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BEVERAGE ANTENNAS FOR HF COMMUNICATIONS, DIRECTION FINDING AND 

OVER-THE-HORIZON RADARS 

by 

J.  Litva and B . J .  Rook 

ABSTRACT 
sv // 

A d e t a i l e d  d e s c r i p t i o n  is given of t h e  exper- 

The r e s u l t s  show 
imental and t h e o r e t i c a l  r e s u l t s  obta ined from a 
study of  t h e  Beverage antenna. 
t h a t  t h i s  antenna is use fu l  as a r e c e i v i n g  
antenna i n  t h e  high frequency range because it is 
highly d i r e c t i v e  l a r g e l y  frequency independent,  
has a low take-off angle  and is r e l a t i v e l y  inex- 
pensive t o  cons t ruc t .  
p r o p e r t i e s  of t h e  ground over which HF antennas 
may be s i t u a t e d  w i l l  a f f e c t  t h e i r  performance, a 
novel technique i s  descr ibed,  which u t i l i z e s  a 
s i n g l e  Beverage elerient t o  determine t h e s e  
p roper t i e s .  Comprehensive Beverage antenna 
engineering-design-data have been c a l c u l a t e d  and 
tabula ted  i n  a r e a d i l y  a c c e s s i b l e  format fo r  t h e  
communications engineer .  Beverage antennas are 
shown t o  be  e f f e c t i v e  elements o r  "bui ld ing 
blocks" fo r  HF antenna systems, such as r o s e t t e  
and l i n e a r  antenna a r r a y s .  
t o  HF d i r e c t i o n  f i n d i n g ,  over- the-horizon r a d a r  
and point- to- point  communication systems .(I It is 
shown t h a t  a Beverage l i n e a r  a r r a y  system has 
s u f f i c i e n t  ga in  a t  high frequency t h a t  it may be 
used i n  t h e  t r ansmi t t ing  a s  we l l  as t h e  r ece iv ing  
mode. A l i s t i n g  of a computer program is included 
which can be used t o  c a l c u l a t e  a l l  necessary design 
parameters of e i t h e r  s i n g l e  Beverage antennas or 
a r rays  of Beverage antennas. 

Since t h e  e lect r ical  

These have a p p l i c a t i o n  

* 

1 
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1. INTRODUCTION 

1.1 DESCRIPTION OF THE BEVERAGE ANTENNA 

A Beverage antenna i s  a non-resonant broadband antenna which has been 
used and t e s t e d  over t h e  frequency range 3 t o  30 MHz. 
w i r e  (Figure 1 )  s t r e t c h e d  h o r i z o n t a l l y  above t h e  ground and is ,  i n  essence, a 
lossy  transmission l i n e  wi th  t h e  ground a c t i n g  as t h e  conductor f o r  the  re turn  
cuwent .  Its c h a r a c t e r i s t i c  impedance i s  approximately 400-600 ohms. The 
antenna i s  terminated i n  its c h a r a c t e r i s t i c  impedance a t  one end, v i a  a 
ground screen, and t h e  received s i g n a l  i s  taken from the  o t h e r  end through a 
transformer,  one s i d e  of which is connected t o  ground via another ground 
screen.  The transformer i s  used t o  match the  400-600 ohm impedance of t h e  
antenna t o  a standard 50-ohm coax ia l  cable.  The d i r e c t i o n  of t h e  beam, o r  
maximum s e n s i t i v i t y  of the  antenna t o  r a d i o  s igna l s ,  is  toward the  terminated 
end. The dimensions of HF Beverage antennas are as follows; t h e i r  lengths  
vary from 50 t o  150 m and t h e i r  he igh t s  above ground vary from 0 . 3  t o  3 m. 
Typical ly though, t h e i r  l eng th  and he igh t  are respec t ive ly  about 110 m and 
1 .5  m. 

It c o n s i s t s  of a long 

The behaviour of t h e  Beverage antenna can most e a s i l y  be described i n  
t h e  r o l e  of a receiving antenna. One imagines t h e  antenna subdivided i n t o  
elements of equal  length ,  each of which i s  a f fec ted  by a d i r e c t  and i n d i r e c t  
ray emanating from a rad io  t r a n s m i t t e r .  The r e s u l t i n g  hor izon ta l  component 
of the  e l e c t r i c a l  f i e l d  o u t s i d e  each element i s  t h e  vec to r  sum of the  hori-  
zon ta l  components associa ted  wi th  t h e  two rays.  The r e s u l t a n t  e l e c t r i c- f i e l d  
component f o r  each element w i l l  induce an a l t e r n a t i n g  vo l t age  i n  t h a t  element. 
The elements can now be thought of as containing RF genera tors ,  which cause 
RF cur ren t s  t o  flow t h a t  are a t t enua ted  a t  the  rece ive r  terminals  i n  propor- 
t i o n  t o  t h e  d i s t ance  of t h e  antenna element from t h e  rece ive r .  The energy 
a r r i v i n g  a t  t h e  terminated end i s  absorbed and d i s s ipa ted  by t h e  terminating 
r e s i s t o r ;  the  magnitude of t h e  c u r r e n t  a t  the  receiving end i s  the  vector  sum 
of the  cur ren t s  generated by each imaginary genera tor ,  delayed i n  phase and 
a t tenuated ih amplitude i n  propor t ion t o  the  d i s t ance  of t h e  generator  from 
the  receiving end of t h e  antenna. 

1.2 PREVIOUS WORK 

The i n i t i a l  developmental work performed wi th  t h e  Beverage antenna w a s  
c a r r i e d  out  by H.H. Beverage p r i o r  t o  1923. H e  t e s t e d  t h e  antenna on a 
transoceanic c i 5 c u i t  using long waves i n  the  frequency range 12 t o  42 KHz and 
found t h a t  with antenna l eng ths  of approximately one wavelength (7 t o  25 km) 
the  antenna w a s  e f f e c t i v e  i n  reducing in te r fe rence  and s t a t i c  because of i ts  
d i r e c t i v e  nature .  This work w a s  f i r s t  reported i n  a near  c l a s s i c a l  paper by 
Beverage, e t . a l  (1923). 

Travers et a l .  d id  ex tens ive  t h e o r e t i c a l  and experimental research w i t h  
the  Beverage antenna from 1961 t o  1967. Their work i s  documented i n  a s e r i e s  
of r e p o r t s ,  with l imi ted  d i s t r i b u t i o n ,  submitted t o  t h e  U . S .  Navy. A b r i e f  
unc lass i f i ed  summary of t h e i r  work appeared i n  Martin e t  a l .  (1965). 
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The work of Travers e t  al. c o n s i s r e d  of t h e  first ex tens ive  a p p l i c a  i on  
of t h e  antenna f o r  r e c e p t i o n  a t  HF f r e q u e n c i e s .  I n  t h e  course  of t h e i r  work 
they concluded t h a t  t h e  antenna w a s  an e f f e c t i v e  low c o s t  element w i t h  h igh  
d i r e c t i v i t y  t h a t  worked over  good a s  w e l l  a s  poor s o i l  throughout t h e  complete 
band from 1 t o  30 MHz. They found i t  t o  be  non- resonant over  a t  leas t  a f i v e  
oc tave  frequency range when i t s  l e n g t h  w a s  g r e a t e r  t han  one-half wavelengtp, 
and impedance t o  be p r i m a r i l y  resist ive and f l a t  over t h e  HF band. Numerous 
t h e o r e t i c a l  antenna r a d i a t i o n  p a t t e r n s  w e r e  c a l c u l a t e d  f o r  v a r i o u s  an tenna  
l eng ths ,  he igh t s ,  s o i l  c o n d i t i o n s ,  r a d i o  wave p o l a r i z a t i o n s  and e l e v a t i o n  
angles- of- arr iva l .  They a l s o  concluded t h a t  due t o  i ts d i r e c t i v e  n a t u r e ,  t h e  
antenna w a s  no t  on ly  u s e f u l  f o r  r e c e p t i o n  b u t  a l s o  f o r  t ransmiss ion  e i t h e r  
s i n g l y  o r  a r rayed .  

Extensive developmental work w a s  a l s o  performed by Travers e t  a l .  i n  HF 
d i r e c t i o n  f i n d i n g  us ing  l a r g e  numbers of Beverage antenna configured i n  r o s e t t e  
a r r ays  of v a r i o u s  dimensions. I n  one 360" rosette a r r a y ,  f o r  example, t h e  
elements were 120 m i n  l e n g t h  and s e p a r a t e d  by 10". 
i n  angle- of- arr iva l  of 402 bea.rings t aken  on sky-wave s i g n a l s  "of chance" was 
reported t o  be 3 .8 ".  In  ano the r  i n s t a l l a t i o n ,  a 72" rosette a r r a y  wi th  
elements 300 m i n  l e n g t h  sepa ra t ed  by 2" y i e l d e d  a s t anda rd  d e v i a t i o n  f o r  408 
bear ings  of 1.04". 

The s t anda rd  d e v i a t i o n  

Some developmental work has  been performed by t h e  s t a f f  of Rome A i r  
Development Center  (RADC) a t  t h e i r  Dexter, N.Y. an tenna  s i te .  This  has  been 
d i r e c t e d  towards developing an e f f e c t i v e  over- the- horizon (OTH) r a d a r  an tenna .  
A number of l i n e a r  phased a r r a y s  have been cons t ruc t ed  and t e s t e d  i n  bo th  t h e  
r ada r  receive and t r ansmi t  modes. A two-dimensional a r r a y  i s  c u r r e n t l y  be ing  
evaluated and is  be ing  used t o  develop and test  a d a p t i v e  a r r a y  techniques .  
Their i n i t i a l  work pre- dates  t h a t  performed by CRC. Discuss ions  between CRC 
and RADC personnel  were he ld  p r i c -  t o  C R C ' s  embarking on t h e  HF antenna 
program desc r ibed  i n  t h i s  r e p o r t .  

1.3 MOTIVATION FOR CRC WORK 

O r i g i n a l l y ,  t h e  mot iva t ion  f o r  conduct ing developmental work on 
Beverage an tennas  came from a CRC requirement  f o r  a h igh ly  d i r e c t i o n a l  OTH 
r ada r  receive antenna  w i t h  a 360" az imutha l  c a p a b i l i t y .  Th i s  antenna w a s  t o  
be s i t e d  a t  Cambridge Bay, N.W.T.  and was t h e r e f o r e  r equ i r ed  t o  wi ths tand  
extreme cl imat ic  c o n d i t i o n s .  A thorough s e a r c h  of commercially a v a i l a b l e  HF 
antennas revea led  t h e  fo l lowing  gene ra l  shortcomings:  

- they  w e r e  p r o h i b i t i v e l y  expensive;  

- t h e i r  i n s t a l l a t i o n  w a s  expensive because i t  r equ i r ed  s p e c i a l i z e d  
personnel  and equipment; 

- they  had l a r g e  moving s t r u c t u r e s  which could  prove t o  be troublesome 
i n  low A r c t i c  tempera tures ;  

- t h e i r  d i r e c t i v i t y  g a i n s  were l i m i t e d  t o  about  10 dB and t h e i r  az imutha l  
beamwidths w e r e  a t  leas t  60 deg rees ;  

- they  r equ i r ed  ex tens ive  ground s c r e e n s ;  

- t h e i r  maintenance requirements  w e r e  q u i t e  s u b s t a n t i a l  and t h e r e f o r e  
expensive.  
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It w a s  dec ided ,  on t h e  b a s i s  of t h e  encouraging r e s u l t s  of e a r l y  
r a d i a t i o n  p a t t e r n  measurements of Beverage an tennas ,  t h a t  a r o s e t t e  a r r a y  of 
24 Beverage an tennas  (elements)  be i n s t a l l e d  a t  Cambridge Bay, N.W.T. The 
elements of t h e  rosette a r r a y  w e r e  phased i n  p a i r s ,  g iv ing  1 2  f i xed  beams, 
which could be  s e l e c t e d  w i t h  a remotely opera ted  electr ical  switch loca t ed  a t  
t h e  c e n t r e  of t h e  a r r a y .  This c o n f i g u r a t i o n  of Beverage elements  r e s u l t e d  i n  
a n  inexpens ive  h i g h l y  d i r e c t i o n a l  HF antenna  which had a low phys i ca l  p r o f i l e ,  
and i n  a d d i t i o n ,  conta ined  no moving p a r t s .  The Cambridge Bay r o s e t t e  a r r a y  
w a s ,  need le s s  t o  s a y ,  found t o  b e  a n  e f f e c t i v e  OTH r a d a r  r ece iv ing  antenna.  
T$e succes s  r e a l i z e d  i n  t h i s  a p p l i c a t i o n  poin ted  t o  t h e  u s e  of Beverage 
an tennas  as  "bu i ld ing  b locks"  f o r  wide- aperture inexpens ive  HF antennas.  These 
would f i n d  use  i n  HF communications, OTH r a d a r s  and HF d i r e c t i o n  f i n d i n g  
systems. 
i v i t y  and wide bandwidth c h a r a c t e r i s t i c s ,  and of utmost importance, i t s  
s i m p l i c i t y  and low c o s t .  

The Beverage an tenna ' s  a t t r a c t i v e n e s s  stems from i t s  high d i r e c t-  

It w a s  dec ided  t h a t  a thorough knowledge of i ts  parameters  w a s  r equ i r ed  
t o  a l low f o r  o p t i m i z a t i o n  of i ts  performance i n  v a r i o u s  con f igu ra t ions .  The 
mot iva t ion  then  f o r  t h e  antenna work t h a t  has  taken  p l a c e  a t  CRC s i n c e  1971 
has  been, s imply ,  t o  d e r i v e  a complete d e s c r i p t i o n  of t h e  t e c h n i c a l  parameters  
of t h e  antenna and t o  determine,  by t e s t i n g ,  i ts p o t e n t i a l  as  an  HF antenna.  
With t h i s  i n  mind t es t s  and e v a l u a t i o n s  have been performed i n  t h r e e  d i s t i n c t  
a r e a s :  namely, communications, d i r e c t i o n  f i n d i n g  and r a d a r .  Extensive 
measurements have been performed on i n d i v i d u a l  Beverage elements  and compared 
wi th  r e s u l t s  de r ived  by us ing  t h e o r e t i c a l  developments t h a t  have been publ i sh-  
ed elsewhere. Comprehensive eng inee r ing  d a t a  have been c a l c u l a t e d  and 
t abu la t ed  i n  a r e a d i l y  a c c e s s i b l e  and u s a b l e  format .  These can b e  used by 
t h e  communications eng inee r  t o  e f f e c t i v e l y  des ign  HF Beverage antenna systems.  
Techniques have been developed which permi t  comprehensive assessments  of 
antenna s i tes .  F i n a l l y ,  a computer program w a s  developed, based i n  l a r g e  
measure on t h e  t h e o r e t i c a l  work performed a t  t h e  South West Research I n s t i t u t e  
(SWRI). 
s i n g l e  Beverage e lements  o r  a r r a y s  of Beverage elements .  

This  g i v e s  CRC a c a p a b i l i t y  f o r  c a l c u l a t i n g  parameters  f o r  e i t h e r  

1.4 PREVfEW 

This  r e p o r t  g i v e s  a summary of t h e  experimental  and t h e o r e t i c a l  d a t a  
t h a t  have been accumulated and developed, r e s p e c t i v e l y ,  a t  t h e  Communications 
Research Cent re  s i n c e  J u l y  1971 a t  which t i m e  some exp lo ra to ry  measurements 
were performed on a Beverage antenna e r e c t e d  a t  H a l l  Beach, N.W.T. 

Because,of t h e  l a r g e  wavelengths e x h i b i t e d  by HF r a d i o  waves, t h e  
ground on which HF an tennas  are e r e c t e d  must be considered an i n t e g r a l  p a r t  
of t hese  an tennas .  Therefore ,  p r o p e r t i e s  of t h e  ground must be taken i n t o  
cons ide ra t ion  when a t t empt ing  t o  determine t h e  performance of HF antennas.  
With t h i s  i n  mind techniques  are o u t l i n e d  i n  Sec t ion  2 f o r  measuring ground 
parameters  f o r  s i t i n g  of Beverage o r  o t h e r  HF antennas ,  by t h e  e r e c t i o n  of a 
s i n g l e  Beverage element and measurement of i t s  e l e c t r i c a l  parameters .  The 
e f f e c t  of t h e  e l ec t r i ca l  p r o p e r t i e s  of t h e  ground on t h e  antenna 's  impedance, 
ga in ,  current-wave v e l o c i t y ,  current-wave a t t e n u a t i o n ,  take- off ang le ,  e t c . ,  
i s  d iscussed  i n  c o n s i d e r a b l e  d e t a i l .  It is  shown t h a t  any one of t h e s e  
readily-measured parameters  can be used t o  d e r i v e  t h e  e l e c t r i c a l  parameters  
of t h e  ground. 
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Once t h e  e l e c t r i c a l  parameters  of t h e  ground t o  be used are known, 
p r e c i s e  engineer ing  of Beverage an tennas  can  b e  accomplished by r e f  e r r i n g  t o  
d a t a  g iven  i n  Appendix 11. It c o n s i s t s  of t h e o r e t i c a l  curves  which g ive  t h e  ' 

fo l lowing  Beverage antenna parameters;  az imutha l  beamwidth, v e r t i c a l  beam- 
width ,  power ga in  and ve r t i ca l  take- off ang le .  These are given f o r  a wide 
range of antenna geometr ies  ( l eng th  and h e i g h t )  and ground parameters .  An 
ex tens ive  comparison i s  also made of t h e o r e t i c a l l y  der ived  and measured 
an tenna  parameters t o  d e f h e  t h e  p r e c i s i o n  and confidence levels t h a t  can  b e  
ass igned  t o  t he  t h e o r e t i c a l  curves .  

0 It is  shown t h a t  t h e  performance of a s i n g l e  Beverage element ,  as a 
r e c e i v e  antenna i n  t h e  HF band, is  n o t  degraded by i t s  low e f f i c i e n c y  (- 2 % ) .  
This  i s  due t o  t h e  presence of a tmospher ic  and g a l a c t i c  n o i s e  a t  HF f r e q u e n c i e s  
making t h e  HF environment i n h e r e n t l y  no i sy .  

Sec t ion  4 d e a l s  w i th  r o s e t t e  and l i n e a r  phased a r r a y s  us ing  Beverage 
R e s u l t s  are given of e v a l u a t i o n s  performed antennas as b a s i c  b u i l d i n g  b locks .  

on a number of p ro to type  Beverage a r r a y s  used as d i r e c t i o n  f i n d i n g  and 
communications an tennas .  These have been developed and cons t ruc t ed  by CRC 
during t h e  cou r se  of t h e  work desc r ibed  i n  t h i s  r e p o r t .  Both t h e i r  t heo re t-  
i c a l  and measured e lec t r ica l  parameters  a r e  g iven  i n  t h i s  s e c t i o n .  

It i s  a l s o  shown i n  Sec t ion  4 t h a t  a l i n e a r  phased a r r a y  of Beverage 
antennas can be e f f e c t i v e l y  used n o t  only as a point- to- point communications 
r ece ive  an tenna ,  b u t  a lso as  a t ransmf '  an tenna .  Although t h e  e f f i c i e n c y  of 
a s i n g l e  element i s  only  about  1 .52 ,  I d s u l t i n g  i n  an antenna wi th  a power g a i n  
of 0 dBi,  an i n c r e a s e  i n  e f f i c i e n c y  aue  t o  a r educ t ion  i n  ground l o s s e s  can  
be r e a l i z e d  by phasing a number of antenna elements  t oge the r .  It is  expected 
t h a t  an e f f i c i e n c y  of 25% can be  r e a l i z e d  i n  p r a c t i c e ,  which then  pe rmi t s  
f a b r i c a t i o n  of communications an tennas  w i t h  power ga ins  of about  15-18 dBi.  
The performance of t h e s e  an tennas  s u r p a s s e s  i n  many i n s t a n c e s ,  t h a t  of 
c lass ica l  an tennas .  Furthermore t i e y  can b e  i n s t a l l e d  and maintained a t  an 
antenna s i t e  a t  a f r a c t i o n  of t h e  c o s t  of c lass ica l  antennas.  

