 1 Improvement wLth respect  to  sltlng  effects 
when  compared  to the conventlonal  four-loop VOR The wave t ransmlt ted by the  Doppler VOR 
1s horlzontally  polanzed  The  unlque  Interchange In the  functmns of the  30-cps  amplltude 
modulatLon  and  the  30-cps  frequency  modulatlon of a 9 96-kc  subcarrmr 1s descrlbed  The 
Doppler VOR LS shown to be compatlble  wlth  the  present  VHF ommrange. and that Its slgnals 
m a y  be recetved on standard VOR recelvlng  equlpment 

INTRODUCTION 

and  has  become  the  InternatLonal C ~ v l l  Avlatton  Organlaatlon  (ICAO)  standard  short-range a n  
Smce 1952,  the  VHF  omnlrange  (VOR)  has been wtdely  used a s  an alr navtgatlon  ald 

navLgatmn system 1 The lncreaslng u s e  of the VOR In alr trafflc  control operations places 
more   s t rmgen t  requirements on the  locatlon of omnlrange statlons Occasionally, a VOR loca- 
tlon  whlch 1s best   sut ted  for   Federal  Atrways use geographically ls In an env t romen t   where  
reflectmg  objects czuse e x c e 5 s ~ v e  course bends  and scalloping Fur ther ,   the  environment of 
an established f a c h t y   m a y  change 

The  effects of varmus  s l tmg  condl twns on omnlrange = n u r s e s  have  been  studled  for  the 
purpose of deflnlng  an  offendmg  obJect  and  establlshmg  crlterla  for VOR s l t e  locatLon 3 The 
permd and amplltude of course bends  and  scallopmg are related  to the distance  between  the 
ground  statlon and the  reflectlng  object,  and  to  the  proJected  area  of  the  obJect  normal  to  the 

fllght recordmg of the course mformatzon Because the effective aslmuthal dlstrlbutlon of 
arrlvmg slgnal These  relatmnshlps  permlt  ldentlflcatlon of the source Of a reflectlon  from a 

total  VOR r-f energy 1s of necessity nondlrectmnal,  the  solutmn to the  reflectlon  problem  has 
been to  remove  the  offendlng  obpct o r  obJects  or  to  relocate  the statLon These  procedures  
are expenstve  and  often  Impractzcal, and m some c a s e s ,  are   lmposs lb le  

Center  (TDC) as apposed  to a noncompatlhle  Doppler  omnlrange  prenously  reported by 
The  recent  development of the  compatlble  Doppler VOR at  the  Technxal  Development 

Hansel.4  appears  to  be  the  most  promlslng  salutton  to VOR slt lng  problems  at   dlfflcult  loca- 
ttons In August 195E, a prototype of the experimental Doppler VOR was mstalled  and  tested 
In a wooded area  a t   Charleston,  S C , where  the  conventtonal  four-loop VOR already was 
Installed T r e e s  had been  cleared to a radtus of approximately 1,000  feet  from  the statlon. 
and  the  four-loop anenna  system was mounted  on a 75-foot hLgh. 150-foot-d~ameter  counter- 
poise The maximum scallopmg e r ro r  of the  four-loop VOR was plus or  mmus  2 8' Under 
the s a m e  condItLons,  when  the  Doppler VOR w a s  Installed. maximum scalloping error was plus 

Praceedlngs of the I R E , Vol 39 December  1951 
c Hurley, S R Anderson,  and H F Keary,  "The CAA VHF  Ommrange," 

Technlcal  Development  Report No 126. May 1952 
' 5  R Anderson  and H F Keary,   "VW  Omnlrange Wave Reflectmns  from Wlres." 

Tree."  Technlcal  Development  Report No 314. June 1957 
3Robert B Fllnt  and  Arthur E Frede rmk ,  "VHF Omnlrange Reflectlons  from a Slngle 

No  12,  December  1953 
4Pad G Hansel. "Doppler-Effect Omnrrange ,"  Proceedmgs of the I R E , Val 41, 
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or  mmus 0 4' Slmtlar   resul ts  were  obtalned  durlng  tests  at  the  Technlcal  Development 
Center  at  Indlanapolls.  Ind 

Indlanapolls, Ind , and  the  results of operatLonal  tests  conducted  at  Charleston. S C 
Thls   report   presents  a study of the  Doppler VOR. the  resul ts  of the  development at 

DESCRIPTION 

The  Doppler VOR. as  the name nnpl les ,   c rea tes  an effect In the  recelved  slgnal  that 
1s s lml l a r  to the  commonly  observed  Doppler  effect  normally  assoclated  wlth  sound  The cause 
of the  Doppler  effect In the  recetved sLgnal 15 the motLon o r  posltmn  change of one of the two 

of 50 VHF  loop  antennas  located on a c ~ r c l e  44 feet  In diameter. thereby  causmg  the  pomt of 
sources of radtatlon  The  motlon of thls source 1s accompllshed  by  feedrng  successLvely  each 

the  radlatlon source to rotate  around thcs c ~ r c l e  The  vlrtual source 1s rotated  at  30  revolutmns 
per   second  ( rps)  A Doppler  shlft of plus or mLnus 480 cps  created  durlng  each  revolutlon. 
Imposes a stnusoIda1  frequency modulation upon the sLgnal at  the r e c e ~ v e r  