The m a j o r i t y  of t h e  t h e o r e t i c a l  development used i n  t h i s  r e p o r t  i s  g iven  
I 

i n  Appendix I V .  Equat ions are de r ived  which permi t  t h e  c a l c u l a t i o n  of a l l  
p e r t i n e n t  e lec t r ica l  parameters  f o r  Beverage elements .  A la ter  s e c t i o n  of 
Appendix I V  g i v e s  equa t ions  which can be  used t o  c a l c u l a t e  r a d i a t i o n  p a t t e r n s  
of l i n e a r  phased a r r a y s .  F i n a l l y ,  a l i s t i n g  i s  given of t h e  computer program 
used to  c a l c u l a t e  t h e  e l e c t r i c a l  parameters  of both s i n g l e  Beverage elements  
and a l s o  l i n e a r  phased a r r a y s  of Beverage an tennas .  

, 

2. S I T I N G  OF BEVERAGE ANTENNAS 

2.1 S I T I N G  

The e lect r ica l  p r o p e r t i e s  of t h e  ground over  which a Beverage an tenna  
o r  any HF antenna i s  e r e c t e d  a f f e c t  i t s  e lec t r i ca l  parameters  and thereby  i t s  
performance. It  is  of p a r t i c u l a r  importance t h a t  t h e  ground sur rounding  
Beverage antenna a r r a y s  b e  chosen t o  be  as i s o t r o p i c  and homogeneous as 
p o s s i b l e  t o  ensu re  t h a t  t h e  r a d i a t i o n  p a t t e r n s  of t h e  i n d i v i d u a l  an tennas  a re  



6 

symmetrical, s imilar  and no t  skewed i n  azimuth. Var i a t ions  i n  t h e  e lec t r ica l  
p r o p e r t i e s  of t h e  ground w i l l  t end  t o  degrade t h e  r a d i a t i o n  p a t t e r n s  of 
antenna a r r a y s  and i n  p a r t i c u l a r  Beverage a r r a y s .  

The e lect r ical  parameters  of t h e  ground a t  Cambridge Bay, N . W . T . ,  are 
deduced from a number of independent Beverage antenna parameter  measurements. 
These are desc r ibed  i n  d e t a i l  i n  Sec t ion  2.3. A topographica l  map of t h e  s i t e  
showing t h e  l o c a t i o n  of bo th  t h e  r o s e t t e  and l i n e a r  Beverage antenna a r r a y s  
i s  given i n  F i g u r e s  2 and 3 .  The numerous l a k e s  i n  t h e  v i c i n i t y  of t h e s e  
afltennas sugges t s  t h a t  t he  ground a t  t h i s  s i t e  i s  no t  l i k e l y  t o  b e  e i t h e r  
i s o t r o p i c  o r  homogeneous. I n  gene ra l ,  t h e  t e r r a i n ,  a l though r e l a t i v e l y  f l a t ,  
i s  i n t e r s p e r s e d  w i t h  h i l l s .  The e l e v a t i o n  of t h e  r o s e t t e  and l inear  Beverage 
antenna a r r a y s  above sea level r e s p e c t i v e l y  w a s  approximately 100 and 50 ft. 
The r o s e t t e  an tenna  a r r a y  w a s  s i t e d  n e a r  t h e  crest  of a h i l l  whereas t h e  
l i n e a r  antenna a r r a y  w a s  s i t e d  i n  a n  a d j a c e n t  low- lying area. 

2.2 HOMOGENEITY OF THE GROUND 

Two types  of measurements were performed a t  Cambridge Bay t o  d e t e c t  any 
h e t e r o g e n e i t y  i n  t h e  ground surrounding t h e  Beverage r o s e t t e  an tenna  a r r a y .  
The p o s i t i o n  of t h e  r o s e t t e  a r r a y  i s  shown i n  t h e  topographica l  map g iven  i n  
F igu re  2 .  The f i r s t  c o n s i s t e d  of f i e l d  i n t e n s i t y  measurements i n  t h e  v i c i n i t y  
of a X / 4  monopole. They were made on t h e  ground wi th  a f i e l d  i n t e n s i t y  meter. 
The range  of t h e  meter from t h e  monopole was  610 m throughout ,  and i t s  azimuth 
w a s  incremented i n  15" s t e p s .  
source  and w a s  l o c a t e d  a t  t h e  geomet r i ca l  c e n t r e  of t h e  a r r a y .  R e s u l t s  are 
given i n  F igu re  4 of t h e  measurements which were made on 26 J u l y  1972 and 
26 September 1972. The f i r s t  measurement w a s  made p r i o r  t o  t h e  i n s t a l l a t i o n  
of the  r o s e t t e  an tenna  a r r a y ,  wh i l e  t h e  l a t t e r  w a s  made fo l lowing  i ts  
i n s t a l l a t i o n .  They both  i n d i c a t e  t h a t  t h e  ground w i t h i n  a 610 m r a d i u s  of 
t h e  r o s e t t e  an tenna  a r r a y  is  r e l a t i v e l y  homogeneous i n  azimuth,  a l though t h e r e  
are s m a l l  p e r t u r b a t i o n s  probably caused by t h e  s m a l l  l a k e s  and h i l l s  i n  t h e  
v i c i n i t y  of t h e  a r r a y .  
a t  azimuths of 120°,  240" and 300". 
c l o s e l y  t o  azimuths where a t  least p a r t  of t h e  ground between t h e  monopole 
and d e t e c t o r  i s  covered wi th  water. It is  of some i n t e r e s t  t o  n o t e  t h a t  t h e  
i r r e g u l a r i t i e s  appear ing  on t h e  curve  f o r  26 J u l y  a l s o  appear  on t h e  curve  
f o r  26 September. The f i e l d  i n t e n s i t y  level  measured on 26 September w a s  
roughly 5 dB g r e a t e r  than  t h a t  measured on 26 J u l y ,  which w a s  c o n t r a r y  t o  
e x p e c t a t i o n s  s i n c e  t h e  e lec t r ica l  parameters  of t h e  ground i n  t h e  Arctic are 
u s u a l l y  cons idered  t o  d e t e r i o r a t e  du r ing  t h e  win te r  season.  However, t h e  
i n c r e a s e  is  e a k i l y  expla ined  i f  i t  i s  a t t r i b u t e d  t o  a decrease  i n  t h e  e f f e c t -  
i v e  d i s t a n c e  of  propagat ion  due t o  an  enhancement of t h e  c o n d u c t i v i t y  of t h a t  
p o r t i o n  of t h e  p a t h  covered w i t h  Beverage an tennas  and t h e i r  copper ground 
sc reens .  

The monopole was e x c i t e d  by a 9.5 MHz one-watt 

For example, peaks i n  s i g n a l  level i n  F igure  4 occur  
F igu re  2 i n d i c a t e s  t h a t  t h e s e  correspond 

The second type  of measurement w a s  performed i n  t he  a i r  wi th  a n  a i r-  
c r a f t .  An a i r b o r n e  measurement of t he  f i e l d  i n t e n s i t y  emi t ted  by a d i p o l e  
w a s  made on 19 August 1974.  The monopole w a s  l o c a t e d  s l i g h t l y  n o r t h e a s t  of 
t he  r o s e t t e  array f o r  t h i s  measurement. Its l o c a t i o n  is  g iven  i n  F igure  3 .  
An improved XELEDOP technique (Barnes, 1965) w a s  employed t o  make t h e  
measurements. 
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A XELEDOP is a s h o r t  d ipo le  antenna u i t h  an HF t r a n s m i t t e r  located  a t  

Since t h e  package used a t  Cambridge Bay consis ted  of a 
its terminals .  
behind an a i r c r a f t .  ' 

s h o r t  d ipole  antenna and an  HF r ece ive r  a t  i ts terminals  r a t h e r  than a t rans-  
m i t t e r  i t  was ca l l ed  a RELEDOP. 

Antenna p a t t e r n  measurenents are made by towing t h i s  package 

The amplitude of t h e  f i e l d s  rad ia ted  by t h e  monopole antenna w a s  
measured w i t h  an a i r c r a f t  and t h e  XELEDOP package and t h e  d a t a  w e r e  relayed 
t o  a char t  recorder located  i n  t h e  a i r c r a f t .  The a i r c r a f t  towing t h e  RELEDOP 
flew a t  an a l t i t u d e  of 10,000 f t .  
(14.8 km) from a ground based radar  s i t u a t e d  near  t h e  monopole. The e leva t ion  
angle-of- arrival of a ray  j o i n i n g  the  de tec to r  and t h e  monopole w a s  11.6'. 
The r e s u l t s  of a measurement made a t  9.75 MHz are shown i n  Figure 5 together 
with t h e  measured p a t t e r n  of a Beverage p a i r  antenna. 
the  Beverage p a i r  antenna measurement a t  a la ter  t i m e .  

(3.05 km) and a constant  range of 8 nm 
e 

More w i l l  be s a i d  of 

The accuracy of these  f i e l d  i n t e n s i t y  measurements w a s  determined 
primari ly by t h e  accuracy t o  which the  a i r c r a f t  could be kept  a t  a range of 
8 nm from the  t racking radar .  This value  w a s  20.1 nm. Since t h e  r e l a t i v e  
change i n  f i e l d  i n t e n s i t y  E a t  t h e  a i r c r a f t  due t o  t h i s  v a r i a t i o n  i n  range 1: 

is given by 

E - t A E -  A r  0.1 - 1 + - = 1 + -  E r 8 

i t  follows t h a t  the  accuracy of t h e  measurement w a s  20.1 dB. The physica l  
separa t ion of the  monopole and t h e  t racking radar  caused a systematic e r r o r  
i n  the  measurements. 
r e l a t ionsh ip  between f i e l d  i n t e n s i t y  and range. 

This e r r o r  i s  e a s i l y  correc ted  by using the  inverse  

An example of t h e  accuracy of t h e  measurements i s  provided i n  Figure 5 
by t h e  v a r i a t i o n  i n  t h e  level of t h e  background s igna l .  The l e v e l  was 
approximately 0.8 dB g r e a t e r  a t  an azimuth of 125' than a t  an azimuth of 305". 
The f a d a r  used t o  t r a c k  t h e  a i r c r a f t  with t h e  RELEDOP w a s  no t  col located  wi th  
the  monopole, as mentioned be fore ,  but  r a t h e r ,  w a s  located  i n  "D" t r a i n  which 
w a s  a d i s t ance  of 0.41 nm from t h e  monopole, on a r a d i a l  whose azimuth w a s  
125". Therefore, a t  an azimuth of 1 2 5 O  t he  a i r c r a f t  w a s  0.82 nm f u r t h e r  from 
the  monopole than when its azimuth w a s  305". 
produce a v a r i a t i o n  of 0.85 dB i n  the  measured f i e l d  i n t e n s i t y ,  which i s  i n  
c lose  agreement with what w a s  measured. 

This would be  expected t o  

I t t i s  of i n t e r e s t  t o  note  t h a t  the  v a r i a t i o n  i n  t h e  f i e l d  rad ia ted  by 
the  monopole antenna and which is  a t t r i b u t a b l e  t o  v a r i a t i o n s  i n  t h e  topography 
of the  land ir, t h e  v i c i n i t y  of t h e  antenna is  less than 0.5 dB. This r e s u l t  
is s u r p r i s i n g  because t h e  t e r r a i n  s lopes  down from the  monopole f o r  azimuths 
between 20 and 200°, whereas f o r  azimuths between 240 and 20° the  t e r r a i n  no t  
only is rougher, but  t h e  monopole i s  somewhat obscured by the  crest of t h e  
h i l l  on which i t  is  s i t u a t e d .  
s c a t t e r i n g  of the electromagnetic energy and some obscurat ion of t h e  monopole 
by the  c r e s t  of t h e  h i l l .  

A t  these  azimuths one would expect ,  both 

" .  . 
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The s e c o n d -i s  t h e  super io r  of t h e  two techniques used a t  Cambridge Bay 

The f i r s t  technique measures the  
f o r  determining t h e  homogeneity of  the  ground. This stems from i t s  c lose  
simulat ion of a skywave conf igura t ion .  
e f f e c t  of t h e  ground on the  electromagnetic  wave which propagates from the  
vert ical  monopole d i r e c t l y  t o  the  de tec to r .  The s t r e n g t h  of the  s i g n a l  is 
propor t ional  p r imar i ly  t o  t h e  conduct iv i ty  of the  ground over which the  wave 
propagates. Var ia t ions  i n  the  s t r e n g t h  of t h e  s i g n a l  can be  a t t r i b u t e d  t o  
v a r i a t i o n s  i n  the  e l e c t r i c a l  conduct iv i ty  of the  ground. I n  the  second 
technique, t h e  signal a t  t h e  d e t e c t o r  c o n s i s t s  of a d i r e c t  ray  not  a f fec ted  
by t h e  ground and a r e f l e c t e d  wave whose amplitude and phase is  a funct ion  of 
fie e l e c t r i c a l  parameters of t h e  ground. This  dependence can be  observed i n  
Figures 6 and 7 where 10 MHz r e f l e c t i o n  c o e f f i c i e n t s  are given f o r  seven types 
of ground. This l a t t e r  technique al lows one, i n  p r i n c i p l e ,  t o  deduce the  
ground r e f l e c t i o n  c o e f f i c i e n t  i n  t h e  v i c i n i t y  of t h e  source-monopole antenna 
and the re fo re  the  e l e c t r i c a l  ground parameters. It i n  e f f e c t  i n t e g r a t e s  the  
p roper t i e s  of the  ground over a region approximately t h e  s i z e  of one f r e s n e l  
zone, which f o r  a 10 MHz monopole antenna rece iv ing  electromagnetic  energy a t  
an e leva t ion  angle  of say 11.6", is  an e l l i p s e  whose dimensions are 780 by 
160 meters. The t o t a l  area contained wi th in  t h i s  e l l i p s e  i s  2 3 . 6  a c r e s ,  
approximately t w i c e  t h e  area covered by t h e  r o s e t t e  antenna a r r a y  shown i n  
Figure  3 .  Clear ly ,  t h e  second technique i s  super io r  t o  t h e  f i r s t  f o r  probing 
ground homogeneity, simply because i t  employs a geometry which is  a c lose r  
approximation t o  t h a t  used when HF skywaves are used f o r  communications, 
d i r e c t i o n  f ind ing  o r  OTH rada r s .  

In Figure 3 a compass rose  has been drawn concentr ic  with the  loca t ion  
of the  monopole used f o r  t h e  a i rborne  tests. The dashed c i r c l e  de f ines  the  
ou te r  edge of t h e  f i r s t  Fresnel  zone a t  10 MHz. The bottom curve (binary 
curve) i n  Figure 5 i s  intended t o  i n d i c a t e  t h e  l o c a t i o n  of t h e  l a k e s  wi th in  
the  a r e a  described by t h e  c i rc le  i n  Figure 3. 
f i r s t l y ,  by drawing r a d i a l s ,  a t  appropr ia t e  azimuthal increments,  from the  
c e n t r e  of the  c i r c l e  t o  i ts  circumference. I f  the  r a d i a l  w a s  found t o  pas s  
over a l ake  contained wi th in  t h i s  circle i t  w a s  assigned the  number "one". 
On the  o ther  hand, i f  i t  did  n o t  i t  w a s  assigned t h e  number zero.  
bottom graph i n  Figure 5 t hese  numbers are p l o t t e d  a g a i n s t  t h e i r  azimuths. 
The dashetl l i n e s  i n  Figure  5 attempt t o  show t h a t  t h e r e  is a c o r r e l a t i o n  
between the  measured v a r i a t i o n  i n  t h e  monopole's te rminal  vo l t age  and the  
l o c a t i o n  of the  l akes  contained wi th in  the  c i r c l e  i n  Figure  3 .  The c o r r e l a t i o n  
is p a r t i c u l a r l y  good f o r  azimuths between 234 and 286" where a s u b s t a n t i a l  
por t ion  of a r e l a t i v e l y  l a r g e  l a k e  is i n  t h e  f i r s t  F resne l  region of t h e  
monopole antenna. The c o r r e l a t i o n  a t  o the r  azimuths i s  no t  as w e l l  defined 
due t o  the  d i f f i c u l t y  of decid ing where, i n  terms of t h e i r  e f f e c t  on the  
r e f l e c t e d  ray ,  t h e  l akes  e f f e c t i v e l y  start and s top  and a l s o  t h e  d i f f i c u l t y  
of matching t h e  pe r tu rba t ions  i n  te rminal  vo l t age  t o  t h e  c o r r e c t  lake .  Never- 
t h e l e s s ,  the  good agreement i n  Figure  5 between t h e  azimuths a t  which 
pe r tu rba t ion  occur on t h e  f i e l d  i n t e n s i t y  curve and t h e  azimuths a t  which 
the  b inary  curve has a value  of 1 suggests  a high degree of c o r r e l a t i o n  
between the  pe r tu rba t ions  and t h e  presence of lakes .  F igure  5 provides an 
example the re fo re  of the  c h a r a c t e r i s t i c s  exhibi ted  by pe r t ruba t ions  caused  
by ground which is no t  homogeneous and i n  p a r t i c u l a r  i t  demonstrates t h e i r  
r e l a t i v e  magnitudes. 

It w a s  derived from Figure 3, 

I n  the  
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2.3 MEASUREMENT OF GROUND CONSTANTS 

The ground parameters at Cambridge Bay were derived independently from . '  
five measurements which are described in detail and are as follows: 

- measurement of the amplitude of the field radiated by a monopole as a 
function of radial distance from the monopole; 

- measurement of the input impedance of a Beverage antenna as a function 
of frequency ; 

- measurement of the phase velocity of a current-wave on a Beverage 
antenna as a function of frequency; 

- measurement of the attenuation of a current-wave on a Beverage 
antenna as a function of frequency; 

- measurement of the gain of a Beverage antenna at 9 MHz. 
Four of the five methods involve measurements of Beverage antenna 

parameters. The first was included to serve as a check on the accuracy of 
the remaining four. They will be discussed individually, and in particular, 
it will be shown that Beverage antenna parameters can be used to find the 
electrical constants of the ground beneath the antenna. The ground parameters 
can then be used to derive certain other essential electrical parameters of 
the Beverage antenna using a computer program developed at CRC and which is 
based in part on theoretical work described by Travers et a1 (1964). This 
program and the theoretical development on which it is based are described in 
complete detail in Appendix IV. The program can be used to calibrate gain 
and azimuthal radiation patterns of arrays of Beverage antennas for a given 
elevation angle. 

2.3.1 Field In tens i ty  Versus Radial Distance 

A measurement of field intensity versus distance from a monopole antenna 
excited with a 9.75 MHz transmitter was made on 18 August 1974. 
of the monopole is shown in Figure 3.  The radial along which the measure- 
ments were made coincided with a road which ran to the north-west of the 
monopole. The results are shown plotted in Figure 8 with two theoretical 
curves derived from a Sommerfeld analysis of ground-wave propagation (Terman, 
Electronic and Radio Engineering, p. 804, 1955) for average ground (wet) and 
poor ground. Their conductivities and dielectric constants are given in 
Table I, which lists the electrical parameters of nine distinct and identi- 
fiable t$pes of earth. 
for poor ground and the experimental results of 18 August 1974. The field 
intensity measurements made on 26 September 1972 and 26 July 1972 are also 
included. These were previously given in greater detail in Figure 4. Average 
values are plotted with error bars showing the range of the variation in the 
measurements due to inhomogeneities in the ground. 