A second source of radlatmn 1s obtamed from a V H F  loop  antenna  located I n  the  center 
of the   c l rc le  of 50 loops  The r-f energy  fed  to  the  center  antenna I S  amplttude  modulated  at 
30  cps  to  produce the reference-phase.  30-cps slgnal I n  the receiver 

operate  9.960 cps  above  the VOR channel  frequency.  the  plus o r  minus 480-cps  Doppler  shlft 

of thls  frequency  modulated  dlfference  frequency varLes dlrectly  wlth  the  heartng oi the re- 
also LS Imposed  upon  the  9,960-cps  dlfference  frequency 5 The  phase of the  30-cps  modulatton 

therefore  varles In phase  wlth  ammuth 
celver from  the statLon The  resultlng  30-cps  stgnal ~n the  reference  channel of the receiver 

Slnce  the  center  antenna  operates on the VOR channel  frequency.  wh&  the 50 loops 

that  supplles r-f energy  to  the  center antenna 1s of hlgh  level,  modulated w l t h  v o x e  and ,dent,- 
Two transmitters are used  to supply  power to  the  antenna  system The   t ransmt t te r  

fmatton slgnals The r-f output f rom thLs t ransmlt ter  LS rnechanlcally  modulated  at 30 cps 
p r lo r  to  bemg  applled  to t h e  center antenna  The  output  power of th l s   t ransmt t te r  1s approxl- 
mately  ten  t lmes  that  of the  transrnttter  output  whmh E. fed  to  the c ~ r c l e  of 50 loops 

The   t ransml t te r   tha t   suppl~es   power  to the circle of antennas 1s. not  modulated  The 
dlstrlbutlon of the r-f energy for the 50 loops on the  clrcle 1s. accompllshed  through  the use 
of a dlfferentlal capacitor-dlstrtbutor The actLon of the  dlstrlbutor,   by  feedmg successively 
each  loop  on  the  clrcle. simulates one antenna on an arm 2 2  feet  long  rotatmg  at  1,800 rpm 

The  radlatlon  pattern of the  center  antenna 1s cxrcular  The  radlatlon  pattern of each 

the  counterpolse  and the parasl t lc   currents  In adlacent antennas 
antenna on the circle approaches an e l l ~ p s e  wlth s o m e  varLatlon.  dependtng upon the S L E ~  of 

counterpolse 1s 150 feet  In diameter  and 1 0  feet  above  ground  level 
Flgure 1 LS a m e w  of the  expertmental  Doppler omnlrange at  Indlanapolls.  lnd  The 

THEORETICAL CONSIDERATIONS 

In  an  attempt  to  explatn  brlefly  the  operatLon of the CAA Doppler  omnlrange, an Ideal 
antenna w111 be  assumed,  that  15, an antenna  that 1s located on the clrcumferenee of a c l r c l e  

assumed  to be mottonless  Flgure 2 dlsplays  the  sltuatlon In the  horleontal  plane,  where 
and rotated  around  the  center of the circle a t  a unlform  velaclty of 30 rps   The a r c r a f t  1s 

r = radlus of the  clrcle 

9 = azimuthal angle of the   a l rc raf t  

omnlrange by  provtdtng a 9 96-kc dlfference  frequency was first   suggested  to  the  authors  by 
M r .  Henry C Hurley,  Chlef. R e c e ~ v e r  Branch.  Technlcal  Development  Center 

5The  concept  that  the  Doppler  omnlrange be made compatible w ~ t h  the conventional 
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R = dlstance  from  the center of antenna  rotatmn  to   the  arcraf t  

7 = azlmuth angle of antenna 

A = wavelength 

The  wave  traveltng from the  antenna  to   the  arcraf t   undergoes an r-f phase  delay 
2 

The  antenna 1s rotated In the  counterclockwlse  dlrectmn  at  a untform  veloclty pt , where I LS 
time and LS a frequency Hence 

2 7  
7=  ut ( 2) 

The  s lgnal   a t   the   a l rcraf t   thenmay  be  expressed as 

where 

%! -= f2 = frequency of the current Ln the  rotatmg  antenna 
2- 

= 
variatmn of radm  frequency  away  from  the m e a n  frequency = modulat,on ,ndex 

modulatmn  frequency 

as glven by Terman  

Therefore,  

mf=R*'  

The  Instantaneous  frequency, f,,,t of the wave represented  by  equatlon  (3) 1s obtalned by 
dtfferentlatmn of the  Instantaneous angular veloclty 

rlns+: f2 + sm ( + - P I )  ( 5 )  

fiequency f 2  at  a unlform angular veloclty  about a vert lcal  ams,  a phase  modulated  wave 1s 
transmitted to   t he   a r c ra f t   The  stgnlfLcant  fact  ahout  thls  wave 1s that   the  phase of the  modula- 
tmn  frequency 1s the  ammuth angle of the a u c r a f t  4 Thls 1s clearly  shown In  equatmn (3) I t  
15 lnterestlng  to observe that  no error extsts  between  the  electrxal  phase  angle and  the  azlmuth 
of the   a l rcraf t  In orde r  to  extract   thls  bearmg  Intelhgence, I t  1s necessa ry  to  put  the s q n a l  
mto a frequency  dlscrlmlnator In whlch  the  amphtude of the  output  voltage 1s a lmear functlon 

matLon+,  expresses  the  mstantaneous  frequency of the slgnal Impressed  upon  the  dlscrlmlnatar 
of the  Instantaneous  frequency of the  Input  slgnal Equatlon ( 5 ) .  cantalnmg  the  bearmg mior- 