The location 

There is good agreement between the theoretical curve 
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TABLE i 

Eorth Conductivity Converstion Toble 
(With Typical Dielectric Constants) (A fter Trovers et 01, 1964) 

Resistivity Dielectric 
1 con stan t 
U (Typical) 

Conductivity (0 )  - 
Type of emu esu 

Earth (Abmho cm) (statmho cm) (mho-meter) 
* 

Sea Water 5 x lo-" 4.5 x 1 o ' O  5 .2 81 

Sea Water 3 x lo-11 2.7 x 10" 3 .33 81 

15 - 16 Wet Rich Soil 3 x  10lS 2.7 x 10' .03 33 

Average Soil 
(Wet) 1 x 1 0 - 1 3  9 x  lo7 .01 1 00 10 - 25 

Average Soil 
(Dry  1 3 x 10-14 2.7 x lo' 3 10-3 333 10- 15 

Poor Soil 1 x 1 0 - l ~  9 x  lo6 1 x 10-3 1 o3 10 

Poor Soil 
(Dry) 3 x 1 0 - 1 5  2.7 x lo6 3 10-4 3.3 lo3 8 

Dry Sand i x 9 x  1 0 5  1 x 1 0 - ~  1 o4 5 

Dry  Granite 
(Subsurface) 1 x 10-l* 900 10-7 1 07 Probably 

< 5  

The average value of f i e l d  i n t e n s i t y  measured on 26 Ju ly  1972 is  con- 
s i s t e n t  with a ground wave which has propagated a d i s t ance  of 0.610 km over 
dry average s o i l  (a = 3 x mho/m, E: = 12) .  This i s  b e s t  seen i n  Figure 9 ,  
which g i w s  t h e o r e t i c a l l y  derived values  of f i e l d  i n t e n s i t y  a t  a d i s t ance  of 
0.610 km from a s h o r t  v e r t i c a l  antenna exci ted  wi th  1 kw of RF power. Since 
the  r a d i a t i o n  p a t t e r n  of a A/4 monopole i s  s imi la r  t o  a s h o r t  v e r t i c a l  antenna 
these  r e s u l t s  a l s o  apply t o  t h e  f i e l d  rad ia ted  by a monopole. The ca lcu la ted  
values  which w e r e  derived from Figure 22-2 and Equation 22-1 i n  Terman (1955) 
a r e  a funct ion of t h e  electrical  constants  of t h e  e a r t h  over which t h e  wave 
has propagated. 

I n  Figure 9 they have been ca lcula ted  f o r  seven of t h e  types of e a r t h  
l i s t e d  i n  Table I, ranging from dry sand t o  sea water. 
b e s t  f i t  t o  t h e  t h e o r e t i c a l l y  derived values.  The length  of t h e  vert ical  
s i d e s  of the  rec tang le  are propor t ional  t o  t h e  v a r i a t i o n  i n  f i e l d  i n t e n s i t y  
measured a t  Cambridge Bay. 
t h e  range i n  the  ground conductivi ty.  It v a r i e s  between 2 x and 8 x 
or  as defined i n  Table I t h e  ground type v a r i e s  between about poor s o i l  and 
average s o i l  (wet).  On t h e  average though t h e  ground type might be b e s t  
c l a s s i f i e d  a s  being average s o i l  (dry) .  

The dashed l i n e  i s  a 

The hor izon ta l  ex ten t  of the  rec tangle  de f ines  

The s o i l  a t  Cambridge Bay is not  homogenous because i t  w a s  found t o  vary 
between poor s o i l  and average s o i l  (wet). Lakes w e r e  observed t o  have a 

-- c ~ 



higher  conduc t iv i ty  than t h e  sur rounding  t e r r a i n  because t he i r  presence  
enhanced t h e  average conduc t iv i ty  of t h e  r eg ion  t h a t  contained them.  

The va lue  of f i e l d  i n t e n s i t y  shown i n  F igu re  8 f o r  26 September 1972 is 
a l s o  c o n s i s t e n t  wi th  t h e  conclus ion  t h a t  t h e  ground type  i s  average s o i l  ( d r y ) .  
It must be  remembered t h a t  t h e s e  measurements w e r e  made wi th  t h e  r o s e t t e  
a r r a y  i n  p l ace .  It is surmised t h a t  t h e  copper w i r e  a s s o c i a t e d  wi th  t h e  
r o s e t t e  a r r a y  increased  t h e  c o n d u c t i v i t y  of  t h e  ground over  t h e  f i r s t  0.152 
km of t h e  0.610 km pa th  between t h e  monopole and t h e  f i e l d  i n t e n s i t y  meter. 

To demonstrate  t h e  e f f e c t  of t h e  ground s c r e e n ,  f i rs t  t h e  f i e l d  i n t e n s i t y  * 
a t  a d i s t a n c e  of 0.152 km from a monopole is  c a l c u l a t e d  f o r  average ground 
(dry) .  Using t h e  material quoted i n  Terman (1955) i t  i s  found t o  be  112.6 
dB > 1 pv/m. I f  t h e  r o s e t t e  a r r a y  were t o  improve t h e  conduc t iv i ty  of t h e  
ground so t h a t  i t  w a s  equ iva l en t  t o  t h a t  of w e t  r i c h  s o i l  w i t h  t h e  d i e l e c t r i c  
constant  remaining u n a l t e r e d  t h e  f i e l d  s t r e n g t h  of 0.152 km would i n c r e a s e  t o  
119.8 dB > 1 pv/m. Thus an  improvement i n  c o n d u c t i v i t y  of t h e  f i r s t  0.152 km 
of a 0.610 km p a t h  of t h i s  magnitude i s  s u f f i c i e n t  t o  i n c r e a s e  t h e  s i g n a l  
l e v e l  measured a t  a d i s t a n c e  of 0.152 km and a l s o  0.610 km from t h e  monopole 
by 7 . 2  dB. This  i s  s u f f i c i e n t  t o  account  f o r  t h e  discrepancy between t h e  
measurements made on 26 September and 26 J u l y  1972. 

It may b e  concluded t h a t  t h e  ground i n  t h e  v i c i n i t y  of t h e  r o s e t t e  a r r a y  
corresponds on t h e  average t o  average  ground ( d r y ) .  Measurements show i n  
a d d i t i o n  t h a t  i t  v a r i e s  between poor ground and average  ground ( w e t ) .  

2.3.2 Beverage Antenna Parameters 

( a )  Impedance Measurements: Impedance measurements were made as a 
func t ion  of f requency on seven of t h e  twenty- four Beverage an tennas  contained 
i n  the  Cambridge Bay r o s e t t e  antenna a r r a y .  The average  of t h e s e  seven 
measurements is p l o t t e d  as a dashed curve  i n  each of t h e  fou r  diagrams given 
i n  Figure 10. The quas i- per iodic  n a t u r e  of t h e  exper imenta l  curve  i n d i c a t e s  
a s t and ing  wave c o n d i t i o n  on t h e  Beverage an tennas  which sugges t s  t h a t  t h e  
antennas were n o t  te rmina ted  i n  t h e i r  c h a r a c t e r i s t i c  impedances. * 

Two t h e o r e t i c a l  curves  of i n p u t  impedance are a l s o  included i n  each of 
the  diagrams of  F i g u r e  10 ,  one f o r  a Beverage antenna te rmina ted  i n  390 ohms 
and the  o t h e r  f o r  a Beverage antenna te rmina ted  i n  i t s  c h a r a c t e r i s t i c  
impedance. The graphs are f o r  f o u r  d i f f e r e n t  types  of s o i l  c o n s i s t i n g  of 
poor s o i l ,  average  s o i l  (d ry ) ,  average s o i l  (wet) and w e t  r i c h  s o i l .  I n  a l l  
cases  t h e  a n t e n n a ' s  h e i g h t  above ground is  1 meter. 

A comparison of t h e  ampli tude and phases  of t h e  p e r t u r b a t i o n s  on t h e  
. 

exper imenta l  curve  and t h e  t h e o r e t i c a l  curve  f o r  a 390 R t e rmina t ion ,  
sugges t s  c l o s e s t  agreement occurs  f o r  average  s o i l  (dry)  and average  s o i l  
( w e t ) .  From t h e s e  i n p u t  impedance measurements one concludes t h a t  t h e  s o i l  
type a t  Cambridge Bay, i n  terms of i t s  e lec t r i ca l  parameters  is  loca t ed  
between, 01 = 3 x € 1  = 1 2  and 0 2  = lo-', 
o f €  a r e  medians of those  l i s t e d  i n  Table I. 

2 = 17,  where t h e  va lues  

(b) Attenuation Measurements: One of  t h e  Beverage antenna p a i r s  i n  
the  r o s e t t e  a r r a y  w a s  e x c i t e d  wi th  an RF g e n e r a t o r  a t  a number of f r equenc ie s  
between 5.8 and 23.7 MHz. The r e s u l t i n g  ampl i tude  of t h e  current-wave on one 
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of the wires was measured with a current probe, as a function of distance 
from the feed point. In Figure 11 the relative amplitude of the current versus I 

the distance from the feed point is shown for the various test frequencies. 
The attenuation constant for the Beverage element was derived from these 
curves and is also plotted as a function of frequency in Figure 11. The 
attenuation constant increases monotonically with increasing frequency. 

Theoretical values of current-wave attenuation on a Beverage antenna 
whose height above ground is one meter are given in Figure 12 for average soil 
Jdry), average soil (wet) and wet rich soil. 
Cambridge Bay is superimposed in each graph so that a comparison can be 
readily made between the experimental and theoretical curves. The best a ree- 
ment occurs for ground parameters for average soil (wet); namely, 0 = 10' 
mho/m and € =  17.0. 

The experimental curve for 

P 

(c) Measurement of Phase Velocity: The termination of one of the 
Beverage antennas in the Cambridge Bay rosette array was replaced with a 
"short". The antenna was then excited with an RF generator at frequencies of 
5, 10, 15 and 20 MHz. The short circuit caused an RF current standing wave 
condition on the antenna. A current probe was used to locate current-wave 
nodes which were numbered consecutively, starting from the terminated end. 
The measurements are plotted in Figure 13 in terms of distance of the nulls 
from the terminated end as a function of their assigned numbers. The wave- 
length of the current-wave is readily derived from the slopes of the straight 
lines. The velocity of the wave is then calculated and the ratios of the 
current-wave velocities and the speed of light are plotted in Figure 14. 
Theoretical values of current-wave velocity ratios are given for antenna 
heights between 0.3 and 3.0 meters and for average soil (dry), average soil 
(wet) and wet rich soil. 

The agreement in Figure 14 between the experimental and theoretical 
curves is not sufficiently close to allow for an unambiguous selection of the 
ground types. Further measurements need to be made to resolve the discrepancy 
between the theoretical and experimental values of current-wave velocity. 

(d)' Measurement of Beverage Pair Gain: A derivation of the Beverage 
pair gain, based for the most part, on the data in Figure 5 is as follows: 

- gain of Beverage pair antenna with respect to (w.r.t.) the 
6 dB 

- Beverage pair cable losses 5 dB 
- monopple antenna cable losses 7.5 dB 

monopole antenna at an elevation angle of 11" 

- net gain of Beverage pair w.r.t. monopole antenna 3.5 dB 
- gain of monopole antenna w.r.t. isotropic (assuming 

- gain of monopole antenna w.r.t. isotropic (assuming 

- gain of Beverage pair w.r.t. isotropic (assuming average 

average soil wet) at 11" elevation angle -1 dB 

poor soil) at 11" elevation angle -5 dB 

soil wet) at elevation angle of 11" 2.5 dB1" 
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- gain  of Beverage p a i r  w . r . t .  i s o t r a p i c  (assuming poor 

- gain  of Beverage p a i r  antenna a t  nose w . r . t .  gain a t  11" 

soil) a t  e levat ion  ang le  of 11" -1.5 dBi 

No dB 

- gain  of Beverage antenna w . r . t .  Beverage p a i r  antenna -3 dB 

- gain of Beverage antenna w . r . t .  i s o t r o p i c  (assuming 

- gain of Beverage antenna w . r . t .  i s o t r o p i c  (assuming poor 

average s o i l  - wet) -0.5 dBi 

s o i l )  -4.5 dBi 
* 

The t h e o r e t i c a l  gain of a Beverage antenna whose he igh t  above ground i s  
1 meter and length  is 100 meters is  given i n  Figure 21.  
i s  - 3 . 4  dBi and is e s s e n t i a l l y  cons tant  f o r  ground types between poor s o i l  
(dry) and w e t  r i c h  s o i l .  The gain  of a monopole, on the  o the r  hand, v a r i e s  
from +5 dBi f o r  p e r f e c t  ground t o  -1 d B i  f o r  average s o i l  (wet) and f i n a l l y  
-5 d B i  f o r  poor s o i l .  Agreement between t h e  t h e o r e t i c a l  ga in  of a Beverage 
antenna and t h a t  deduced from t h e  Cambridge Bay measurements occurs only i f  
i t  i s  assumed t h a t  the  monopole a t  Cambridge Bay w a s  s i t u a t e d  on s o i l  which 
f e l l  between average s o i l  w e t  and poor s o i l .  From t h e  Beverage p a i r  gain 
measurements, the re fo re ,  i t  can be  concluded t h a t  t h e  ground type a t  Cambridge 
Bay is  roughly average s o i l  (dry) .  

Its value  a t  10 MHz 

The gain  of a Cambridge Bay Beverage p a i r  w a s  measured previous ly  using 
a 9 MHz d ipo le  suspended from a ba l loon  a t  a d i s t ance  of 0.488 km from the  
cen t re  of t h e  r o s e t t e  a r ray  (Li tva  and Stevens, 1973). The f i e l d  a t  the  c e n t r e  
of the  a r r a y  w a s  measured wi th  a f i e l d  i n t e n s i t y  meter and i n  a d d i t i o n  a 
measurement w a s  made of t h e  vo l t age  a t  t h e  terminals  of a Beverage p a i r  
antenna. From these  i t  was concluded t h a t  t h e  ga in  of the  Beverage p a i r  w a s  
0 dBi, suggest ing the  gain of an i n d i v i d u a l  element t o  be -3 dBi, which i s  i n  
c l o s e  agreement wi th  t h e  t h e o r e t i c a l  ga in .  This r e s u l t  tends t o  lend support 
t o  the  argument made above f o r  deducing ground parameters a t  Cambridge Bay 
from a measurement of the  gain of a Beverage p a i r  antenna wi th  r e spec t  t o  the  
gain of a X/4 monopole antenna. 

2 . 3 . 3  Listing o f  Soil Types Deduced from Field Intensity and Antenna 
Measurements 

Table I1 gives a l i s t i n g  of s o i l  types  deduced from two d i s t i n c t  types 
of measurements performed a t  Cambridge Bay. The f i r s t  c o n s i s t  of measure- 
ments of t h e  f i e l d  i n t e n s i t y  of ground waves radia ted  by X/4 monopole 
antennas.  The second consis ted  of measurements of those e lect r ica l  para- 
meters of 'Beverage antennas which a r e  a funct ion  of t h e  s o i l  type beneath 
the  antenna. 

The s o i l  type a t  Cambridge Bay is  seen i n  Table I1 t o  vary  between 
poor s o i l  and average s o i l  (wet). It i s  n o t  homogeneous, b u t ,  i f  i t  i s  t o  
be  c l a s s i f i e d  wi th  one l a b e l ,  t h e  one t h a t  b e s t  descr ibes  i t  is average soil 
(dry) ,  wi th  t h e  fol lowing e l e c t r i c a l  parameters ,  (5 = 3 x mho/m and 
€= 12.  

The agreement shown i n  Table I1 between t h e  s o i l  types deduced from the  
va r ious  measurements l i s t e d  i n  Table I1 is reasonably good. This tends t o  
corrobora te  t h e  e f f e c t i v e n e s s  of t h e  CRC Beverage computer program i n  correc t-  
l y  p r e d i c t i n g  Beverage antenna parameters ,  when the  ground parameters a r e  known. 

-- c ~ 
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TABLE It 

Listing of Soil Types Derived from Measurements at Cambridge Bay 

Technique Type of Soil u (mho/m) E: (Air = 1) 

I Field Intensity poor soil - average soil 1 0 - 3  - 10-2 10 - 17 
(wet) 

I I  Antenna Measurements 
* 

(a) Impedance average soil (dry) 
average soil (wet) lo-* 

3 x 10-3 12 
17 

(b) Attenuation average soil (wet) 1 o-2 17 

(c) Phase Velocity lnconclu sive Inconclusive Inconclusive 

(d) Gain average soil (dry) 3 x 10-3 12 

Average average soil (dry) 3 x  1 0 3  12 

Only the current-wave phase velocity was found to be problematic in that 
the evidence it provided regarding the soil type at Cambridge Bay was in- 
conclusive. Further work is required to resolve the discrepancy between the 
measured and theoretical values. 

2.4 THEORETICAL ATTENUATION, IMPEDANCE AND PHASE VELOCITY 

Theoretical values are given in Appendix I of attenuation, characteristic 
impedance and phase velocity of Beverage antennas with heights above ground 
varying between 0 . 3  and 3 . 0  meters and for seven types of soil. The ground 
constants vary from u = lo”, € = 2 (Dry Granite, substrate) to u = lo’*, 
€ =  17 (Average soil, wet). 
engineerivg of Beverage antenna systems. 
the ground parameters need first to be determined, either by a measurement of 
signal strength as a function of distance from a monopole, or by a measurement 
of the attenuation of a current-wave on a temporary Beverage antenna. The 
value of the terminating resistor can be obtained from the curves of charac- 
teristic impedance given in these figures. The attenuation curves can be 
used to determine the power dissipation requirements of the terminating 
resistor for Beverage antennas used for transmitting. 

These data can be used in the design and 
Once an antenna site is selected, 

In Chapter 3 it will be seen that following a determination of the 
ground constants at the chosen antenna site the theoretical radiation patterns 
can be derived. The antenna can then be engineered to optimize the take-off 
angle, beamwidth, directivity and power gain within the constraints imposed 
by the type and quantity of the available real estate. 

2 . 5  DEBERT MEASUREMENTS 

The procedures given in Section 2.4 for determining ground parameters 
to facilitate derivation of antenna parameters will be demonstrated by means 



of an example. The antenna i n  t h i s  example is an  eight-element Beverage 
a r r a y  cur ren t ly  being used as a communication antenna a t  Debert,  N.S. These 
r e s u l t s  presented here  w i l l  a l s o  provide a f u r t h e r  tes t  of t h e  CRC Beverage 
antenna computer program. 

The Beverage a r r a y  a t  Debert c o n s i s t s  of Beverage elements whose lengths  
a r e  110 m and whose he igh t  above ground vary between 0.73 and 2 . 9  m because 
of v a r i a t i o n s  i n  topography. The average he igh t  of t h e  elements i n  t h e  a r r a y  
is 1.8 m. 
whose height  v a r i e s  between 0.73 and 1.55 m wi th  an average value  of 1.13 m. 

Most of the  measurements repor ted  h e r e  w e r e  made on element 81 

0 

A composite measurement of t h e  inpu t  impedances of the  eight- elements 
of the  Debert a r r a y  i s  given i n  Figure 15(a ) .  
i t s  c h a r a c t e r i s t i c  impedance (Z,). The magnitude of Z, w a s  obtained by 
measuring the  input  impedance of each antenna,  a t  c e r t a i n  f requencies ,  and 
varying the  value of i t s  terminat ing  r e s i s t o r  u n t i l  t h e  antenna's  inpu t  
impedance w a s  equal t o  the  va lue  of the  r e s i s t o r .  The value  of the  inpu t  
impedance a t  which t h i s  agreement occurred w a s  taken as the  c h a r a c t e r i s t i c  
impedance of the element. The measured va lues  i n  Figure 15(a)  are f a i r l y  
constant  over the  frequency range 2 - 1 7  MHz, sugges t ing  t h a t  t h i s  procedure 
f o r  determining the  c h a r a c t e r i s t i c  impedance is v a l i d .  
o f f"  i n  impedance is evident  on a l l  the  elements. 

Each element w a s  terminated i n  

Above 1 7  MHz a " f a l l -  

The measured d a t a  is  compared wi th  a t h e o r e t i c a l  curve derived f o r  a 
Beverage element s i t u a t e d  on average s o i l  ( w e t )  wi th  a height  above ground of 
2 m. The s o i l  type w a s  obtained from a cons ide ra t ion  of Figure 16(d) and w i l l  
be discussed i n  more d e t a i l  later.  There i s  reasonably good agreement between 
the  t h e o r e t i c a l  and experimental  va lues  i n  Figure 15(a) .  The measured inpu t  
impedance of element f l  terminated i n  i ts  c h a r a c t e r i s t i c  impedance i s  given 
i n  Figure 15(b) .  The experimental  curve i s  compared here  wi th  t h e o r e t i c a l  
curves f o r  average s o i l  (dry) ,  average s o i l  (wet) and w e t  r i c h  s o i l .  Although 
reasonably good agreement e x i s t s ,  t he  input  impedance of t h e  Beverage antenna 
i s  a weak funct ion  of t h e  s o i l  type and t h e r e f o r e  does not al low f o r  a unique 
s e l e c t i o n  of s o i l  type. 