Input  The  dlscrlmlnator  output,  therefore, 15 a wave of f r e q u e n c y P   w h l c h  v a n e s  as the 
a r c r a f t  azumuth angle + 2 V  

Up to  thls  pomt I t  has  been  shown  that  by  ratatlng an antenna.  drlven  by r-f  currenr of 

bF E Terman, Rad10 Engineers' Handbook, McGraw-HI11 Book Co , Inc , 1943 
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In the  followmg 
Applylng the constants of the CAA Doppler  omnlrange to the preceding equatlons  results 

r = 21 796 feet 

- *"  = 30 cps 
P 

m f  = &  ?r =- x 2 1  796 = 16 f o r  f 2  = 115Mc Za 
8 56 

flnst (cps)  = 115 x 10  + 480 s1n ( 0  -P I )  

It  should  be  noted  that an FM wave, where   mf  = 16  and  the  modulatlon  frequency 1s 30  cps. LS 
exactly  compattble  wlth  the conventlonal VClR 

6 

of (1) conveymg a reference  30-cps slgnal,  and (2)  provldlng a carrier 9 96-kc  removed  from 
the  frequency  modulated  slgnal f o r  convertmg  the  frequency of thls slgnal  to 9 96 kc at  the 
output of the  second  detector of a conventlonal \'OR receiver The  slgnal recelved at   the  air- 

craft  from  the  center  antenna 1s 

An  addLtlona1 antenna 1s located  at  the center of rotatlon of the  clrcle  for  the  purpose 

E ~ ~ t o s ( ~ ~ t - & ~ R l ( I * m  cos pl) ( 6) 

where 

Y - I z f I  frequency  of the cur ren t  In the center  antenna 
2 7  

81 = - 2- 
*I  

A I  = wavelength 

m = amplitude modulatlon  Index 

Cornbmmg  equatmns (3)  and ( 6 )  r ep resen t s  an expresston of the  total   stgnal  at   the  alrcraft  

E=EltnEz ( 7) 

where  n 1s a constant  regulatlng  the  relattve  amounts of the two slgnals 

reference or ftxed-phase  30-cpr  porttan of the  stgnal,  whereas  the  30-cps  varlable  phase . The   Rrs t   t e rm of equatmn (8) represents  an amplttude modulated wave  whlch  conveys  the 

slgnal LS contained In the  second  term In the  form of a frequencyrnodulatlon 

The CAA Doppler  omnlrange  ~s'compatlble  wlth  the  conventlonal ornntrange and 
therefore   the variables and constants of equatlon (8 )  are fixed at 

and 

m = n = 0 3  
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In Flg 3 IS deplcted  the  dlstrlbutton of the  slgnals  radLated  by  the  Doppler  omnlrange  where 
the  reference  30-cps slgnal 1.3 ~n the  farm of AM sidebands whereas  the  variable 30-cps slgnal 
15 contamed l n  the FM stdebands 

W l l l  the  slgnal  radlated  by  the CAA Doppler  omnlrange theoretically be exactly 
compatible wlth  that of the  conventmnal omnlrange, and  wlth a hLgh degree of bearmg 
accuracy-? T o  answer this questLon the  slgnal  expressed by equatlon (8) 1s put  Into a Inear 
detector  and  the  output 1s analyzed  Thls 1s Ideally accomplished mathernatlcally  by analyzing 
the  envelope  of  equatmn (8) 7 Comblnmg  equatmns (8) and (9) and assuming 
E 2 R ~ E I R  

E; d l + m  cmarncosb12+n25m2b c o s ~ ~ ~ l - B ~ R - ~ l  (10) 

where 
OiPf 
b=Al+p2r cos (PI-dl 
,+,:h-l -n SI" AI+& ~6 (PI-41 c 13 I+m cos p l t n c o s  At+&r c m  pt-4 

The  output of the h e a r  detector 1s proportmnal  to 

IEl. rn 
where 
~ + m  COS a+n cos b 

B=nsln b 

By means of the  bmomlal expansion where (Lf-=l 
A -  

IE~=A+-- - -+-  B I B '  3 2 
2 B A 48 +,2 

The  flf th term ~n equatlon (13 )  1s expanded by means of the  blnomLal  theorem  wlth  the 

(mcos o+n  cos biz< I 
condltlon 

equatmn ( 1  3) 
By  substttutmg equatlon (14)  in equatmn (13 )  and  retalnlng only the   f l rs t   f lve  terms oi  

Flnally.  by  cornbmmg  terms of the same frequency ~n equatlon (15).  lettlng rn = n 0 3 .  and 
neglectlng  the  d-c  components  the  output of the  lmear   detector  becomes 