' Open c i r c u i t  and s h o r t  c i r c u i t  input  impedance measurements of element 
f l  are given i n  Figure 15(c)  and (d): These measurements w e r e  made a t  
frequencies f o r  which t h e  inpu t  impedance of t h e  element w a s  rea l  when s h o r t  
c i r c u i t e d .  The curve f o r  c h a r a c t e r i s t i c  impedance i n  Figure 16(a)  w a s  derived 
from the  d a t a  contained i n  Figures 15(c)  and (d) wi th  t h e  expression 

where 

zo = JzoCZSC 
Zoc = open c i r c u i t  impedance 

Zsc = closed c i r c u i t  impedance 

Z, I =  c h a r a c t e r i s t i c  impedance 

The average value  of c h a r a c t e r i s t i c  impedance determined i n  t h i s  manner 
and shown i n  Figure 16(a )  is 480 52. 



1 6  . 

A p lo t  of sho r t  c i r c u i t  resonance number f o r  element i"1 is given a s  a 
function of frequency i n  Figure 16(b).  
u t ive  numbering of the  da t a  points  i n  Figure 15(c) and then p lo t t i ng  the  
number associated with each resonance point  aga ins t  t he  frequency a t  which 
the resonance occurred. The phase ve loc i ty  r a t i o  (n) of t he  current-wave on 
the antenna can be determined from t h i s  graph using (2) .  This expression was 
derived by using the  f a c t  t h a t  the  number of half-wavelengths of the current- 
wave on the antenna increases  by one when t he  frequency is increased from one 
resonance point  t o  t he  next 

These curves were obtained by consec- 

211 
mc 

n = -  

where n = phase ve loc i ty  r a t i o  

11 = length  of t he  antenna 

m = s lope of the  curve i n  Figure 16(b) 

c = ve loc i t y  of l i g h t  

Derived values of t he  phase ve loc i ty  r a t i o  for 'e lement  b l  a r e  p lo t ted  
i n  Figure 16(c) wi th  t heo re t i c a l  curves f o r  w e t  r i c h  s o i l  and average s o i l  
(wet). Although the  agreement is reasonably good, the  experimental values 
a r e  somewhat g rea te r  than t h e  t heo re t i c a l  values.  

Final ly ,  t h e  a t t enua t ion  of the  current-wave on element #l w a s  derived 
from the  closed c i r c u i t  impedance measurements given i n  Figure 15(c) and 
Equation (6). 

The input impedance of a transmission l i n e  is given by (Ramo e t  a l ,  
1967) 

-2yR 

-2ya 
l + p e  

1 - p e  
c zi = z, (3)  

where Z, = c h a r a c t e r i s t i c  impedance 

Zi = input impedance 

where ZL = load impedance 

y = a + jB (propagation constant)  

where Q = a t tenua t ion  constant (nepers/m) 

B = phase constant 
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If the line is sh rt circuited, p = -1 and it follows from (3)  

zo  - zi 

"1- T zi + zo 
-2Yf - - = A + j B  e 

r d 9 3 
If the characteristic impedance of the e ement is assumed to be r 

e 

and 

( 4 )  

a 1  then, 

where 

then 

R. and X. are the real and imagin i! ry parts respectively of the 
input impedance, 1 1 

' C  

J- ' - \ ? ,  -(fi;+hgi,s 

and 

-2 RoXi B =  
(Ro + Ri12 + xi 2 

Now, if Xi = 0 

I 
I &C/ -' I E ar 

G J C C d  V G .  4 c r  f = attenuation constant in dB/m r where 
, 
' r ?  I\c J qW\ 

The attenuation of the krrent-wave on the Beverage antenna can be a (.i,.bi;: 
* ( '  obtained from ( 6 )  and a measurement of Zi at the antenna's resonant frequencles 

where Xi = 0 .  
length and height above ground was 110 m and 1 m, respectively. 
are given in Figure 17 where a comparison is made between the attenuation 
determined from the current amplitude measurements along the wire and the 

This technique was tested on a Beverage element at CRC whose 
The results 
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values determined from measurement of Zi. 
impedance measurements show a g r e a t e r  degree of scatter  because of i n t e r f e r i n g  
s i g n a l s  on t h e  w i r e  a t  t h e  t i m e  of t h e  measurements. Theoret ica l  curves are 
a l s o  shown i n  Figure 1 7 ,  from which i t  can be  concluded t h a t  the  ground a t  
CRC can be c l a s s i f i e d  as being between average s o i l  (dry) and average s o i l  
(wet). 

The r e s u l t s  derived from t h e  

The curve g iving a1 versus frequency f o r  Beverage element 81 a t  Debert 
is shown i n  Figure 16(d) wi th  some superimposed t h e o r e t i c a l  curves. 

Jheore t i ca l  curve f o r  average s o i l  (wet) shows t h e  b e s t  agreement with the  
measurements, suggest ing t h i s  t o  be the  s o i l  type a t  Debert. This conclusion 
is not  i n  disagreement with the  v i s u a l  appearance and t e x t u r e  of t h e  ground 
a t  Debert . 

The 

From t h e  measurement of the  open and closed c i r c u i t  impedances of 
Beverage element 81 a t  Debert, one now knows t h e  c h a r a c t e r i s t i c  impedance of 
the  antenna and t h e  s o i l  type a t  Debert. This information then permits  
co r rec t  te rminat ion of t h e  antenna and i n  add i t ion  a de r iva t ion  of a l l  t h e  
antenna’s e l e c t r i c a l  p roper t i e s ,  i n  p a r t i c u l a r ,  i t s  gain and two dimensional 
r a d i a t i o n  p a t t e r n .  

3. BEVERAGE ANTENNA PARAMETERS 

3 .1  DESIGN PARAMETERS 

This s e c t i o n  gives  t h e o r e t i c a l l y  derived design parameters f o r  Beverage 
antennas. 
allow the  antenna engineer t o  design antenna system using Beverage elements, 
which w i l l  m e e t  h i s  requirements wi th in  c o n s t r a i n t s  se t  by a v a i l a b l e  rea l  
e s t a t e .  In  o the r  words, i f  the  antennas are t o  be i n s t a l l e d  on ground whose 
e l e c t r i c a l  parameters can be defined by t h e  range between poor s o i l  (dry) t o  
wet r i c h p o i l ,  and t o  have spec i f i ed  values  of gain  and take-off angles ,  t h e  
data i n  t h i s  s e c t i o n  w i l l  allow f o r  s e l e c t i o n  of t h e  optimum antenna length  
and height .  

It is intended t h a t  t h e  material w i l l  be  of s u f f i c i e n t  scope t o  

The following parameters are given i n  some d e t a i l :  

- gain of t h e  antenna a t  t h e  nose of i ts  r a d i a t i o n  p a t t e r n  (G ) r e l a t i v e  
t o  an i s o t r o p i c  antenna; N 

- 3 dB’ver t i ca1  beamwidth (BWv); 

- 3 dB azimuthal beamdwidth (BWA); 

- take-off angle of t h e  nose pf t h e  r a d i a t i o n  p a t t e r n  (9 ). N 
These parameters are defined i n  d e t a i l  i n  Figure 1 8  where t h e o r e t i c a l  v e r t i c a l  
and azimuthal r a d i a t i o n  p a t t e r n s  are given f o r  a t y p i c a l  Beverage element. 
In  t h i s  example t h e  antenna i s  s i t u a t e d  over average s o i l  (dry) and i t s  
length and he igh t  are respec t ive ly  110 m and 1 m. 
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Figures  11-1 t o  11-48 give  t h e o r e t i c a l  va lues  of GN, BWv, BWA and JIN 
f o r  Beverage antennas wi th  l eng ths  of 100, 200, 300 and 400 meters, he igh t s  
of 0.3, 1.0,  2.0 and 3.0 meters, s i t u a t e d  over poor s o i l  (dry) ,  average s o i l  
(dry) ,  and w e t  r i c h  s o i l  ( see  Table I).  General ly,  i t  i s  seen t h a t  the  gain 
GN i n  each case tends to  inc rease  wi th  inc reas ing  frequency, whereas the  
v e r t i c a l  beamwidth B h ,  azimuthal beamwidth BWA and take-off angle  $N tend t o  
decrease  wi th  inc reas ing  frequency. A s  an example consider  the  Beverage 
antenna defined i n  Figure 18 and c i t e d  previous ly  a s  be ing t y p i c a l .  Its 
parameters are given i n  Figure 11-21. 
the  frequency range 3 t o  25 MHz is as fol lows:  

The magnitude of t h e i r  v a r i a t i o n s  i n  

* 
GN, -8.5 t o  -0.5 dBi 

BWA, 65 t o  28" 

BWV, 46 t o  16" 

$ J ~ ,  24 t o  14" 

The d i s c o n t i n u i t i e s  t h a t  appear i n  t h e  graphs are caused by the  ampli- 
tude of t h e  secondary lobe inc reas ing  monotonically as t h e  frequency is  
increased and surpass ing t h e  magnitude of t h e  main lobe  a t  these  d iscont inui-  
ties.  The s i d e  lobe  then assumes t h e  r o l e  of t h e  main beam and t h e  curves f o r  
B h ,  BWA and GN undergo d i s c r e t e  changes i n  l e v e l .  It should b e  not iced  t h a t  
these  d i s c o n t i n u i t i e s  becorne more c l o s e l y  crowded towards t h e  low frequency 
end of t h e  spectrum as the  length  of t h e  antenna i s  increased.  Also, t h e  
graphs have been scb -he& s o  t h a t  the  d i s c o n t i n u i t i e s  do not  appear t o  be as 
abrupt  as they a c t u a l l y  are. 

An example of t h i s  e f f e c t  can be seen i n  Figure 19,  which g ives  por t ions  
of some v e r t i c a l  r a d i a t i o n  p a t t e r n s  f o r  a Beverage antenna wi th  the  parameters 
l i s t e d  for  Figure  11-36. These p a t t e r n s  a r e  given f o r  t h e  f requencies  4 ,  4.5, 
5 and 5.5 MHz which encompass t h e  frequency i n  Figure 11-36 (approximately 
4.15 MHz) a t  which d i s c o n t i n u i t i e s  occur i n  BWA, BWv and QN. 
of 4$0 MHz t h e  v e r t i c a l  p a t t e r n  has a main beam a t  8.5" and a s i d e  lobe a t  
29". 
t o  the  main beam. Its magnitude is g r e a t e r  than t h a t  of t h e  main beam a t  
4.5 MHz and thus  i t  assumes the  r o l e  of t h e  main beam a t  a frequency between 
4.0 and 4.5 MHz. The switching of t h e  r o l e s  of these  beams a t  roughly 4 .25  
MHz accounts  i n  Figure 11-36 f o r  t h e  discontinuous jump from 9 t o  25" i n  t h e  
curve f o r  $N. Since the  d i s c o n t i n u i t i e s  i n  t h e  curves f o r  BWA and BWv occur 
a t  t h e  same frequency as t h a t  f o r  JIN, i t  fol lows t h a t  these  d i s c o n t i n u i t i e s  
can be a g t r i b u t e d  t o  the  same mechanism. 

A t  a frequency 

A s  t h e  frequency i s  r a i s e d  t h e  s i d e  lobe  grows i n  magnitude with respect  

A b r i e f  summary of t h e  10 MHz information contained i n  t h e  t h e o r e t i c a l  
curves f o r  $N, GN, BWA and BWv i n  Figures  11-1 t o  11-48 is  given i n  Figures 
20 t o  22. These are intended only t o  show the  genera l  t rends  i n  the  e l e c t r i c a l  
parameters of Beverage antennas as a func t ion  of t h e i r  l eng th  and of the  
ground cons tan t s  of t h e  e a r t h  over which they are s i t u a t e d .  A l l  curves are 
s t r i c t l y  a p p l i c a b l e  t o  only one RF frequency, namely, 10  MHz. This frequency 
w a s  chosen because i t  is  located  a t  t h e  approximate middle of t h e  a c t i v e  HF 
band. 
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Figure 20(a) gives t h e  gain of a Beverage element as a -.~nction of i t s  
It varies from -16 dBi f o r  an  element height  length  f o r  average s o i l ' ( d r y ) .  

of 0.3 m t o  -2 dBi f o r  an element height  of 3.0 m. 
v a r i a t i o n  i n  gain  as t h e  l eng th  of t h e  element is var ied  from 100 t o  400 m. 

, I "  

There is  l i t t l e  o r  no 

Curves giving t h e  v a r i a t i o n  of azimuthal beamwidth BWA of a Beverage 
antenna wi th  length  are shown i n  Figure 20(b). 
between 1 and 3 m,  BWA decreases from a value  of 40" f o r  an element length of 
100 m t o  about 30" f o r  an element length  of 400 m. 

garameter  shows l i t t l e  o r  no v a r i a t i o n  wi th  length  f o r  an element whose height  
above ground is 0.3 m. 
about 60". 

Roughly speaking f o r  heights  

On t h e  o the r  hand, t h i s  

In  t h i s  l a t te r  example BWA has a constant  va lue  of 

Figure 2O(c) gives v e r t i c a l  beamwidths versus element lengths ,  f o r  
elements he igh t s  between 0.3 t o  3 m. 
about 25" and decreases t o  a va lue  of about 17" a t  an element length  of 400 m. 
Once again,  f o r  an element height  of 0.3 m,  t he re  i s  l i t t l e  o r  no v a r i a t i o n  
of t h i s  parameter with length.  
constant  with a magnitude of 34". 

For an element length  of 100 m i t  is  

The v e r t i c a l  beamwidth remains v i r t u a l l y  

The take-off angle of t h e  beam of a Beverage element i s  given as a 
function of l eng th  and height  i n  Figure 20(d). It i s  about 26" f o r  an element 
height  of 0.3 and v a r i e s  l i t t l e  as the  length  of the  antenna is  changed. 
element he igh t s  between 1 and 3 m i t  i s  roughly 20" f o r  element lengths  of 
100 m and decreases t o  approximately 15" f o r  element lengths  of 400 m. 

For 

The gain  of Beverage elements f o r  he igh t s  above ground between 0.3 t o  
3 m,  lengths  between 100 t o  300 m and s o i l  types between poor s o i l  (dry) and 
w e t  r i c h  s o i l  i s  given i n  Figure 21(a) .  
increases  as t h e  s o i l  type is var ied  from poor t o  good bu t  t h e  magnitude of 
t h i s  inc rease  is a t  most 6 dB. 
gain i s  less than 2 o r  3 dB. 

Usually, t h e  gain of t h e  antenna 

For most antenna geometries t h i s  v a r i a t i o n  i n  

The azimuthal beamwidth BWA of a Beverage antenna as a funct ion of 
he igh t ,  b n g t h  and s o i l  type i s  given i n  Figure 21(b). Most of the  values 
shown i n  t h i s  f i g u r e  f o r  t h i s  parameter l i e  between 25 and 45". The v e r t i c a l  
beamwidth B Q  is  given i n  Figure 22(a) ,  and i ts  values are contained i n  the  
i n t e r v a l  from 15 t o  30" wi th  a median value  of about 22". 

Figure 22(b) gives the  take-off angle QN of the  beam of t h e  Beverage 
antenna as a funct ion of ground type,  he ight  and length.  For most of the  
conf igura t ions  shown t h e  magnitude of $N is wi th in  the  i n t e r v a l  1 4  t o  25". 
The take-offbangle i s  seen t o  be r a t h e r  i n s e n s i t i v e  t o  the  type of ground 
beneath the  antenna except f o r  t h e  case of an element whose length  and height  
a r e  respec t ive ly  200 and 0.3 m. 
from about 20 t o  10" as the  s o i l  type is  var ied  from poor t o  good. 

I n  t h i s  ins tance  the  take-off angle  v a r i e s  

Figure 23 gives some comparisons of t h e o r e t i c a l  and measured values of 
gain and azimuthal beamwidths as a funct ion of height  of the  element above 
the ground and frequency of t h e  r a d i o  energy received by the  antenna. The 
measurements were made a t  Sh i r l ey  Bay using a t r ansmi t t e r  towed by an a i r c r a f t  
(XELEDOP, see p. 7 ) .  
mental and t h e o r e t i c a l  curves i n  Figures 23(a) t o  23(c) which give t h e  gain 
of a Beverage element, both as a funct ion of height  of t h e  element above 

There is  reasonably good agreement between the  experi-  
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ground and a l s o  frequency of t h e  r a d i o  wave impinging on t h e  antenna. 
F igures  23(e) and 23(f)  shoF; reasonable agreement between t h e  experimental " 

and t h e o r e t i c a l  curves f o r  azimuthal beamwidth a s  a funct ion  of frequency of 
elements wi th  he igh t s  above ground of 1 . 0  m and 1 .7  m. Poor agreement, on 
t h e  o t h e r  hand, e x i s t s  between t h e  t h e o r e t i c a l  and experimental curves i n  
Figures  23(d) of BW versus  frequency f o r  an element whose height  i s  0 . 3  m. k 

3.2 EFF IC IENCY OF BEVERAGE ANTENNAS * 
Most of t h e  measurements nade by CRC have been on Beverage elements 

which t y p i c a l l y  are 110 meters long and have a he igh t  above ground of 1 meter. 
They have been, f o r  t h e  most p a r t ,  e rec ted  over s o i l  which according t o  Table 
I would be  c l a s s i f i e d  as averag s o i l  (dry) .  It w a s  shown i n  Section 3.1 
t h a t  the  ga in  of a Beverage antenna wi th  these  parameters is  i n s e n s i t i v e  t o  
the  s o i l  type on which i t  i s  placed. 
element are compatible with those of c l a s s i c a l  HF antennas.  It fol lows t h a t  
i t s  parameters a r e  probably a i r l y  r e p r e s e n t a t i v e  of those which are l i k e l y  
t o  be used f o r  Beverage ante-.na systems. Typical ly,  i t  has been found t h a t  
these  Beverage elements have t h e  fol lowing parameters: 

Fur the r ,  t h e  dimensions of t h i s  Beverage 

- power gain ,  0 dBi; 

- d i r e c t i v i t y  ga in ,  18 dB; 

- azimuthal beamwidth, 'tC"; 

- v e r t i c a l  beamwidth, 2 , 

- s i d e  lobes down 15-25 .., 5 t h  respec t  t o  main beam; 

- take-off angle = 15". 

The discrepancy shown above bet,, 
ga in  is caused by i t s  low e f f i z i  v which i s  usua l ly  less than 2 pe r  cen t .  
As has been pointed out  i n  the  1 r a t u r e  the  major disadvantage of t h i s  type 
o f  entenna is i t s  low e f f i c i e c c y  

the  antenna ' s  d i r e c t i v i t y  ga in  and power 

It w i l l  be demonstratec 1 t h a t  the  i n e f f i c i e n c y  of the  Beverage 
antenna does not  l i m i t  i ts  usff1-!7~t?ss as a rece iv ing antenna i n  the  HF band 
because of t h e  inheren t ly  n o i  -ctromagnetic environment present  wi th in  
t h i s  band. It w i l l  a l s o  be c lbrn i n  Sect ion 4 . 4  t h a t  an " overf i l led"  l i n e a r  
phased a r r a y  (spacing less ti. .? C i h  a t  the  h ighes t  frequency) of Beverage 
antennas has g r e a t e r  e f f i c i e r - : .  t an t h a t  of a s i n g l e  antenna because of 
decreased ground l o s s e s .  F k a l l y  i t  w i l l  be demonstrated t h a t  a communica- 
t i o n s  antenna can be cons t ruzted  \ i t h  Beverage elements having a gain  a t  
10 MHz of 23 dB as a r e c e i v i i g  an Znna and a gain of up t o  15  dB as a t rans-  
m i t t i n g  antenna. The real  e ; t a t e  requirements would be  similar t o  those of 
t h e  l a r g e r  c l a s s i c a l  H F  an te inas ,  roughly a s i t e  whose dimensions w e r e  150 
by 150 m. 

Minimum and m a x i m u m  ex  ec te  va lues  of atmospheric and g a l a c t i c  noise  
f o r  a Beverage antenna s i t u a  ed i.. the  nor thern  hemisphere are given i n  
Figure  24. These curves w e r :  ob t . ined  from those given i n  C C I R  Report 322 
f o r  a s h o r t  v e r t i c a l  antenna 
t r o p i c .  I f  t h e  Beverage an t*nna  rere 100 percent  e f f i c i e n t ,  i t  would rece ive  

ass.ming the  d i s t r i b u t i o n  of no i se  t o  be iso- 
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t h e  same no i se  power as t h e  d ipole .  The curves i n  Figure 24 are displaced 
downwards from those i n  CCIR Report 322 t o  account f o r  the  low e f f i c iency  of 
the  antenna. A t  10 MHz, f o r  example, t h e  displacement is  18 dB because t h i s  
is the  d i f fe rence  between t h e  d i r e c t i v i t y  and power gains of t h e  antenna. 
the  antenna is followed by a preampl i f ier  with a no i se  f i g u r e  of say,  4.0 dB 
the  antenna is  l imi ted  by e x t e r n a l  noise ,  j u s t  as a more e f f i c i e n t  antenna 
would be,  between 2 . 3  and 18 MHz. Therefore, i t  appears t h a t  i n  many cases 
the  performance of t h e  Beverage antenna as a receiving antenna w i l l  not  be 
s e r i o u s l y  degraded as a r e s u l t  of i ts  low e f f i c iency .  

&e shown t h a t  t h i s  is  p a r t i c u l a r l y  t r u e  f o r  o v e r f i l l e d  l i n e a r  phased a r r a y s  
of Beverage antennas because of t h e  increase  i n  e f f i c i e n c y  t h a t  is  expected 
t o  be r e a l i z e d .  

I f  

I n  Sect ion 4.4 i t  w i l l  

Atmospheric and g a l a c t i c  no i se  are not  the  only types of noise  encount- 
ered i n  t h e  HF band. Man-made o r  s i t e  no i se  can i n  many cases be t h e  pre- 
dominant source of n o i s e  near  i n d u s t r i a l i z e d  areas. The numerous coherent 
man-made s i g n a l s  present  i n  t h e  HF band can a l s o  be a source of noise .  They 
can cause r e l a t i v e l y  high levels of intermodulation (IM) products t o  be 
generated i n  HF rece ive rs  because of non- l inea r i t i e s  i n  t h e i r  var ious  s t ages  
of ampl i f i ca t ion .  Since t h e  HF band i s  congested, t h i s  source of n o i s e  can 
only be reduced by using receivers which are very l i n e a r  and the re fo re  
expensive and by using highly  d i r e c t i o n a l  antennas. 
received with a Beverage antenna may i n  many cases be  g r e a t e r  than t h a t  
received with a more e f f i c i e n t  antenna simply because i t  has  g r e a t e r  d i r e c t-  
i v i t y  than many conventional antennas and the re fo re  g r e a t e r  a b i l i t y  t o  
a t t e n u a t e  s i g n a l s  not a r r i v i n g  from t h e  d i r e c t i o n  of t h e  wanted t r ansmi t t e r ,  
thereby reducing the  l e v e l  of I M  products i n  associa ted  receiving equipment. 

The SNR of a s i g n a l  

3.3 RADIATION PATTERNS 

3.3.1 I n d i v i d u a l  Beverage Element 

An extens ive  computer program has  been developed a t  CRC which is  capable 
of calcuLating a l l  of t h e  important e l e c t r i c a l  parameters f o r  Beverage 
antennas. The inputs  t o  t h e  program cons i s t  of ground parameters (conduc- 
t i v i t y  and d i e l e c t r i c  constant ) ,  he ight  and length of t h e  antenna. It can be 
used t o  c a l c u l a t e  antenna gain ,  a t t enua t ion ,  phase v e l o c i t y  of t h e  current-  
wave on the  w i r e  and two dimensional antenna r a d i a t i o n  p a t t e r n s .  

Some measured Beverage element r a d i a t i o n  p a t t e r n s  f o r  1 2  and 18 MHz are 
given i n  Figure 25 f o r  antenna he igh t s  between 0 . 3  and 1 . 7  m.  The measure- 
ments were performed a t  Sh i r l ey  Bay on a Beverage antenna whose length w a s  
110 m. A t r ansmi t t ing  d ipo le  (XELEDOP) w a s  ued t o  make t h e  measurements 
(see p. 7 ) .  

The s i d e  and back lobe l e v e l s  f o r  t h e  p a t t e r n s  shown i n  Figure 25 
decrease q u i t e  d r a s t i c a l l y  wi th  respec t  t o  t h e  main beam when the  height  of 
t h e  antenna i s  lowered from 1 .7  m t o  0.3 m.  Dramatic evidence of t h i s  is  seen 
from t h e  p a t t e r n s  i n  Figure 25(a) t o  Figure 25(c). 
f r o n t  t o  s i d e  lobe r a t i o  i s  -7.5 dB. This value  decreases t o  -15 dB a s  the  
height  of the  antenna is  lowered from 1 . 7  t o  0.3 m .  On t h e  o the r  hand t h e  
gain of the  antenna inc reases  almost l i n e a r l y  w i t h  he igh t ,  t h e  gain being 
roughly 10 dB grea te r  a t  1.7 m than a t  0.3 m. 

I n i t i a l l y  t h e  maximum 

The antenna has good s i d e  and 
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back lobe r e j e c t i o n  when H = 0 . 3  m ,  f = 1 2  MHz, and goo1 
when H = 1 . 7  rr,, f = 18 MHz. 

back lobe r e j e c  ion  

A comparison is made i n  Figures 26 and 27 of t h e o r e t i c a l  r a d i a t i o n  
p a t t e r n s  and the  experimental p a t t e r n s  shown i n  po la r  form i n  Figure 25. I n  
most ins t ances  the  agreement between the  two curves is  reasonably good f o r  
azimuths wi th in  260" of the  bores igh t .  
two examples shown f o r  a Beverage antenna whose he igh t  is  0.3 m. I n  these  
ins tances  t h e r e  i s  some disagreement between t h e  Beverage antenna's  theore t-  
i c a l  and experimental main beam p a t t e r n s .  I n  genera l  t h e r e  is  a l s o  a 
discrepancy between the  t h e o r e t i c a l  and experimental  s i d e  lobe l e v e l s .  I n  
many of these ,  though, t h e r e  is f a i r l y  good agreement between t h e  f i n e  
s t r u c t u r e  of the  t h e o r e t i c a l  and experimental s i d e  lobes .  

The exception t o  t h i s  occurs i n  t h e  

~ 

Measured v e r t i c a l  p a t t e r n s  f o r  a Beverage antenna located  a t  Sh i r l ey  
Bay w i t h  dimensions H = 1 . 7  m and L = 110 m are given i n  Figure 28. The 
measurements were again made wi th  an a i r c r a f t  towing a t r ansmi t t ing  d i p o l e  
(XELEDOP). While i t  flew along a s t r a i g h t  l i n e  a t  a cons tant  a l t i t u d e  of 
300 m over t h e  Beverage antenna t h e  amplitude of  t h e  s i g n a l  a t  the  te rminals  
of the  Beverage was recorded. The recorded s i g n a l  l e v e l  w a s  correc ted  f o r  
v a r i a t i o n s  caused by t h e  char;ging range and r a d i a t i o n  p a t t e r n  of the  towed 
d ipo le ,  a s  t h e  a i r c r a f t  fleL- over the  Beverage antenna. 

A s  a check on the  accuracy of t h e  technique t h e  p a t t e r n  of a monopole 
was measured and compared with a t h e o r e t i c a l  curve f o r  a monopole antenna 
s i t u a t e d  on average ground. Good agreement i s  seen t o  exist  between t h e  two 
up t o  an e l e v a t i o n  angle  of 50'. Beyond t h i s  po in t  the  Xeledop da ta  appears 
t o  become u n r e l i a b l e .  

Figure 28(a) g ives  the  v e r t i c a l  p a t t e r n  of a Beverage element measured 
with a h o r i z o n t a l l y  polar ized  Xeledop package. Figure 28(b) g ives  a compari- 
SOR between the  p a t t e r n  given i n  Figure 28(a) and t h a t  measured with a 
v e r t i c a l l y  po la r i zed  Xeledop package (dashed l i n e s ) .  There is  reasonably 
good agreement between the  two p a t t e r n s  up t o  an e l e v a t i o n  angle  of 30'. 
Beyvd t h i s  angle  agreement e x i s t s  only between t h e  l e v e l s  of the  two sets of 
s i d e  lobes.  There is disagreement i n  t h e i r  loca t ions .  Figure 28(c) g ives  a 
comparison between t h e  measured p a t t e r n  of Figure 28(a) and a t h e o r e t i c a l  
p a t t e r n .  There i s  reasonably good agreement between t h e  two p a t t e r n s .  Two 
exceptions t o  t h i s ,  are t h e  l o c a t i o n ,  once again ,  of the  n u l l s  and the  l e v e l  
of t he  back lobes  of t h e  antenna. 

Agreement between t h e o r e t i c a l  and experimental  Beverage antenna 
r a d i a t i o n  p a t t e r n s  have proved i n  genera l  t o  be good except t h a t  t h e  l e v e l  of 
the  s i d e  and back lobes  is usual ly  g r e a t e r  f o r  t h e  measured p a t t e r n s  than f o r  
the  t h e o r e t i c a l  ones. Typical ly t h e  s i d e  lobes  of t h e o r e t i c a l  patterns are 
25 dB lower than t h e  main beam whereas measured values  a r e  normally only about 
15 dB below the  level of the  main beam. 

I t  is bel ieved t h a t  the  discrepancy between t h e  levels of t h e o r e t i c a l  
and experimental s i d e  lobes  f o r  Beverage antennas is  l a r g e l y  due t o  t h e  
component of h o r i z o n t a l  p o l a r i z a t i o n  possessed by t h e  r a d i o  waves used i n  
making the  measurements. Although considerable  e f f o r t  w a s  extended towards 
ensuring t h a t  the  Xeledop antenna was v e r t i c a l  when i t  w a s  being towed by t h e  
a i r c r a f t ,  i t  i s  l i k e l y  t h a t  t h e  antenna possessed s u f f i c i e n t  t i l t  t o  in t roduce  

-- , . 
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a s i g n i f i c a n t  h o r i z o n t a l  p o l a r i z a t i o n  t o  t h  r a d i o  waves it e m  
t h e o r e t i c a l  p a t t e r n s  have been derived only f o r  v e r t i c a l l y  pol4 
waves. For example, t h e  maximum devia t ion between t h e  experimc 
t h e o r e t i c a l  p a t t e r n s  i n  Figures 26 and 27 occurs f o r  azimuths o 
A t  these  azimuths the  s e n s i t i v i t y  of t h e  antenna t o  t h e  horizon 
of p o l a r i z a t i o n  of t h e  r a d i o  waves impinging on i t  i s  a m a x i m u m ,  
hand t h e  c l o s e s t  agreement between t h e  experimental and theore t i  
occurs f o r  azimuths near t h e  b o r e s i t e  and an t i- bores i t e  d i r e c t i o  
antenna is  least s e n s i t i v e  t o  the  hor izon ta l  component of t h e  rat 
which i t  is being i l luminated.  Since skywaves, be ing e l l i p t i c a l :  
inherent ly  have a component of hor izon ta l  p o l a r i z a t i o n  t h e  respor. 
antenna t o  t h e  h o r i z o n t a l  component of p o l a r i z a t i o n  of r a d i o  wave 
t h a t  should be inves t iga ted  i n  the  fu tu re .  

*. 

3.3.2 Beverage P a i r  Antenna 

The r o s e t t e  a r r a y  consis ted  of 24 Beverage elements separate1 
azimuth. A segment of t h e  a r r a y  is  shown i n  Figure 2 9 .  Each elemc 
m long with a height  above ground of approximately 1 m. The elemen 
phased together  i n  p a i r s  wi th  power adders t o  form 12 f ixed beams s 
i n  azimuth by 30'. A p lan  view of the  o v e r a l l  a r r a y  i s  shown i n  Fil 
where each element p a i r  o r  Beverage p a i r  i n  Figure 29 is shown as or 
This diagram shows the  azimuths of the  f ixed beams and gives an  i n d i  
t h e  area occupied by t h e  a r r a y .  

The d i s t a n c e  between t h e  two elements i n  each Beverage p a i r  was 
t o  g ive  the  apparent  phase cen t res  of the  elements a separa t ion  of an 
mately x/2 a t  10 MHz. On s o l e l y  i n t u i t i v e  grounds, t h e  apparent phas\ 
of Beverage antennas w a s  taken t o  be t h e  po in t  on t h e  antenna where tl 
amplitude of a current-wave, exc i t ed  by a t r a n s m i t t e r  a t  t h e  feed poig 
the antenna, w a s  3 dB less than i ts amplitude a t  t h e  feed point  (See 4 
3.5). This conf igura t ion w a s  chosen t o  inc rease  t h e  d iscr iminat ion g< 
the  element p a i r s  by causing cance l l a t ion  of t h e  radio-wave energy arri 
from the s i d e s  because of t h e  X/2 s p a t i a l  separa t ion.  Each element p a l  
connected, t o  a switch box a t  t h e  cen t re  of the  a r r a y  v i a  an RF cable. i 
switch w a s  operated remotely t o  connect a rece ive r  loca ted  i n  a b u i l d i 3  
from the  r o s e t t e  a r r a y  t o  any one of the  a r r a y ' s  twelve element-pairs. 5 

Figure 31(a) .  This w a s  measured a t  9 . 7 5  MHz using t h e  towed t ransmit ter j  
technique (XELEDOP). 
except t h a t  h e r e  i t  has been transformed i n t o  po la r  form. Figure 31(b) s 
the  p a t t e r n  given i n  Figure 31(a) with some super-imposed skywave measuri 
ments. ThesC were measured wi th  the  r o s e t t e  a r r a y  on signals-of-opportun 

antenna f o r  a dura t ion  of 6 seconds, determining an average value of its I 

amplitude and then p l o t t i n g  t h i s  va lue  i n  Figure 31(b). The azimuth of ea 
point  corresponds t o  t h e  azimuth of t h e  s i g n a l  wi th  respec t  t o  the  boresigl 
of the  Beverage p a i r  antenna on which i t  w a s  received.  The remainder were 
obtained from quasi- instantaneous measurements of t h e  s i g n a l  a t  each antenn 
and p l o t t e d  i n  the  same way. For the  l a t te r ,  a diode switch a t  the  cen t re  
the  a r r a y  w a s  programed t o  connect t h e  receiver  t o  t h e  ind iv idua l  a r r a y  
members i n  rapid  succession.  The dwell t i m e  on each antenna pos i t ion  w a s  
approximately 1.4 m s c .  

The azimuthal p a t t e r n  of one of t h e  Beverage p a i r  antennas is  g ive  ? 

It is t h e  same p a t t e r n  as t h a t  shown i n  Figure 5, 

P a r t  of the  d a t a  w a s  obtained by monitoring t h e  s i g n a l  on each Beverage p4 1 

P i c t u r e s  of osc i l loscope d i s p l a y s  of the  s i g n a l  

It follows f l  

extends to a range 
ments made w i t h  t h  
p a i r  they a r e ,  a t  

! 
t 
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amp 1 i ude were ob 3ined as the swi ch stepped sequentially through the various 
antenna positions. This technique allowed for measurement of the relative 
amplitudes of the voltages, induced by skywave signals at the antenna termi- 
nals, in a recording time that was short compared to the normal fading rate 
for HF signals. 

There is reasonably good agreement between the two sets of measurements 
in Figure 31(b). The azimuthal beamwidths and side lobe levels are essential- 
ly the same in both cases suggesting that the measurements made with the towed 
transmitter and vertically polarized antenna gave a good approximation to 
the radiation pattern of the Beverage antenna appropriate for skywaves. 

* 

In Figure 31(c) a comparison is given between the XELEDOP pattern of 
Figure 31(a) and a measurement made with a balloon. The latter was performed 
at 9 MHz with a transmitter and a vertically polarized half-wave dipole 
suspended from a balloon, of the type normally used to collect meteorological 
data. There is good agreement between the main beams of the two patterns but 
a fairly large discrepancy in the side and back lobe levels. These levels 
are considerably lower on the balloon measurements. This may result from the 
balloon-suspended-dipole being more closely vertically polarized than was the 
case f o r  the Xeledop antenna towed by the aircraft. 

. 

Some measurements of the vertical pattern of a Beverage pair are given 
in Figure 32 .  The solid curve was deduced from the theoretical curve for a 
single element with ground parameters appropriate to average soil (dry). The 
theoretical results were augmented by 3 dB because there are two Beverage 
elements in each Beverage pair. Balloon and aircraft measurements are super- 
imposed. The measurements show good agreement with one another and with the 
theoretical curve. The balloon measurements do depart, however, from the 
theoretical curve at low elevation angles, below, say 4' and in addition above 
about 24" .  The former discrepancy is due, as will be discussed in Section 
3.6, to contamination by a ground wave component. This was radiated by the 
balloon suspended transmitter at these low elevation angles because its close 
proximity to the ground. Since the balloon measurements were made at a radius 
of ply 0.488 km the balloon suspended dipole came to within A / 4  of the 
ground at the lower elevation angles indicated in Figure 32.  The low eleva- 
tion angle aircraft measurements on the other hand were made with the test 
antenna at a much greater height and range and therefore were not affected by 
a surface wave component. 

Furthermore, the balloon measurements will also be somewhat in error 
because they were not made in the far field of the Beverage pair antenna. 
The near field of an antenna following Kraus (1950) is given by the following 
relation, 

R = 2L2/h 

where R = range from antenna to its near field - far field boundary 
L = largest physical dimension of the antenna 

h = wavelength 
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It fo l lows  from t h i s  exp res s ion  t h a t  t h e  Beverage p a i r  nea r  f i e l d  
ex tends  t o  a range  of 0.81 km a t  10 MHz. Since  t h e  r a d i a t i o n  p a t t e r n  measure- . 
ments made w i t h  t h e  b a l l o o n  were made w i t h i n  t h e  nea r  f i e l d  of t h e  Beverage 
p a i r  they are,  a t  b e s t ,  a n  approximation t o  i t s  f a r  f i e l d  p a t t e r n .  

A complete ver t ica l  p a t t e r n  f o r  t h e  Beverage p a i r  i s  given i n  F igure  33. 
This  w a s  measured w i t h  a n  a i r c r a f t  towing a s h o r t  d i p o l e  antenna and receiver 
(RELEDOP) and f l y i n g  d i r e c t l y  over  t h e  Beverage p a i r  antenna a t  a cons t an t  
he igh t  of 3 .1 lan. For t h i s  measurement t h e  Beverage p a i r  w a s  exc i t ed  a t  9.75 

%Hz and t h e  s i g n a l  r ece ived  by t h e  towed d i p o l e  w a s  recorded.  
ments made p rev ious ly  a t  9 .0  MHz are superimposed f o r  purposes of comparison 
(Litva and Stevens ,  1973).  Although t h e r e  i s  disagreement  i n  t h e  d e t a i l  of 
t h e  main lobe  and back l o b e  t h e r e  is  agreement i n  t h e  r e l a t i v e  levels of t h e  
two. There i s  a l s o  some disagreement i n  t h e  l o c a t i o n  and t h e  beamwidths of 
t h e  main beam. It is expected t h a t  t h e  a i r c r a f t  measurements are t h e  more 
accu ra t e  of t h e  two because t h e  former were made i n  t h e  f a r  f i e l d  of t h e  
Beverage p a i r ,  whereas t h e  latter were made i n  t h e  nea r  f i e l d  of t h e  antenna.  
On t h e  o t h e r  hand i t  must b e  remembered t h a t  t h e  ba l loon  measurements are 
l i k e l y  t o  be  less contaminated by a h o r i z o n t a l  component of p o l a r i z a t i o n  of 
t h e  r a d i o  waves e i t h e r  t r a n s m i t t e d  o r  rece ived  by t h e  d i p o l e  antennas a l o f t  
during each type  of measurement. 