Proceedings of the I R E , pp 601-629.  Aprll 1933 
7C B Alken, "Theory of the DetectLon of T-o Modulated  Waves  by a Llnear RectLfter. 
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Equatlon (16)  lndlcates  clearly  that  the  Ideal  lrnear  detector w~l l   t ransform  the   s lgna l   f rom  the  
CPA  Doppler omnlrange Into a dls tar t lonless  reference 30-cps signal. and a dlstortlonless 
9 96-kc  subcarrler  slgnal  whlch LS frequency  modulated  wlth a 30-cps  varlable  phase  stgnal 
The  phase of the  varlahle  phase  slgnal LS the  ammuth angle Therefore.   the  bearmg accuracy 
1s expected to he  excellent  The  thlrd  and  fourth  terms of equatmn  (16)  represent frequencies 
of 2 x 9 96 kc and 3 x 9 96  kc, respectively, and  would be expected  to  have  negllglble  effect on 
the ornnlrange r e c e ~ r e r  performance  The  terms  neglected I n  the sene5  of equatlon  (16) a re  
expected  to be smaller  than  any  term  Included,  and also of hLgher frequency 

omnLrange LS feaslhle  It  generally 1s found In the  fleld of navlgatlonal a d s   f o r   a r c r a f t   t h a t  
sl t lng e r ro r  Ln the  bearlng  caused by reflecttons of r-f energy from  obJects near the   t rans-  
ml t te r  1s Inversely  proportlonal  to s o m e  functlon of the size of the  antenna  system  It 1s 
desmed  to  show theoretically the  amount and nature of the  Improvement In s l tmg errors that 
mlght  he  expected  from  the CAA Doppler  omntrange  compared  wlth  the  conventlonal omnlrange 

It LS demonstrated  that  a Doppler  omnlrange  compattble  wlth  the  conventlonal V H F  

dtstance  east  of the  transmLttlng  antenna of the  Doppler omnmange or  the  conventmnal omm-  
range An a r c r a f t  1s located  at p , a t  azimuth angle Q The  reflectlng  oblect  radLates a 
ctrcular   pat tern  The sLgnals arrlvlng at the  alrcraft  follow  tNo  paths. 1 e , along ro and r l  
The  slgnal traveling along r contaLns the  correct   bear lng  mformatmn Q, whereas  the  reflected 
slgnal contaxns bearmg  InfarmatLon of 0 = 90' The  symbols In the followulng e uatmns  have 
the s a m e  meanlng as the corresponding equations glven previously The slgnal % at  polnt p 1s. 

derived as follows 

Flgure 4 deplcts  the  sltuatlon  to be studled  where one reflectlng  obJect 1s located  dl  

0 

where 

8 = r-f phase  change  caused  by  the  reflector 

r = radlus of c l rc le  of Doppler omnlrange antenna  system 

r o  = dlrect  path 

'1 = mdlrect  path vla reflectlng  obJect 

A = ratlo of amphtude of the  reflected slgnal dlvtded  by amplitude of the  dlrect   signal appearing 
at a l rc raf t  

PropagatLon  Characterlstccs," by M u r r a y  G Croshy,  Proceedlngs of the Institute of RadLa 
'The mathernatlcal analysls 1s sunllar to one appearing In "FrequencyModulatlon 

Engineers Volume 24. No 6. June 1936  It was suggested  to  the  authors In an unpublished 
memorandum  by  Fred  Moskawlte of Rome ALr Development  Center, Grlff lss  AFB. Rome. N Y 
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whrch conveys the  aatmuthal mtelhgence  and  the  reflected  phase rnodulatlon  stgnal, respectively 
The  last   two  terms In equatmn (19)  represent  the  deslred phase rnodulatlon slgnal 

In o r d e r  to de te rmme the bearmg error Incurred because of  a reflection from an obJect at 90' 
azlrnuth,  the  last  two  terms of equatlon ( 1 9 )  are comblned It 15 only  the metantanenus phase 
angle of the  resultant  slgnal  that LS requlred  for  a determlnatlon of bearlng error 

Then 

4pp'82~~05(pt-+1-8zr,+AS~n[82f Slnpt 

- ~ 2 ~ 1 - 8 - E ~ r c o s ~ p l - ~ l + 8 2 ~ ~ ]  ( 20) 

where 

pp % Instantaneous  phase of the  resultant  slgnal 

A 5  0 1  

and 

where 

the  Input  slgnal  The  Instantaneous  frequency 1s equal to 1 dpp 
The  output of an Ideal  dlscrlrnlnator LS proportnonal  to  the  Instantaneous frequency bf 

Therefore  
2r dt 

K- = I  = dlscrlmmator  output  current 
dt 

w:iere 

K = a constant of proportlnnallty 



that  favor  the  fundamental  frequency E ,  and  tend  to  relect  the harmonics of 2 Assumlng  that 

only  the  fundamental   frequency  terms of equatlon (23)  are effective ~n the recelvmg equlpment 
for  deterrnlnmg  the  bearlng,  the  lnflnlte  number of te rms   a f te r   the  flrst two are neglected 
Comblnmg  the  flrst two t e r m s  of equahon ( 2 3 )  

At the dlscrunlnator  output of the  conventronal omnlrange receiver, t he re  are frl ters 