Balloon measure- 

3.4 ISOLATION BETWEEN BEVERAGE ELEPIENTS 

One Beverage p a i r  of t h e  Cambridge Bay r o s e t t e  a r r a y  w a s  e x c i t e d  w i t h  
an  RF gene ra to r  a t  a number of f r equenc ie s  between 5.8 and 23.7 MHz and t h e  
vo l t age  induced a t  t h e  t e rmina l s  of each  of t h e  remaining e leven  an tennas  w a s  
measured. 
v o l t a g e  induced i n  t h e  two a d j a c e n t  an tennas  w a s  a t  leas t  30 dB below t h a t  
app l i ed  t o  t h e  an tenna  be ing  e x c i t e d .  
antennas w a s  a t  least  50 dB below t h e  e x c i t a t i o n  l e v e l .  

The r e s u l t s  of t h e s e  measurements are g iven  i n  F igure  34. The 

The v o l t a g e  induced i n  t he  non- adjacent 

3.5 PHASE CENTRE OF BEVERAGE ELEMENTS 

Since no conc re t e  evidence e x i s t s  as  t o  t h e  l o c a t i o n  of t h e  phase c e n t r e  
of t h e  Beverage element ,  a n  es t imated  phase c e n t r e  w a s  chosen, on i n t u i t i v e  
grounds a lone ,  t o  be  t h e  p o i n t  a t  which t h e  ampli tude of a current-wave f e d  
i n t o  t h e  antenna by a t r a n s m i t t e r  w a s  a t t e n u a t e d  by 3 dB from its v a l u e  a t  
t h e  an tenna ' s  i n p u t  t e rmina l .  Contours f o r  3- , lo-, and 20-dB reduc t ions  i n  
t h e  c u r r e n t  were de r ived  from Figure  l l ( b )  and are shown i n  Figure 35 p l o t t e d  
on a graph whose c o o r d i n a t e s  
moves away from t h e  feed  p o i n t  as t h e  frequency is  decreased .  This  sugges t s  
t h a t  i f  t h e  e s t ima ted  phase c e n t r e s  of t h e  two elements  of an element p a i r  
are  sepa ra t ed  by X/2 a t  a p a r t i c u l a r  frequency (10 MHz f o r  t h e  Cambridge Bay 
Beverage p a i r s ) ,  t h i s  s e p a r a t i o n  of x / 2  can be  maintained over  a range of 
f r equenc ie s  i f  t h e  an tennas  are on r a d i a l s  such as shown i n  Figures  29 and 30. 
A s  t he  frequency,  f o r  example, is  inc reased  and t h e  wavelength decreased ,  t h e  
es t imated  phase c e n t r e s  of an element moves toward t h e  feed  p o i n t ,  where t h e  
s p a t i a l  s e p a r a t i o n  of elements is  a l s o  less .  I n  t h e  case of decreas ing  
frequency and i n c r e a s i n g  wavelength t h e  e s t ima ted  phase c e n t r e  moves away from 
the  feed  p o i n t  to a reg ion  where s e p a r a t i o n  of t h e  elements  i s  g r e a t e r .  By 
p l ac ing  t h e  two element i n  each p a i r  on a p p r o p r i a t e  r a d i a l s ,  t h i s  X/2 s e p a r a t i o n  
o f , t he  e s t ima ted  phase c e n t r e s  may be  maintained over  a f a i r l y  broad range  of 
f requencies .  

are frequency and d i s t a n c e .  The 3-dB p o i n t  
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jBoL cos 6 - YL 1 - e  
Y - j B 0  cos 6 

3.6 LOW FREQUENCY BEVERAGE ANTENNA 

sin ' 

The original development work on the Beverage antenna was directed . . I  

toward developing an antenna for reception of trans-Atlantic low frequency 
radio waves. Although tests have not been carried out in this frequency band 
at CRC, it is felt that the antenna could, in some cases, replace the large 
vertical monopole antennas used currently for both transmitting and receiving 
skywaves at these frequencies. This applies to point-to-point application 
where a considerable saving might be realized in the cost of antennas. 

* Figure 36 gives the theoretical radiation patterns at 125 kHz for a 
Beverage antenna situated over poor ground with the following dimensions, 
H = 7.62 m, L = 7.4 km. It is to be noted that the gain at the nose of the 
patterns is -15 dBi which compares very favourably with antenna gains achieved 
presently with large towers. The cost of this type of Beverage antenna would 
be only about 1/10 that of a large LF tower which is a predominant antenna 
type at these frequencies. It should be emphasized that the antenna gain at 
these frequencies has not yet been validated by measurements. 
ed here as an area that deserves further investigation. 

It is present- 

3.7 SURFACE WAVE G A I N  OF BEVERAGE ANTENNAS 

3.7.1 T h e o r e t i c a l  Express ion  

An expression for the gain of a Beverage antenna for surface or ground 
waves can be obtained from Equation 33 in Travers et a1 (1964). It follows 
from this equation that the magnitude of the voltage at the terminals of a 
Beverage antenna illuminated with a surface wave is given by 

and , 

where 

y = a + j f 3  

VT = l7MS amplitude of the terminal voltage 

IEI = FWS amplitude of surface wave field inte 

X = free space wavelength 

L = length of antenna 

6 = tilt angle of surface wave 

sity 

a = current-wave attenuation on antenna (nepers/metre) 

8 = Bo/n 
n = antenna current-wave propagation factor 
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The wave tilt angle is given as Equation 41 in Travers et a1 (1964). 

where 
0 

w = 21Tf 

€ 0  = permittivity of free space 

= relative dielectric constant of the earth % 
u = conductivity of the earth 
g 

With the substitution 

r = y - jg, cos 6 

the expression for the terminal voltages becomes 

-rR 1 - e  
r = DL sin 6 'T 2 

The power Pr that the antenna extracts from a passing surface wave is given 
by 

]El2 gh2 
P r = P d x A =  rl 41T 

* 
where Pd = power density 

g = gain of antenna w.r.t. isotropic 

17 = characteristic impedance of free space (377 ohm) 

A = effective aperture of antenna 

The power delivered t o  the terminals of the antenna is also given by 
. 
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Solving the above three equations for gain g it follows that 

3 .7 .2  Measured Surface Wave Gain 

The surface wave gain of an antenna can be measured in at least two * independent ways. First, the antenna is illuminated with a source and a 
measurement is made of both the field intensity at the antenna and the antenna's 
terminal voltage. Second, two antennas are excited with a transmitter, one 
whose gain is known and the other whose gain is unknown and the field 
intensity generated by each at some convenient distance, possibly 1 mile is 
measured and compared. 

An example of the first technique was performed with a Beverage pair 
antenna at Cambridge Bay. As discussed previously in Section 2.3.2(d) its 
gain was measured as a receiving antenna with a transmitter raised aloft by 
means of a weather halloon. Measurements were taken with the transmitter 
located on the boresight of Beverage pair #12, at a distance of 0.488 km from 
the centre of the array. While the height of the transmitter was varied the 
field intensity of the signal from the transmitter was measured at the centre 
of the array and is given in Figure 38. Concurrent measurements were made of 
the voltages at the terminals of Beverage pair antenna /I12 and also Beverage 
pair antenna 1 6 .  
opposite to one another and therefore permitted simultaneous front and back 
lobe measurements. 

As shown in Figure 30 these antennas were diametrically 

Values for the gain of the Beverage pair antennas were derived from the 
measurements of field-intensity and terminal voltages induced in the antennas. 
First, by calculating the effective aperture of the antenna and then using 
the following well known relationship between effective aperture and gain. 

* 

where g = gain w.r.t. isotropic 

A = effective aperture 

A = wavelength . 
The gain of a Beverage pair antenna versus elevation angle is shown in Figure 
39 and consists of four curves, two for spacewave or skywave signals and two 
for ground or surface wave signals. The curves on the left are for main-beam 
entry of signals, and on the right for backlobe entry. A field intensity of 
6 7 . 3  dB above 1 pV/m was used in the calculation of the skywave curve. This 
is the resulting value of the field intensity of the direct and indirect rays 
from the balloon transmitter when at an elevation angle of 15O. However, it 
is essentially the magnitude of the direct ray; the indirect ray being 
negligible at this angle because it is near the pseudo-Brewster angle. 

The portion of the curve for elevation angles less than about 4" in 
_ _  Figure 39 is thought to give the gain of the Beverage-element pair for surface 

b 



30 

o r  groundwaves. Th f i e l d  i n t  n s i t i e s  i n  Figure 38 f o r  v e r t i c a l  angles  less , 

than about 4"  appear t o  be g r e a t e r  than might be  expected,  s i n c e  the  coe f f i-  
c i e n t  of r e f l e c t i o n  f o r  t h e  i n d i r e c t  ray  approaches -1, and a l a r g e  n u l l  
should occur a t  these  low e l e v a t i o n  angles .  
u = mho/m € =  10 ,  f o r  example, t h e  r e f l e c t i o n  c o e f f i c i e n t s  a t  4" ,  2", and 
0.5" are r e s p e c t i v e l y  0.631-178", 0.81-179' and 0.951- 179.50", ( see  Figure 7 ) .  
Accordingly, the  f i e l d  i n t e n s i t y  s h o w n T i T i g u r e  38 a t  t h e s e  angles  should be  
reduced by 9 ,  1 4 ,  and 25 dB, r e s p e c t i v e l y ,  from i t s  peak va lue  a t  15". Since 
no deep n u l l  is apparent ,  i t  appears t h a t  a s u r f a c e  wave has  been generated 
by t h e  balloon-suspended t r a n s m i t t e r  and i t s  d i p o l e  antenna,  and t h a t  the  
f i e l d  i n t e n s i t y  measured, e s p e c i a l l y  a t  very low v e r t i c a l  ang les ,  is due 
e s s e n t i a l l y  t o  t h i s  wave. 

For ground c o e f f i c i e n t s  of 

* 

It might be  argued t h a t  t h e  reason t h e  n u l l  d i d  no t  appear i n  t h e  
v e r t i c a l  r a d i a t i o n  p a t t e r n  of t h e  Beverage p a i r  antenna,  a t  low e l e v a t i o n  
ang les ,  w a s  because t h e  source w a s  wi th in  t h e  antenna ' s  near  f i e l d  o r  Fesnel  
region.  
e l eva t ion  ang les  the  direct  and i n d i r e c t  space waves from t h e  bal loon t rans-  
m i t t e r  cancel  because the  ground r e f l e c t i o n  c o e f f i c i e n t  is near  -1. Therefore 
the wave t h a t  propagated from t h e  source t o  t h e  Beverage p a i r  antenna a t  these  
low e leva t ion  angles  can only have been a s u r f a c e  wave. 

This  argument is r e a d i l y  d i s p e l l e d  by t h e  r e a l i z a t i o n  t h a t  a t  low 

The Beverage antenna is  s e n s i t i v e  t o  s u r f a c e  waves because they t r a v e l  
with a forward t i l t  and t h e r e f o r e  have a h o r i z o n t a l  component of p o l a r i z a t i o n  
which is a b l e  t o  induce a c u r r e n t  i n  the  h o r i z o n t a l  Beverage antennas. 
angles less than 4"  the  a c t u a l  va lues  05  f i e l d  i n t e n s i t y  a t  each angle ,  r a t h e r  
than i t s  value  a t  a v e r t i c a l  angle  of 15" were used t o  c a l c u l a t e  t h e  c ross  
s e c t i o n  and gain  of t h e  element p a i r .  A value  of about 0 dBi w a s  derived 
from these  measurements f o r  t h e  ga in  of a Beverage p a i r  antenna.  
t h a t  the  gain of a Beverage element is  3 dB less than a Beverage p a i r  i t  
foliows then t h a t  ga in  of a Beverage element is -3 dBi which i s  i n  reasonably 
good agreement with the  t h e o r e t i c a l  r e s u l t s  i n  Figure 37. 

For 

Recal l ing  

The second of t h e  two types of measurements mentioned a t  t h e  s t a r t  of 
The ground, 

A comparison was made of the  su r face  wave f i e l d  i n t e n s i t i e s  generated 

t h i s  s e c t i o n  was performed a t  Area 9 (near  Richmond, Ontar io) .  
a s  can be seen from Figure 32, i s  much b e t t e r  than t h a t  found a t  Cambridge 
Bay. 
by a reference  monopole antenna and a Beverage antenna a t  a d i s t a n c e  of about 
1 m i l e .  I t  w a s  found t h a t  the  ga in  of t h e  Beverage antenna w a s  about 2 dB 
r e l a t i v e  t o  t h e  monopole antenna. Since the  t h e o r e t i c a l  gain of a monopole 
antenna is  5.16 d B i  (Smith, 1946) i t  appears t o  fol low t h a t  the  gain of a 
Beverage is  7.16 dB. This r e s u l t s  i n  a discrepancy of about 1 4  dB with the  
t h e o r e t i c a l  c*urve i n  Figure 32. 

c 

Careful  measurements w e r e  made of the  monopole antenna ' s  ga in  by 
i l lumina t ing  i t  with a s u r f a c e  wave and measuring both f i e l d  i n t e n s i t y  and the  
antenna ' s  te rminal  vol tage .  
was -3 d B i ,  from which i t  fol lows t h a t  the  gain of t h e  Beverage is  approxi- 
mately -1 dBi. 

It w a s  found t h a t  t h e  monopole's average gain 

A f u r t h e r  measurement w a s  made a t  Area 9 wi th  a Beverage antenna 
i n t e r c e p t i n g  a s u r f a c e  wave generated by a t r a n s m i t t e r  a t  a d i s t ance  of 7 
miles.  
near  the  Beverage antenna and t h e  te rminal  vo l t age  of t h e  antenna were 

The frequency of t h e  s i g n a l  was 8.172 MHz. Both t h e  f i e l d  i n t e n s i t y  
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measured. From t h i s  measurement i t  w a s  deduced t h a t  t h e  su r face  wave gain  of 
the  Beverage antenna w a s  -9.5 dBi which is  i n  c l o s e  agreement with t h e  
t h e o r e t i c a l  r e s u l t s  i n  Figure 3 7 .  

It  i s  concluded from the  l imi ted  s u r f a c e  wave da ta  presented h e r e  t h a t  
the re  is  agreement, wi th in  experimental e r r o r ,  between theory and measurements. 
Further  measurenents need t o  be  made t o  confirm t h e  dependence of t h e  ga in  of 
the  antenna on frequency. 

* 3.8 THEORETICALLY DERIVED VALUES OF SURFACE WAVE G A I N  

Theore t i ca l  curves giving t h e  s u r f a c e  wave gain  of Beverage antennas 
a r e  shown i n  Figure 111-1 and 111-2. The antennas are s i t e d  on poor s o i l  
(dry) and r i c h  s o i l  (wet).  Their  he igh t s  and l eng ths  are var ied  respec t ive ly  
between 0.3 t o  3 m and 100 t o  300 m. 

It should b e  noted t h a t  the  gain of t h e  Beverage antenna tends 
t o  be higher when s i t e d  on poor s o i l  (dry) than when i t  i s  s i t e d  on r i c h  s o i l  . 
(wet). For t h e  most p a r t  t h i s  e f f e c t  is due t o  t h e  t i l t  of the  s u r f a c e  wave 
being greater and t h e r e f o r e  i t s  e l e c t r i c a l  v e c t o r  having a l a r g e r  h o r i z o n t a l  
component p a r a l l e l  t o  t h e  Beverage antenna, when propagating over poor s o i l  
than when propagating over good s o i l .  I n  m o s t  i n s t ances  the  gain of t h e  
antenna i s  independent of i t s  height  above ground f o r  frequencies below about 
5 MHz. Fur the r ,  f o r  frequencies above 5 MHz t h e  ga in  of t h e  antenna appears 
to  change l i t t l e  as i ts  length  is  increased from 100 t o  300 m. Below 5 MHz, 
on the  o the r  hand, t h e  ga in  does tend t o  inc rease  monotonically a s  t h e  length  
of the  Beverage element i s  increased from 100 t o  300 m. 

4. BEVERAGE ANTENNA SYSTEMS 

4.1 INTRODUCTION 
b 

Beverage antennas used a s  elements o r  bu i ld ing  blocks f o r  HF antenna 
systems wi th  l a r g e  a p e r t u r e s  a r e  covered i n  t h i s  sec t ion .  HF antenna systems 
a r e  c u r r e n t l y  being used f o r  d i r e c t i o n  f ind ing ,  over- the-horizon r a d a r s  and 
point- to-point communications. I t  w i l l  be shown t h a t  the  e f f i c i e n c y  of a 
l i n e a r  a r r a y  of Beverage antennas can be considerably g r e a t e r  than t h e  
e f f i c i ency  of a s i n g l e  Beverage antenna. I f  a s u f f i c i e n t  number of elements 
a r e  phasfd toge the r ,  not  only w i l l  t he  r e s u l t i n g  a r r a y  be e f f e c t i v e  a s  a 
rece iv ing antenna,  but  i t  w i l l  a l s o  be e f f e c t i v e  as a t r ansmi t t ing  antenna. 

Two types of a r r a y s  w i l l  be discussed i n  d e t a i l ;  f i r s t l y ,  t h e  r o s e t t e  
a r ray  and secondly,  the  l i n e a r  ar ray .  Both of these  have been evaluated by 
CRC a t  O t t a w a  and a t  Cambridge Bay, N.W.T., as communications, d i r e c t i o n  
f inding and rada r  antennas.  The f i r s t  i s  recommended f o r  use on point-to- 
point  communication c i r c u i t s ,  and t h e  l a t t e r  f o r  communications te rminals  
r equ i r ing  azimuthal d e x t e r i t y .  The la t te r  is a l s o  recommended as a r e l a t i v e-  
l y  inexpensive antenna system with a p p l i c a t i o n s  i n  HF d i r e c t i o n  f ind ing .  A l l  
of these  antenna systems have a r e l a t i v e l y  low phys ica l  p r o f i l e  because of 
the  low p r o f i l e  of the  Beverage antenna which serves a s  the  b a s i c  element f o r  
these systems. 

b -  
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4.2 ROSETTE ARRAYS 

4.2.1 Cambridge Bay Rosette Array 

One of the first Beverage arrays developed at CRC was a rosette array 
installed at Cambridge Bay, N.W.T., which was described in some detail in 
Section 3.5. It might be reiterated that the elements were phased together 
in pairs with power adders to form 12 fixed beams separated in azimuth by 30". 
The azimuths of these 12 beams are given in Figure 30. Each Beverage pair 
was connected to a switch box at the centre of the array via an RF cable. The 
ewitch box consisted of twelve diode switcheF which facilitated selection of 
the output of any one of the Beverage pairs from the building housing the 
receiver. The rosette array of Beverage antennas and electrical switch 
constituted a receiving antenna with a 3 dB azimuthal beamwidth of 30" which 
was steerable in 360" of azimuth. 

No further results of the electrical parameters of the Beverage elements 
of the Cambridge Bay rosette array will be given since these were covered in 
some detail in Sections 2 and 3 .  Rather, results of evaluations of the 
effectiveness of the Cambridge Bay rosette array as an HF direction finding 
and communications antenna will be given here. 
that this antenna was primarily used as an OTH radar receiving antenna at 
Cambridge Bay. 
included here because of its classified nature (Jenkins and Hagg, 1975). 

It should be stated in passing 

Data showing its effectiveness in this capacity are not 

4.2.2 Rosette Array as a Communications Antenna 

Figure 40 gives pictures of the CRT display of a Hewlett Packard spectrum 
analyzer connected alternately to a rosette Beverage pair and a monopole 
antenna resonant at 9.748 MHz. Both of these antennas were monitoring an HF 
signal whose frequency was 9.748 MHz and emanated from a transmitter at Alert. 
The pictures show signals in a 2 MHz portion of the HF spectrum centred on 
the frequency of the Alert signal. 