2a 2a 

Fmally.   the  resultant 2 pha,e  angle IS obtalned as shown In equatlon (24) The   e r ro r   caused  

by the reflected wave LS the  Tad[ ] t e rm In equatmn (24 )  I t  can be seen that ,  If no reflectmn 
occurs, A = 0 

Then 

1,:-8erp enlpt-+l 

The  error. designated by X. caused  by  the reflecting obJect  located at 90'  azlmuth,  becomes 

2n 

( 2 5 )  

02' 
since 

A S 0 1  

because ('0 - r ) 1s a functlon of the  alrcraft   posLtlon5  Hence  thls  error  osctl lates  as 
cos[S2 ( r o  - r - 8 1  v a n e s  from  plus 1 to 0 then to mmus 1 and so  forth  Thls 1s called 
scalloplng of d e  bearlng  mdlcatmn  The maximum values of equatmn ( 2 6 )  are  plotted In 
F l g  5. when A = 0 1 0  For  comparlson  the  scallopmg  assoclated  wtth a conventlonal  omnl- 
r ange lo  1s plotted ~n FIg 6 .  where  the  scallopmg of the Doppler  omnlrange IS plotted to the 
s a m e  scale A comparlson of the  scallopmg of the  two  omnlrange  systems 1s shown Ln F l g  7 
I t  1s Interesting to note tha t   the   s~a l loprng  of the  Doppler  ornnnange as shown In F l g  7 has a 
reductlon  factor of 0 1 or less for  most  amrnuths  Thls  means  that   the  scalloplng assoclated 

I t  LS clear  from  equatmn ( 2 6 )  that x, the  bearin error. v a n e s  as the   a l rcraf t   moves.  

by S R Anderson  and H F Keary, Technxal  Development  Report  No 126. Technical 
Development Center. May  1952 

9Th1s 1s treated In some detall In 'VHF Omnirange Wave  Reflectlons from W ~ r e s . "  

''Sterlme R Anderson.  Robert B F l m t .   W ~ l l ~ a m  L Wrleht.  and  John  Turk, 
P r e l t m m a r y   T e i t s  of a Precls lon VHF  Omnzrange."  Technlca1be;elopment  Report N o  355, 
August  1958 
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w ~ t h  a conventLona1 o m m r a n g e   w ~ l l  be  reduced  by a factor of 10 a t  m o s t  azunuths  by  replacmg 
t h e  conventmnal omnlrange wlth a Doppler  omnlrange  Flgure I also  mdlcates   that   there  1s a 
sec to r  of approximately 10".  centered on 4 = 90'. where  llttle  reductmn In scallopmg  wlll be 
obtalned  by  replacmg a conventlonal ornnlrange wlth a Doppler omnlrange Thls  phenomenon 
1s. borne  out  qualltatkvely In practlce  where  the  reflectme source conslsts of two vert lcal  
towers  approxtmately 60 feet hlgh  located 880 feet  dlstant  at 266' azlrnuth  and  285"  azlrnuth,,, 
respectively, from  the  omnuange  These  towers are the two located  lmmedlately  behlnd  the 
Doppler omnirange shown In Flg 1 The  smusoldal  scallopmg ln Flg  18 In the  vlclnlty of 
250" azimuth and 270" aelmuth 1s caused by these two towers 

EQUIPMEN? 

A block  dtagram of the  Doppler omnlrange 1s shown ~n F l g  8 The antenna system uses  
51 VHF  loop  antennas  deslgned  to  operate In the  108- to 118-Mc range They are supported 
on pedestals at approxtmately  one-half  wavelength  above a w l r e  screen countterpolse  Type 
RG 8/U t ransmlsslon lme 1s used  throughout Flgure 9 1s a vtew of the  Doppler VOR antenna 
system 

The  transrnltter  and  modulatlon  equtpment  used  to  supply  r-f  power  to  the  center 
antenna  are of conventtlonal  deslgn  Thls  transmitter 1s capable  of  supplymg 200 watts  r-f 
power  contmuously  Plate  modulatlon 1s employed  to  provlde  the  statlon  wlth v m c e  mtelllgence 
and a keyed  1020-cps  zdentlflcatlon slgnal 

The  30-cps  modulatmn of the  transmltter  output 1s accomplished by means of a 
capac-lty gomometer and a t ransmlsslon  lme VHF brldge  network Referring to Flg 8. I t  w ~ l l  

modulatton  eltmmator  The  purpose of the  modulatlon  ellmlnator 1s the s a m e  as that In the 
be noted  that  the  transmltter  output 1s fed  dlrectly  to a power  dLvlder  whlch 1s followed by a 

conventlonal VOR system 11 The  smaller  amount  of  the r-f power  dlvlder apportionment. 
havmg  the  modulatlon  removed, 1s fed  to t h e  Input of a capaaty  gonlometer  The  capaclty 
gonmmeter 1s a conventlonal  type  used Ln the  standard VOR One output of the  gonlometer LS 
fed to a Termahne  dummy  load  The  other  output,  cons l s tmg  only of 30-cps  sldeband  energy. 
1s fed to an Input  corner of the  VHF  brldge  network  Thls  sldeband energy 1s cornbmed  wlth 
the carrier energy  at  the  output corner of the  brldge  thereby amplitude-modulattng the carrier 

to  approxunately 30 per  cent  The r- f  power at  the  output corner of the  brldge 1s fed  through 
coaxla1  tranqm1ssmn  lme  to  the  center  antenna 

Present  plans  Include  the  posslble use of a 30-cps  alternator to modulate  the carrier 

Thls  would  preclude  the necessity of the  brtdge  network.  gonlometer,  and  the  modulatlon 
ellmlnator  used  to  provtde  30-cps  modulatton of the carrier 

t ransmlt ter  1s crystal-controlled  at a frequency  9,960  cps  hlgher  than  the  frequency  of  the 
carrler The  dlfferenttlal  capacltor  dlstrlbutor  feeds  each  antenna Ln successLon The  r-f 
power  applted  to the Input of the  dlstrlbutor 1s fed  through a rotatmg  element of a capacttor tn 
the  form of concentric cylmders.  thence  through  coaxla1  lme m a bore  along  the  motor  shaft  to 
a smgle  plate  located on the  perlphery of a dlsc  of msulatlng  materlal   The  dlsc,   whlch IS 
approxtmately 9 Inches In dlameter  1s attached  to  the  shaft of the  synchronous  motor and 
rotates at 1.800 rpm  Ftfty statlonary plates  encompass  the arc of the  rotor  plate 

A separa te   t ransml t te r  1s used  to  supply r-f power  to  the c ~ r c l e  of 50 antennas Thls 

The disassembled dlstrlbutor E shown In F L ~  10 Note  that  alternate  stator  plates 
are displaced vertncally  Thts t s  done  to  mlnlmme  couplmg  between  adJacent  plates  The r-f 
energy LS capacltlvely  coupled  to  each  stator  plate In successLon as the  rotor  revolves  The 
dlstrlbutor  output  termmatlons  are  connected  dzrectly  to  the  stator  plates  The  voltage  wave- 
shape  at  the  output  termznatlons 1s slnusotdal  Ideally, any one output LS zero durmg 345 6 "  

mum and falls  back  to zero The  slnusotds are spaced  equally on a circle wlth  adjacent 
of each  rotatlon of the  rotor  Durlng  the remauung 14 4' ,  the  output  voltage r s e s  to a maxl-  

spacmg  (rnammum  to maxlmum) of 7 2' Expressed  mathematkcally 

Technical Development  Report No 113. June 1950 
"H C Hurley. S R Anderson  and H F Keary.  "The  CAA  VHF Ornnlrange." 
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E l  = s ln  1 2  58 0-5 '-144' 

E = s1n (12 58-90.) 

E~ = stn (12  58-1800) 14 4 0 s  9 2 2 8  8 -  

En = sln [ 12  58-90m(n-l)]  7 2 (n - l )<9<14  4' t 7 2'(n-1) 

2 7 Z " 2 9 5 2 1  6"  

E50  = s m ( l 2  58-4410') 352 8's 8 ~ 3 6 7  20 

where 

8 = the  angle of rotatlon of the  rotor 

E = voltage of N o  1 output 

E = voltage of No n output 

n = 'he output  number 

1 

n 

To mmlmize transients. a 100-ohm  nonreactxve resistor was  connected In parallel   wlth 
each  transmissLon  llne  at  the  output  termlnatlons  of the dtstrlhutor Flgure 11 shows  the  dls- 
trthutor  untt m normal  operatLon  wlth  all  lmes  connected 

antennas  has  proved to  be  successful  and  sufflclently  stable  wlth  respect to  the  9960-cps 
Although  the present  system  utl l lzlng a separate   t ransmlt ter   for  t h e   c ~ r c l e  of 50 

dlfference  frequency, a modlflcatlon E- contemplated  that  probably w ~ l l   r e p l a c e   t h l s   t r a n s m t t t e r  
wLth a frequency  converter  unlt  The  frequency  converter  unlt  wlll  be  exclted  and  controlled 
by the  transmltter  used In conpnctmn wzth the  center  antenna  Also.  the  dlstrlbutor  unlt  wlll 
be connected mechanically to  the  synchronous  motor  and  reference  30-cps  alternator o r  
goniometer Thls  wtll  prevent  any  posslbllxty of an erroneous phase  relatLonshlp  between  the 
two  30-cps  signals In the VOR recelver 

TESTS 

Durlng  the  development of the C A A  Doppler omnirange a counterpolse 75 feet  In 
dlameter  and 10 feet  hlgh was. used to  support 50 loop  antennas  mounted 48 lnches  above  the 

concentric with  the  counterpolse 
counterpolse  and  equally  spaced  around a 22-foot radlus clrcle The  22-foot  radlus  clrcle 1s 

A specml   t es t  was conducted In whlch  the 50 loops were removed  from  atop  the 

made  at a dlstance of 1/2-m1le wlth  the  slngle  loop  fed dlrectly f rom  the  t ransmlt ter  The 
counterpotse  and a smgle  loop was placed on the  clrcle Fleld s t rength  measurements  were  

slngle  loop was moved  to  every  even-numbered  rnountmg  posltlon  far  each  measurement  of 
fleld  strength  The  data,  plotted Ln F l g  12. 5hOw a varlatlon ~n fleld  strength of plus or mmus 
22 6 per  cent  about a mean value  due  to  the  counterpalse  eccentrlclty  effect 