The SNR of the Alert signal with respect to interference levels in a 
20.2 MHz band centred on the frequency of the Alert signal is indicated for 
12 consecutive time intervals. The duration of time between measurements 
was a random variable but, on the average, it probably was 15 minutes. These 
values were obtained from the pictures of the spectrum analyzer display. 
This ratio indicates the effectiveness of an antenna in discriminating against 
interference. It was found to be considerably larger on the Beverage member 
than on the monopole antenna. 
member was +20 dB and that for the monopole antenna was +5 dB. Therefore, 
the difference in SNR is +15 dB, which closely corresponds to the difference 
in directivity gains of the two antennas. For example, the directivity gain 
of the Beverage member is 18 dB and that of the monopole antenna 6 dB at 10 
MHz which gives a difference of 12 dB in the gains of the two antennas. If 
the distribution of the interference were isotropic the difference in signal- 
to-interference ratios measured on the two antennas would tend to approximate 
the difference in their directivity gains. 

The median SNR measured for the Beverage 
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4 . 2 . 3  Rosette Array as a DF Antenna 

The e l e c t r o n i c  switch loca ted  a t  t h e  c e n t r e  of t h e  Cambridge Bay r o s e t t e  
a r r a y  f a c i l i t a t e d  rap id  azimuthal s t e e r i n g  o r  switching of t h e  antenna beam. 
This permit ted the  te rminal  vo l t ages  of t h e  12 members of t h e  r o s e t t e  a r r a y  
t o  be sampled i n  a t i m e  t h a t  w a s  s h o r t  compared t o  t h e  normal fading per iod  
of HF s i g n a l s .  The amplitude of t h e  s i g n a l s  a t  t h e  te rminals  of t h e  r o s e t t e  
a r r a y  w a s  found t o  vary i n  magnitude, a s  w a s  expected,  wi th  the  l a r g e s t  signal 
appearing on the  a r r a y  member most c l o s e l y  a l igned wi th  t h e  azimuthal d i r e c t i o n  
of arr ival  of t h e  s i g n a l .  It w a s  found t h a t  the  d i r e c t i o n  of a r r i v a l  of t h e  
s i g n a l  could be i n t e r p o l a t e d  between two a r r a y  members from t h e  r a t i o  of 
amplitudes of t h e  s i g n a l s  on t h e s e  two members. These i n i t i a l  tests suggest-  
ed t h a t  t h i s  conf igura t ion  of Beverage antennas and e l e c t r o n i c  switch could 
be the  b a s i s  f o r  an inexpensive d i r e c t i o n  f ind ing  system wi th  a n  accuracy of 
about 1 t o  2 degrees (J. L i tva  and E.E.  Stevens, pa ten t  pending, 1973). 

e 

R e s u l t s  of some i n i t i a l  tests performed t o  determine t h e  f e a s i b i l i t y  of 
d i r e c t i o n  f ind ing  wi th  t h e  Cambridge Bay r o s e t t e  a r r a y  are given i n  Figure 
41.  These c o n s i s t  of p i c t u r e s  of t h e  CRT d i sp lay  of an  o s c i l l i s c o p e  monitor- 
ing  t h e  audio output  of a r e c e i v e r  tuned t o  accept  WWV skywave s i g n a l s  
received by t h e  r o s e t t e  a r r a y .  Each t r a c e  c o n s i s t s  of  t h e  te rminal  vo l t ages  
of the  12 r o s e t t e  antennas monitored consecutively i n  t i m e ,  each f o r  a 
dura t ion  of 1 . 2  msec. Although a wide range of sampling t i m e s  were poss ib le  
only on: was  a c t u a l l y  used i n  these  pre l iminary  r e s u l t s .  Each complete t r a c e  
consi,c ing  of samples of t h e  1 2  antenna terminal  vo l t ages  provided by the  
r o s e t t e  a r r a y  requi red  1 4 . 4  msec. Figure 41(a) ,  f o r  example, shows q u i t e  
dramacically t h e  manner i n  which the  antenna terminal  vo l t ages  vary as the  
te rminals  of the  1 2  antennas are sampled sequen t i a l ly .  The s t r o n g e s t  s i g n a l  
appeared on antenna 6 whose azimuth w a s  143" (see  Figure 30).  This suggests  
t h a t  the  approximate azimuth of t h e  s i g n a l  w a s  143" 215". It w i l l  be  shown 
t h a t  t h e  accuracy of t h i s  bear ing  can be  improved by consider ing  t h e  r a t i o  
of the  amplitudes of the  s i g n a l s  on the  two antennas adjacent  t o  antenna 6. 

Direc t ion  f ind ing  traces obtained wi th  a 15 MHz signal emit ted by the  
WWV t r a n s m i t t e r  located  a t  Boulder, Colorado are given i n  Figures 41(b) t o  
41(cf .  Although t h e  azimuth of t h i s  t r a n s m i t t e r  with r e spec t  t o  Cambridge 
Bay is  179.5", t h i s  need n o t  be  t h e  azimuthal ang le  of a r r ival  of HF s i g n a l s  
emanating from t h i s  t r a n s m i t t e r .  Bearings of HF s i g n a l s  are observed t o  vary 
with t i m e ,  p r i n c i p a l l y  because of t i l ts i n  t h e  ionosphere. Therefore the  
azimuthal angle  of a r r i v a l  of HF s i g n a l s  can dev ia te  q u i t e  markedly from i ts  
g r e a t  c i r c l e  bearing.  In  Figure 41(b) the  s i g n a l  of l a r g e s t  amplitude appears 
on antenna 7 whose azimuth w a s  173". The s i g n a l  amplitudes are almost equal  
on the  tyo antennas ad jacen t  t o  antenna 7 .  This sugges ts  t h a t  t h e  azimuth 
of t h e  s'ignal i s  i n  c l o s e  agreement wi th  t h e  azimuth of antenna 7 or 173". 
I n  Figure 41(c) ,  on t h e  o t h e r  hand, the  amplitude of t h e  s i g n a l  on antenna 8 
is almost e q u a l  t o  t h e  amplitude of t h e  s i g n a l  on antenna 7 .  I f  t h e  amplitude 
was the  same on both ,  the  azimuth of t h e  s i g n a l  would be  188", which i s  h a l f  
way between the  two antennas.  Since t h e  amplitude is somewhat less on 
antenna 8 than on 7 ,  i t  fol lows t h a t  the  azimuth of  t h e  s i g n a l  i s  somewhat 
l e s s  than 188" or approximately 185". On t h e  o the r  hand i n  Figure 41(d) t h e  
s i g n a l  is s t ronges t  on antenna 6 wi th  a s l i g h t  b i a s  towards antenna 5 ,  s i n c e  
the  amplitude of t h e  s i g n a l  is g r e a t e r  on 5 than on 7 ,  This  sugges ts  t h a t  
the  azimuth of the  s i g n a l  i n  t h i s  ins t ance  is about 135". This  simple example 
o u t l i n e s  the  mode of opera t ion  f o r  an inexpensive HFDF system using a r o s e t t e  
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a r r a y  of 24-Beverage antennas. 
the  i n i t i a l  approximation of t h e  signal's azimuth can be g r e a t l y  r e f ined  by 
the  use of c a l i b r a t i o n  curves. These curves g ive  t h e  r a t i o  of s i g n a l  l e v e l  
on each ad jacen t  antenna wi th  r e spec t  t o  t h e  signal l e v e l  on t h e  c e n t r a l  
antenna f o r  azimuths of k7.5' cent red  on t h e  azimuth of t h e  c e n t r a l  antenna. 
A small computer could then be  programmed t o  select t h e  antenna wi th  the  
l a r g e s t  s i g n a l ,  c a l c u l a t e  a bear ing  c o r r e c t i o n  and compute the  c o r r e c t  bearing 
by applying t h e  bearing c o r r e c t i o n  t o  t h e  azimuth of t h e  antenna on which the  
l a r g e s t  te rminal  vo l t age  w a s  recorded. 

The technique f o r  determining a cor rec t ion  t o  

* 
i n  Figures 42 and 43. These were obtained on skywave s i g n a l s  from known 
t r a n s m i t t e r s  and were obtained from t h e  p a t t e r n s  i n  Figures 42 and 43 by 
deducing t h e  azimuth t h a t  bi- sected t h e  p a t t e r n s  r a t h e r  than using t h e  maxima 
of the  p a t t e r n s .  The g r e a t- c i r c l e  azimuths of the  t r a n s m i t t e r s  are indica ted .  
A s  mentioned earl ier  these  need no t  be  the  t r u e  bear ings  of t h e  s i g n a l s  
because t i l t s  and i r r e g u l a r i t i e s  i n  t h e  ionosphere can cause t h e  s i g n a l  t o  
d e v i a t e  from t h e  g r e a t  c i r c l e  pa th .  Furthermore, s i g n a l s  t h a t  a r r i v e  a t  a 
rece iv ing  s t a t i o n  v i a  a s i d e  scatter  mode can be  deviated by up t o  30-40' 
from t h e  g r e a t  c i r c l e  path.  It i s  seen,  though, t h a t  these  crude bear ings  
agree  t o  w i t h i n  about 8' of azimuth wi th  t h e  g r e a t  c i r c l e  bear ings  of the  
s i g n a l s .  

Fur ther  r e s u l t s  obtained wi th  t h e  Cambridge Bay r o s e t t e  a r r a y  are given 

4.3 CAMBRIDGE BAY LINEAR ARRAY 

4.3.1 Description o f  the Array 

In  August 1973 a wide- aperture antenna w a s  i n s t a l l e d  a t  Cambridge Bay, 
N.W.T. The antenna was a l i n e a r  phased a r ray  of 32 Beverage elements. A 
l is t  of p e r t i n e n t  parameters is given i n  Table 111. 

TABLE Ill 

Parameters of Cambridge Bay Wide Aperture Antenna 

Aperture 1.26 km (4,134 ft.) 
Inter-Element Spacing 40.65 m (1 33.4 ft.) 
Boresight Direction 18.63" East of North (Alert direction) 
Steer Capability +6", in 10 steps 
Vertical Beamwidth 12', at 3 dB points (10 MHz) 
Elevation Angle of Maximum 15" (10 MHz) 
Azimuthal Beamwidth 1.2' (10 MHz) 
* 

A scematic i l l u s t r a t i o n  of t h e  l i n e a r  a r ray  and i ts phasing network is 
given i n  Figure 44.  The outputs  were summed i n  groups of 4 ,  i n  4 : l  power 
combiners, t o  g ive  8 sub-array outputs  which were then fed i n t o  a switch box 
wi th  appropr ia t e  lengths  of phasing cables .  

The ca lcu la ted  beamwidth and d i r e c t i v i t y  ga in  of the  l i n e a r  a r r a y  are 
given i n  Figures 45(a) and (b) .  A t  10 MHz these  are respec t ive ly  1 .2 '  and 
34.6 dB. This  d i r e c t i v i t y  ga in  is  nea r  the  upper l i m i t  achieved t o  d a t e  f o r  
HF antennas.  The s o l i d  curves i n  Figure 45(c) give t h e  p o s i t i o n s  of the  
primary g r a t i n g  lobes  wi th  r e s p e c t  t o  t h e  main beam. These lobes  r e s u l t  from 
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4.4.1 Initial Considerations I 

t h e  i n t  r -el emen t ac ing  b e i  reater than  3/4A (Terman, 1955).  Sin e each 
Beverage element has  d i r e c t i v e  p r o p e r t i e s ,  t h e  g r a t i n g  lobes  are reduced i n  
ga in  from t h e  main beam. Curve B i n  F igure  45(c)  g i v e s  t h e  angular  displace- '  
ment beyond which t h e  ampl i tude  of t h e s e  l o b e s  i s  reduced by a t  least 13 dB. 

The dashed curves  i n  F igu re  45(c)  g i v e  t h e  l o c a t i o n  of t h e  secondary 
lobes  which a re  p r e s e n t  when t h e  a r r a y  is  s t e e r e d  o f f  b o r e s i g h t .  These appear  
because t h e  a r r a y  i s  s t e e r e d  by a d j u s t i n g  t h e  phase of groups of f o u r  elements  
r a t h e r  than  s i n g l e  e lements .  Therefore  when t h e  a r r a y  i s  s t e e r e d  i t  behaves 
l i k e  an  a r r a y  of 8 an tennas  whose inter- element  spac ing  is  4 t i m e s  as g r e a t  

determined by t h e  p a t t e r n  of f o u r  Beverage an tennas  phased t o g e t h e r ,  i n  t h e  
same way t h a t  t h e  primary g r a t i n g  lobe  ampl i tudes  are determined by t h e  
p a t t e r n s  of t h e  i n d i v i d u a l  e lements .  F igure  46 g ives  some computed a r r a y  
p a t t e r n s  a t  10 MHz f o r  azimuths ad j acen t  t o  t h e  main beam. It can be seen  
t h a t  t h e  ampli tude of t h e  s i d e  lobes  a d j a c e n t  t o  t h e  main beam are 13 dB less 
than  t h e  ampli tude of t h e  main beam f o r  t h e  example showing a 1" steer. The 
ampli tudes of t he  secondary lobes  on t h e  o t h e r  hand grow wi th  steer ang le  and 
become g r e a t e r  than  t h a t  of t h e  main beam a t  a steer ang le  of 6". 

* as when t h e  antenna beam i s  on b o r e s i g h t .  The ampl i tude  of t h e s e  lobes  is 

The measured p a t t e r n  of t h e  a r r a y  w i t h  a p e r t u r e  weight ing  is  given i n  
Figure L7(b).  
r e s u l t s  of measurement of t h e  r e l a t i v e  c u r r e n t  ampl i tudes  a t  t h e  terminated 
ends of t h e  i n d i v i d u a l  Beverage elements  are given i n  F igure  47(a) .  Array 
weight ing  is  e v i d e n t ,  w i t h  t h e  c e n t r e  elements  g iven  more weight than  t h e  
o u t e r  e lements .  A t h e o r e t i c a l  a r r a y  p a t t e r n  de r ived  from t h e  measured c u r r e n t  
d i s t l i b u t i o n  is  shown as a dashed curve i n  F igure  47 (b ) .  Reasonably good 
agreement e x i s t s  between t h e  l o c a t i o n  of t h e  t h e o r e t i c a l  and measured g r a t i n g  
lobes  and some s i d e  lobes .  The l a c k  of agreement between t h e  g r a t i n g  lobe  
l e v e l s  on t h e  two p a t t e r n s  r e s u l t s  from t h e  use  of a s ingle- element  theore-  
t i c a l  p a t t e r n  whose s i d e  lobe  l e v e l ,  w i t h  r e s p e c t  t o  t h e  main beam is lower 
than  are t h e  measured s i d e  lobe  l r  Tels of s i n g l e  Beverage elements .  The 
measured 3 dB beamwidth of t h e  a r r i y  i s  2.3" .  T h e o r e t i c a l l y ,  t h e  beamwidth 
of an unweighted a r r a y  wi th  an a p e r t u r e  of 4000 f t .  i s  1 .28" .  The a r r a y  
weight ing  used should cause  beam broadening by a f a c t o r  of 1.5, which g ives  a 
b e a d i d t h  of 1.9", i n  r ea sonab le  agreement w i t h  t h e  measured va lue .  

To i l l u s t r a t e  t h e  degree  of a p e r t u r e  weight ing  used h e r e ,  t h e  

4.4 LINEAR PHASED BEVERAGE ARRAYS FOR COMMUNICATIONS 

It has  been demonstrated i n  Sec t ion  4.2.1 t h a t  t h e  SNR of t h e  r a d i o  
energy r6ceived by an an tenna  i n  a point- to- point  communications c i r c u i t  is 
roughly p r o p o r t i o n a l  t o  its d i r e c t i v i t y  ga in .  Cons iderable  improvement w a s  
shown t o  be r e a l i z e d  from us ing  a Beverage member w i t h  a d i r e c t i v i t y  ga in  of 
18 dB r a t h e r  than  a monopole w i t h  a d i r e c t i v i t y  ga in  of 6 dB. 

The t h e o r e t i c a l  d i r e c t i v i t y  ga in  of t h e  Cambridge Bay l i n e a r  a r r a y  is 
given, as a f u n c t i o n  of f requency ,  i n  F igu re  45(b) and is seen  t o  have been 
approximately 34 dB f o r  f r equenc ie s  between 4 and 24 MHz. 
of t h i s  s i z e  is  no t  p r a c t i c a l  as a communications- an tenna ,  i t  is  worthwhile 
t o  cons ide r  t he  u s e  of an tennas  w i t h  8 o r  16  elements  and a p e r t u r e s  of 150 m 
f o r  communications a p p l i c a t i o n s .  

Although an  antenna 

They would have az imutha l  beamwidths of lo", 
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e leva t ion  beamwidths of 20" and "take-off" angles  of 15" a t  10 MHz. The 
d i r e c t i v i t y  ga in  would be  23 dB a t  t h i s  frequency. Such antennas l i k e l y  t o  ' 

be h ighly  e f f e c t i v e  on long range point- to-point c i r c u i t s  because of t h e i r  
high d i r e c t i v i t y  ga in  and l o w  "take-off angles". The beamwidths are s t i l l  
s u f f i c i e n t l y  broad t o  prevent  a t t enua t ion  of t h e  HF s i g n a l  due t o  v a r i a t i o n s  
i n  azimuthal  angle  of a r r i v a l  caused by ionospheric t i l ts and i r r e g u l a r i t i e s .  

The p a t t e r n  of an unweighted 8-element Beverage a r r a y  wi th  an a p e r t u r e  
of 150 m i s  given i n  Figure 48(a).  
adjacent  s i d e  lobes are down from the  main beam by 13 dB, as i s  t o  be  expect- 
ed, s i n c e  t h e i r  level is  determined by t h e  funct ion  s i n  x/x. The s i d e  lobes  
can be  reduced by weighting of t h e  ape r tu re  of the  a r r a y .  Figure 48(b) shows 
the  p a t t e r n  t h a t  r e s u l t s  from applying cos2 weighting t o  the  ape r tu re  of t h e  
a r ray .  The s i d e  lobes  are reduced by 20 dB from t h e  unweighted case. The 
p r i c e  t h a t  is paid i n  us ing t h i s  technique is broadening of the  main beam, i n  
t h i s  case by a f a c t o r  of 1.6, and a reduct ion  i n  t h e  ga in  of the  antenna by 
approximately 6 dB. 

The beamwidth a t  10 MHz is 9" and the  

Figures 49 t o  51  show t h e  e f f e c t  of inc reas ing  t h e  number of elements 
from 2 t o  32 i n  an a r r a y  wi th  an ape r tu re  of 150 m. I t  can be seen t h a t  the  
g r a t i n g  lobes  can be made t o  disappear by inc reas ing  t h e  number of elements 
i n  the  a r r a y  and thereby reducing t h e  inter- element spacing. For example, 
inc reas ing  the  number t o  8 r e s u l t s  i n  a p a t t e r n  wi th  no g r a t i n g  lobes  a t  a 
frequency of 10 MHz. The p a t t e r n s  are a l l  ca lcu la ted  f o r  a frequency of 10 
MHz. The d i r e c t i v i t y  ga in  of t h e  a r r a y  ceases t o  inc rease  appreciably once 
t h e r e  are 4-elements i n  t h e  a r r a y  aper ture .  It ceases t o  inc rease  e n t i r e l y  
when t h e  a r r a y  ape r tu re  conta ins  8-elements. A t  t h i s  po in t  the  a r ray  i s  
f i l l e d  i n ;  i n  o t h e r  words, t h e  inter-element spacing is less than o r  equal t o  
3/4x. 

The t h e o r e t i c a l  e f f i c i e n c y  and power gain of an  a r r a y  wi th  t h e  follow- 
ing parameters,  assuming non- interact ing Beverage elements, are given i n  
Figure 52; 

- a r r a y  a p e r t u r e  = 150 m; 

- element length  = 110 m;  

- element he ight  = 2 m; 

- a r r a y  azimuthal beamwidth = 10" ( a t  10 MHz); 
- number of elements = 1 t o  64. 

? 