A reductton of the  counterpolse  eccentrlclty  effect  was  obtamed  by extending the 
dlameter  of  the  counterpolse  from 75 feet   to 150 feet   The  f leld  strength  measurements were 
repeated  and  these  data  are  plotted In F l g  13  The  fleld  strength varlatlon shown In Flg  13 
caused by counterpolse  eccentrlclty  effect. 15 9 82 per   cent  Th15 1s a marked  Improvement 

patterns when  the  dlstrlbutor  and 50 loops are used The r-f couplmg  between  any  drlven 
over  the 75-foot  dlameter  counterpolse However, t he re  1s consxderable  modrflcatlon of these 

stator  plate  and  an  adlacent  stator  plate In the engmeerlng model  dlstrlbutor.  and  mutual 
couplmgs  between  antennas. cause a dlfferent  pattern  to be radmted In operation The enve- 
lope of the  9960-cps  slgnal 1s proportmnal  to  the amplitude of the  fwld  strength  radlated  by  the 
50 loops An oscillogram of the 9960-cps sqnal  In a receiver located 200 feet   dlstant I s  
shown In F t g  14   The   l a rge   va r~a t~ons  In amphtude of the  9960-cps  slgnal.  whlch  occur  at a 

The cross modulatmn causes a bearmg e r r o ~  whlch  vanes  wlth  aalmuth, as evidenced by  the 
30-cps  rate, cause a cr055 modulatmn of the  30-cps  slgnal In the AM channel of the  receLver 

shape of the  Doppler  bearlng error curve. Flg  16 The  resultmg maxlrnUm bearlng error LS 
approximately plus or  minus 1" 
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are due  to  the  varlatlon m fleld  strength  caused by a transltmn  from one pattern when a slngle 

modulation of the subcarner  causes a 1500-cps  slgnal ln the  audlo  output of the recetver. but 
antenna 1s bemg  fed  to  another  pattern  when  two  antennas are being  fed ThLs amplitude 

only In strong  slgnal areas Such areas are encountered  when  the  alrcraft 1s a t  an altltude of 

on the course devlatmn  mdlcator  (CDI) 
2,000 feet  and less than 5 mlles  from  the  ground  statlon  The  1500-cps  slgnal  has no effect 

The  small  slnusoldal  changes In amplltude I n  Flg  14 occur a t  a 1500-cps ra te   These  

stator  The  f leld  pattern  assoctated  wlth  these  currents  and  the  counterpolse  eccenttrlclty 
Flgure 15  shows  the  antenna  current  drstrlbutlon  when  the  rotor was  stopped  at one 

effect  deterrnme  the  field  pattern  radlated  by t h e  50  loops 

are shown m F l g  1 6  The  bearmg error curve of a conventlonal VOR at t h e  s a m e  site also 
15 shown In Flg 16 m order   tha t  a cornpanson may be  made  between  the  two VOR sys t ems  

The  beanng e r ro r  data  obtalned  from  orbltal  fllghts  at an approxlmately  6-mlle  radlus 

recordmgs  are  reproduced In F l g  1 7  The  reference  channel  30-cps  sLgnal,  whlch 1s the 
vanable   phase  sLgnal In the  Doppler  omnlrange  system,  decreases ln  amplltude  wlth an In- 
crease ~n elevation  angle  Thls  would  be  expected  theoretrcally because the  motmn  toward or  
away from  the  observer of the  vlrtual source appears  to decrease wnth an Increase of elevation 

Whzle passmg  through  the cone over the  statmn.  there 1s a short   per lod of t m e  when  the  flag 
angle  Thls  decrease  has a 'softenmg ' effect on the CDI TO-FROM  and  flag  mdlcators 

alarm shows  and  the  1500-cps  background  level Increases sharply In the audw channel 

Radlal  fltghts were  made  whlle  recardmg varmus sLgnals In the receiver The 

Flgure  18 1s a repraductlon of fhght   recordmgs of the  conventmnal VOR and  the 
Doppler VOR located  at   the TDC test   s l te   The course roughness  and  scalloplng  caused  by 
t r ees  and bulldmgs  noted on the  conventmnal VOR recordmg are e s s e n t d l y   e l l r n m a t e d  In the 
recordrng of the  Doppler VOR The  remammg  scalloplng In the 250" and 270' s ec to r s  1s caused 

m a y  be seen In the  foreground In Flg 1 PolarmatLon error has  been  measured  durm  f l lght  
by two steel   towers  60 feet  hlgh  located  west of the VOR s l t e  at  a dlstance of 880 feet   These 

tes ts  on several   Doppler omnlrange stattons  and  found  to  be less than  plus o r  mmus 172. 

TESTS AT CHARLESTON, S C 

The  tests  at   the relatively goad  slte  at  the Technical Development  Center  at 
Indlanapohs  lndlcated s o  much  reductton of s l tmg error  that   fur ther   tes ts  were conducted  at 
Charleston, S C where a 150-foot  dlameter  counterpolse,  75  feet above the  ground, was 
Installed  The  slte  has  trees  beyond 2,000 feet  from  the  tower In all   directmns  for  rnlles 
Prevlous tests  wlth a conventtonal  four-loop VOR antenna on the  tower  showed a maxxnum 

VOR showed a maxlmum  scallopmg of plus or  minus 0 4" F ~ g u r e  19 1s a reproduction of the 
scalloplng of plus or  mmus 2 8" durlng a 20-mile  orbltal  fllght  The  fllght  data on the  Doppler 

fllght  recardlngs  made  at  the  Charleston  slte of the  conventlonal  omnlrange  and  the  Doppler 
omnlrange 

CONCLUSIONS 

I t  I S  concluded  that  the  prlnclple of movement of a source of electromagnetic radlatlon 
can he  used  to  provlde azlmuth mformat lon   for   a t rc raf t   Fur thermore ,  I t  has  been  demon- 
strated  that   there 1s a drstmct  advantage In the  Doppler  prmclple over  the  pattern  dlrectlvlty 
prlnclple of the  conventmnal omnirange Speclflcally.  the  Doppler  prmclple  has  the  charac- 
terlstlc  that  the  antenna  aperture  does  not  Introduce  amblgultles  Into  the b e a n n g  data On  
the  other  hand,  the  conventzonal omnlrange  can he made  to  have a large  aperture,   but  only by 
mtroducmg  amblgultles  Into  the  hearlng  InformatLon 

The follawlng  results were  oh,  -ed m tne  development of the CAA Doppler  omnirange 

1 The  Doppler omnirange prlnclple.  when  applled  to an antenna array wtth an aperture  of 

dlstrlbutor.  1s feastble 
approxmate ly  5 wavelengths  and  consistmg of 50 loop  antennas  fed  by a capaclty  type 

conventtlonal  omnlrange 
2 The  Doppler  omnmange  markedly  reduces  the  sltmg e r ror  compared  wlth  the 



12 

3 The Doppler ornnlrange IS cornpatlble  wlth  the  conventzonal ornnlrange 

4 The maximum hearmg errors of the two omnuange systems are comparable and are 
approxnnately equal to plus or minus 1 0" 

5 The cone characterlsttcs of the  Doppler  omnlrange are satisfactory Reduced course 
sensltlvtty was measured over the statLon 

6 The Doppler  omnlrange  polarnatton error 1s small  compared  to  the  conventtonal 
ommrange polanzatmn error 



FIG.  1 THE  EXPERIMENTAL  DOPPLER  OMNIRANGE AT INDIANAPOLIS. IND. 
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FIG. 2 THE COORDINATE S Y S T E M  FOR  ONE  TRANSMITTING A N T E N N A  
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FIG. 3 FREQUENCY  SPECTRUM SHOWING SIDEBANDS AND CARRIER 



I 

P 

I T = D O P P L E R   O M N I R A N G E  
TRANSMITTING  ANTENNA 

R = NONDIRECTIONAL  REFLECTING  OBJECT 

P = AIRCRAFT  LOCATION 

FIG. 4 A PLAN VIEW OF T H E  DOPPLER OMNIRANGE  AND  ONE  REFLECTING  OBJECT 
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FIG. 5 THE  THEORETICAL  DOPPLER  OMNIRANGE  COURSE  SCALLOPING CAUSED 
BY ONE  REFLECTING  OBJECT  VERSUS  AZIMUTH  ANGLE 
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FIG. 9 THE D O P P L E R  VOR ANTENNA  SYSTEM 



F I G  10 T H E   D O P P L E R  VOR DIFFERENTIAL  CAPACITOR  DISTRIBUTOR 
( A )  DISTRIBUTOR  HEAD 



F I G  10 T H E   D O P P L E R  VOR DIFFERENTIAL  CAPACITOR  DISTRIBUTOR 
(B) DISTRIBUTOR  UNIT 



FIG. 11 DISTRIBUTOR UNIT WITH ALL LINES CONNECTED AS IN NORMAL  OPERATION 
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FIG. I Z B  VARIATION IN F I E L D   S T R E N G T H  O F  ONE  ANTENNA  CAUSED BY 
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F I G  13B VARIATION  IN  FIELD  STRENGTH  OF  ONE  ANTENNA  CAUSED BY 
E C C E N T R I C I T Y   E F F E C T  O F  150-FOOT-DIAMETER  COUNTERPOISE 



FIG. 14 PHOTO  OSCILLOGRAPH O F  4960-CPS  SIGNAL IN RECEIVER 
200 FEET  FROM  STATION 
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FIG. 15 ANTENNA  CURRENT  DISTRIBUTION  WITH  DISTRIBUTOR ROTOR 
POSITIONED TO F E E D  A SINGLE  ANTENNA 



AZIMUTH IN DEGREES 
FIG 16 DOPPLER VOR AND CONVENTIONAL VOR BEARING  ERROR  CURVES 



FIG. 17 DOPPLER VOR FLIGHT  RECORDINGS 
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FIG 19 CONTINUED-ORBITAL F L W  RECORDINGS OF THE DOPPLER 
VOR AND  THE  CONVENTIONAL VOR AT CHARLESTON,S  C 