The power gain i n  Figure 52 inc reases  monotonically wi th  the  number of 
elements prov5ded the  elements are independent (De S a n t i s  e t  a l ,  1973). It 
inc reases  by 3 dB each t i m e  t he  number of elements i s  doubled, This one t o  
one r e l a t i o n s h i p  between power gain  and the  number of elements i n  t h e  ape r tu re  
of t h e  a r r a y  s t a r t s  t o  break down when t h e  elements are no longer independent 
because of high mutual coupling r e s u l t i n g  from t h e i r  proximity. 
e f f i c i e n t  antennas must be  separa ted  by a t  l e a s t  about X/2 t o  prevent  i n t e r-  
a c t i o n  by t h e i r  induct ion  f i e l d s ,  i n e f f i c i e n t  antennas can be  brought c l o s e r  
together  before t h e r e  i s  appreciable  i n t e r a c t i o n .  Travers e t  a1 (1964) 
ind ica ted  t h a t  t h e  i n t e r a c t i o n  between ind iv idua l  Beverage elements does not  
become appreciable  u n t i l  t h e  elements are spaced c l o s e r  than t h e i r  he igh t s  
above ground. For Beverage elements 2 meters i n  he igh t ,  f o r  example, t h i s  

Although 
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sugges t s  t h a t  an  a r r a y  a p e r t u r e  can be f i l l e d ,  w i t h  r e s u l t a n t  i n c r e a s e  i n  
power g a i n ,  u r : t i l  t h e  in te r- element  spac ing  become of t h e  o rde r  of 2 m.  
f o r e  an  a r r a y  whose a p e r t u r e  w a s  150  m could accommodate a maximum of about  
64 elements  and accord ing  t o  F igure  5 2  t h e  maximum power ga in  t h a t  would be  
achieved i s  1 7  dBi. Although n o t  i n d i c a t e d  i n  F igu re  52 i t  i s  expected t h a t  
t h e  power g a i n  of an a r r a y  wi th  an a p e r t u r e  of 150 m w i l l  level o f f  a t  about  
64-elements f o r  a frequency of 10  MHz. 

There- 
' 

The d i r e c t i v i t y  g a i n  i n  F igure  5 2  i n c r e a s e s  montonica l ly  wi th  t h e  
number of e lements  i n  t h e  array u n t i l  i t  c o n t a i n s  8-elements. A t  t h i s  p o i n t  
t h e  a r r a y  i s  f i l l e d  w i t h  no f u r t h e r  i n c r e a s e  i n  d i r e c t i v i t y  ga in  t ak ing  p l a c e  
as t h e  number of e lements  is  inc reased .  Ac tua l ly  l i t t l e  i n c r e a s e  i n  
d i r e c t i v i t y  ga in  is  achieved a t  10  MHz once t h e r e  are  4-elements i n  t h e  a r r ay .  
I f  t h e  a r r a y  were t o  be used s o l e l y  as a r e c e i v i n g  an tenna  t h e r e  would be 
l i t t l e  advantage,  except  f o r  increased  e f f i c i e n c y ,  i n  adding  more than  8- 
elements  provided t h a t  t h e  upper frequency w a s  l i m i t e d  t o  10 MHz. The number 
of e lements ,  i n  a c t u a l  f a c t ,  should be doubled t o  16  i n  o r d e r  t h a t  t h e  a r r a y  
be f r e e  of g r a t i n g  lobes  up t o  20 MHz. 

* 

I n i t i a l l y  t h e  e f f i c i e n c y  of t he  a r r a y  i n  F igure  52 is  about 1.0 p e r  cen t  
which is  simply t h e  e f f i c i e n c y  of a s i n g l e  element .  It i n c r e a s e s  slowly wi th  
t h e  number of e lements  u n t i l  t h e  a r r a y  is  f i l l e d .  Beyond t h i s  p o i n t  t h e r e  is 
a f a i r l y  r a p i d  i n c r e a s e  and i t  i s  expected t h a t  a maximum e f f i c i e n c y  of 
approximately 32 p e r  c e n t  would occur  when t h e  a r r a y  conta ined  64-elements. 
Although not shown i n  F igu re  52, i t  is expected t h a t  t h i s  curve  w i l l  a l s o  
level  o f f  when t h e  a r r a y  con ta ins  64-elements j u s t  as t h e  d i r e c t i v i t y  ga in  
l eve l ed  o f f  when t h e  a r r a y  contained 428 elements .  

4.4.2 Beverage Array as a Point-to-Point Communications Antenna 

Some i n i t i a l  measurements which are cor robora ted  by more ex tens ive  
measurements a t  Deber t ,  N.S. have been conducted a t  O t t a w a  t o  eva lua t e  t h e  
performance of a l i n e a r  a r r a y  as a point- to- point  communications an tenna .  An 
&element a r r a y  w i t h  an a p e r t u r e  of 149.3 m has  been e r e c t e d  and poin ted  
towards A l e r t .  The performance of t h e  a r r a y  has  been compared t o  t h a t  of a 
resogant  A/4-monopole antenna.  h skywave s i g n a l  emanating from a t r a n s m i t t e r  
l oca t ed  a t  A l e r t  w a s  monitored s imul taneous ly  on bo th  an tennas .  Each antenna 
w a s  a t t a c h e d  t o  a H e w l e t t  Packard spectrum ana lyze r  and t h e  spectrum ana lyze r s  
were se t  t o  perform r e p i t i t i o u s  s cans  over  a 50 kHz frequency band t h a t  w a s  
cen t r ed  on t h e  frequency be ing  monitored. The v ideo  ou tpu t  of t he  spectrum 
ana lyze r  w a s  recorded on a c h a r t  r eco rde r .  F igu re  53 g i v e s  an  example of 
t h e  r eco rds  obta ined  us ing  t h i s  technique.  Two t r a c e s  are shown, one is  t h e  
v ideo  ou>put of t h e  spectrum ana lyze r  a t t a c h e d  t o  t h e  Beverage antenna a r r a y  
and t h e  .o ther  i s  t h e  v ideo  output  of t h e  spectrum ana lyze r  a t tached  t o  t h e  
monopole an tenna .  
the t o t a l  scan  t i m e  w a s  100 sec. I n  each case t h e  predominant v e r t i c a l  traces 
as i n d i c a t e d  i n  F igure  53 r e p r e s e n t  t h e  A l e r t  s i g n a l .  Although t h e  h o r i z o n t a l  
a x i s  i s  c a l i b r a t e d  i n  u n i t s  of t i m e  it could a l s o  be  c a l i b r a t e d  i n  u n i t s  of 
f requency.  

The I F  bandwidth of t h e  spectrum ana lyze r  w a s  100 Hz and 

I t  i s  t o  be  noted i n  t h i s  example t h a t  t h e  s igna l- to- in te r f e rence  r a t i o  
achieved w i t h  t h e  monopole antenna i s  about  23 dB whereas t h a t  achieved w i t h  
the  Beverage a r r a y  is about  11 dB g r e a t e r  or 34 dB. S i m i l a r l y  t h e  s igna l - to-  
background n o i s e  level  (SNR) of t h e  monopole antenna i s  about  45 dB whereas 
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t h a t  of the  Beverage a r r a y  is about 60 dB. The d i s t i n c t i o n  between i n t e r-  
ference  and no i se  used here  i s  t h e  following; i n t e r f e r e n c e  is coherent and 
the re fo re  emanates from o ther  HF t r a n s m i t t e r s ,  whereas no i se  i s  broadband and 
emanates from e l e c t r i c a l  power l i n e s ,  e lect r ical  machines, atmospherics and 
e x t r a- s t e l l a r  sources.  Since t h e  d i r e c t i v i t y  gain  of a monopole antenna is 
about 4 dB and t h a t  of t h e  Beverage a r r a y  is  23 dB it is seen t h a t  t h e  improve- 
ment i n  SNR r e a l i z e d  on the  Beverage a r r a y  over t h a t  of t h e  monopole antenna 
is  roughly equal  t o  the  d i f fe rence  i n  the  d i r e c t i v i t y  gains.  

Fur ther  r e s u l t s  obtained from a comparison of t h e  l i n e a r  a r ray  and a 
aeference A/4 monopole antenna are given f o r  a 3-hour period on 7 October 1974 
i n  Figure 54. This f i g u r e  shows t h e  d i f fe rence  i n  SNRs achieved on t h e  two 
antennas. The median d i f fe rence  value is 15 dB, which is somewhat s h o r t  of 
the  expected value  of 19 dB given by the  d i f f e r e n c e  i n  d i r e c t i v i t y  gains  of 
these  two antennas.  It is  t o  be expected t h a t  a longer sampling of d a t a  would 
have r e s u l t e d  i n  a median value which would have been i n  c lose r  agreement wi th  
the  expected value .  

4.4.3 E f f i c i e n c y  o f  a L inea r  Beverage A r ray  

I n  an at tempt t o  v e r i f y  the  b a s i c  assumption of independent elements 
used t o  d e r i v e  Figure 52, records such as those shown i n  Figure 53, w e r e  
scaled t o  determine t h e  gain of t h e  Beverage a r r a y  with respect  t o  t h a t  of 
a monopole antenna. Using t h e  t h e o r e t i c a l  ga in  of a monopole antenna with 
respect  t o  an i s o t r o p i c  antenna f o r  skywaves the  gain  of the  Beverage a r r a y  
with respec t  t o  an i s o t r o p i c  antenna i s  then r e a d i l y  determined. Resul ts  
showing the  gain of t h e  Beverage a r r a y  wi th  respec t  t o  t h a t  of a monopole are 
given f o r  a 3 hour i n t e r v a l  i n  Figure 55. The median value  of gain of t h e  
Beverage a r r a y  wi th  respect  t o  a monopole antenna w a s  found t o  be 10 dB. 
Since the  gain  of a monopole antenna a t  an e leva t ion  angle  of 13", which is 
the  predominant angle of a r r i v a l  of t h e  skywave s i g n a l s  from A l e r t ,  is -1.5 
dBi  and t h e  t o t a l  Beverage a r r a y  l o s s e s  due t o  a t t enua t ion  i n  l ink ing  cables  
and power d i v i d e r s  were about 2.0 dB i t  follows t h a t  t h e  gain  of t h e  Beverage 
a r ray  is  10.5 dBi. 

The,power gain  G of an antenna (Kraus, 1950) is  given by 

where C = the  e f f i c i e n c y  of t h e  antenna ( f r a c t i o n  of t h e  power fed i n t o  
the  antenna t h a t  i s  a c t u a l l y  t ransmit ted)  

D = d i r e c t i v i t y  gain . 
The d i r e c t i v i t y  gain  of an antenna is determined pr imar i ly  by t h e  two dimen- 
s i o n a l  geometrical  shape of the  antenna's  r a d i a t i o n  p a t t e r n  and i s  given t o  
good approximation f o r  small beamwidths by 

41,253 
BW x BUV D =  

A 

where, the  numerator i s  t h e  number of square degrees i n  a sphere. 
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Since  t h e  d i r e c t i v i t y  ga in  of t h e  Beverage a r r a y  i s  23  d B  a t  t h e  
frequency of t h e  A l e r t  s i g n a l  and i t s  power g a i n ,  as j u s t  determined,  is 10.5 
dBi i t  fo l lows  t h a t  i ts  e f f i c i e n c y  is -12.5 dB o r  5 .6  p e r  c e n t .  The e f f i c i e n c y  
on t h e  o t h e r  hand of a s i n g l e  Beverage element of t h e  type used i n  t h e  a r r a y  
is  about  1 p e r  c e n t .  Therefore  t h i s  a r r a y  of 8-elements has  an  e f f i c i e n c y  
which i s  about  4 .6  p e r  c e n t  g r e a t e r  t han  t h a t  o f  a s i n g l e  Beverage element .  
Th i s  f i n d i n g  i s  i n  c l o s e  agreement w i t h  i n c r e a s e  i n  e f f i c i e n c y  p red ic t ed  by 
Figure  52 wi th  3-elements i n  t h e  a r r a y  a p e r t u r e  r a t h e r  than a s i n g l e  element .  

An exp lana t ion  f o r  t h e  inc reased  e f f i c i e n c y  t h a t  can b e  r e a l i z e d  by t h e  
* a r r a y i n g  of i n e f f i c i e n t  antennas is  most e a s i l y  a r r i v e d  a t  by cons ide r ing  t h e  

an tenna  as a r e c e i v i n g  antenna.  I f  t h e  power r ece ived  by one antenna monitor- 
i n g  a s i g n a l  is  P,  t h e  power rece ived  by 2 an t ennas ,  provided t h e r e  is 
s u f f i c i e n t  s e p a r a t i o n  between them so t h a t  t hey  are independent ,  is 2 P. I f  
t h e s e  two antennas  are phased t o g e t h e r  t h e  g a i n  of t h e  r e s u l t i n g  antenna i s ,  
a s  a r e c e i v i n g  antenna,  3 dB g r e a t e r  t han  a s i n g l e  antenna.  It fo l lows  from 
t h e  r e c i p r o c i t y  theorem f o r  an tennas  t h a t  t h e  g a i n  of t h i s  an tenna  as a 
t r a n s m i t t i n g  antenna h a s  a l s o  inc reased  by t h e  same amount over  t h a t  of a 
s i n g l e  an tenna .  For a n  a r r a y  of n independent  an tennas  t h e  power rece ived  i s  . 
n times as g r e a t  as t h a t  rece ived  wi th  a s i n g l e  antenna and t h e r e f o r e  t h e  
power g a i n  of t h e  a r r a y  of an tennas  is  g r e a t e r  t han  t h a t  of a s i n g l e  an tenna  
by the  f a c t o r  

AG = 10  l o g  n 

where A G ,  i s  t h e  i n c r e a s e  i n  g a i n  of a n  a r r a y  over  t h a t  of a s i n g l e  antenna.  

When antennas  w i t h  a n  e f f i c i e n c y  of 1 .0  are ar rayed  toge the r  t h e  power 
ga in  r e a l i z e d  w i t h  t h e  a r r a y  r e l a t i v e  t o  a s i n g l e  element can only  b e  due t o  
the  increased  d i r e c t i v i t y  ga in  of t h e  a r r a y .  On t h e  o t h e r  hand when i n e f f i -  
c i e n t  an tennas  are ar rayed  toge the r  t h e  r e s u l t i n g  i n c r e a s e  i n  t h e  power ga in  
can s t e m  from a n  i n c r e a s e  both  i n  t h e  d i r e c t i v i t y  ga in  and e f f i c i e n c y  of t h e  
a r r a y  w i t h  r e s p e c t  t o  a s i n g l e  element.  The i n c r e a s e  i n  e f f i c i e n c y  of a n  
a r r a y  over  a s i n g l e  element arises from a r educ t ion  i n  ground l o s s e s  brought  
about  by t h e  a r r a y ' s  lower e l ec t r i ca l  energy d e n s i t y  which is  less,  s imply 
because t h e  t o t a l  e lec t r ica l  energy is  spread  over  a l a r g e r  area (De  S a n t i s ,  
1973). 

As an  example of h igh ly  i n e f f i c i e n t  an tennas  l e t  us  cons ide r  Beverage 
an tennas ,  which are p o s t u l a t e d  (Travers  e t  a l ,  1964) t o  main ta in  a f a i r l y  
h igh  degree  of i s o l a t i o n  u n t i l  t h e i r  spac ing  is  less than  t h e i r  h e i g h t  above 
ground. An approximate r e l a t i o n s h i p  between t h e  azimuthal  beamwidth of an  
an tenna ,  i n  p a r t i c u l a r ,  of an a r r a y  of an t ennas ,  and i t s  a p e r t u r e  i s  g iven  by 

51.7 

BwA = Nh 
where NX = t h e  a p e r t u r e  of t h e  antenna i n  wavelengths.  

Since t h e  az imutha l  beamwidth of a Beverage antenna ( f  = 10 MHz, H = 2 m,  
L - 110 m ,  average  s o i l  - dry)  is 40" i ts  e f f e c t i v e  a p e r t u r e  i s  1.3X. Th i s  
sugges t s  t h a t  a t  10 MHz t h e  d i r e c t i v i t y  ga in  of a n  a r r a y  of t h e s e  Beverage 
an tennas  i s  e s s e n t i a l l y  equal  t o  t h e  d i r e c t i v i t y  ga in  of a s i n g l e  Beverage 

.- b . 
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antenna u n t i l  the  a r r a y  aper tu re  is g r e a t e r  than 39 m. From what has been 
sa id  above, up t o  approximately 20 non- interact ing Beverage elements could be 
phase together  i n  an aper tu re  of 39 m. 
t h a t  would be r e a l i z e d  i s  13.0 dB. 
a t t r i b u t e d  t o  t h e  increased e f f i c i e n c y  of t h e  a r r a y  relat ive t o  a s i n g l e  
element s i n c e  t h e  d i r e c t i v i t y  gain of t h e  a r r a y  i s  e s s e n t i a l l y  t h a t  of a 
s i n g l e  Beverage element o r  18 dB. 
would be 12.0 dBi i f  t h e  gain of a s i n g l e  element is assumed t o  be -1 dBi. 
The e f f i c i e n c y  then of t h i s  a r r a y  would be -6.0 dB o r  about 25 per  cent  
whereas t h e  e f f i c i e n c y  of a s i n g l e  element is only about 1 per  cent .  

A t  10 MHz t h e  i n c r e a s e  i n  power gain 
The major i ty  of t h i s  increase must be 

It follows t h a t  t h e  gain of t h i s  a r ray  

0 

There is  another point  of view t h a t  can be brought t o  bear  i n  explaining 
the  inc rease  i n  e f f i c i e n c y  t h a t  is  achieved wi th  arrayed antennas. 
a l s o  used t o  determine t h e  maximum power gain t h a t  can be  achieved with an 
a r r a y  whose physica l  dimensions are f ixed.  

It can be 

It is a r e l a t i v e l y  w e l l  known f a c t  i n  antenna theory t h a t  t h e  minimum 
e f f e c t i v e  proximity of t h e  elements i n  an a r r a y  is  determined by the  s i z e  of 
the  elements'  e f f e c t i v e  aper tu res .  I n  o the r  words, f o r  a one o r  two 
dimensional a r ray  of f ixed physica l  aper tu re  t h e  maximum ga in  t h a t  can be 
achieved is  r e a l i z e d  when a s u f f i c i e n t  number of elements is placed i n  the  
aper tu re  so t h a t  the  perimeters of t h e  e f f e c t i v e  aper tu res  of adjacent  antennas 
a r e  e s s e n t i a l l y  touching one another.  
poss ib le  s i n c e  t h e  region near t h e  c e n t r e  of t h e  e f f e c t i v e  aper tu res  of each 
element has g r e a t e r  weight than t h e  region near the  per imeters .  

A s m a l l  degree of overlapping is  

The gain  of an a r r a y  wi th  N elements arrayed such t h a t  t h e  e f f e c t i v e  
aper tures  are not  overlapping, is  given by N x A where A i s  t h e  e f f e c t i v e  
aper tu re  of one of t h e  a r r a y  elements. 
by 

The gain of t h e  a r r a y  i s  then given 

where % = gain  of t h e  array 

A = e f f e c t i v e  aper tu re  of one element (= gX2/4r) 

N = number of elements 

I f  i n  a f i r s t  approximation one approximates t h e  e f f e c t i v e  aper ture  A 
of an element with a square t h e  length  of one s i d e  i n  wavelengths is given by 

where g = gain of an element 

LA = l i n e a r  dimension of e f f e c t i v e  aper tu re  of a r r a y  element 

Table IV gives t h e  gain and e f f i c i e n c i e s  of a Beverage antenna a r r a y  
with a phys ica l  aper tu re  of 150 m f o r  16,  22 and 32 Beverage elements. It is 
assumed t h a t  the  a r r a y  is  on average s o i l  (dry),  element lengths  are 150 m 
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Frequency 

N 
G 

5 
L 
A 

and element he igh t s  are 2 m. The gain of a s i n g l e  element varies between 
-4.5 dBi and 2.3 dBi i n  t h e  frequency range 5 MHz t o  20 MHz. I n  t h e  same 
frequency i n t e r v a l  t h e  e f f e r t i v e  aper tu re  of a s i n g l e  Beverage antenna varies 
from 101.7 m2 t o  30.4 m2 and correspondingly t h e  width of i ts  e f f e c t i v e  
aper tu re  v a r i e s  between 1 0 , i  m and 5.52 m. It follows t h a t  if there  i s  t o  be 
no overlapping of e f f e c t i v e  aper tu res  i n  t h i s  frequency range t h e  minimum 
inter- element spacing must :e 10.1 m. The remainder of t h e  t a b l e  gives the  
gains  and e f f i c i e n c i e s  of t 5 e  a r r a y  antenna f o r  16 ,  22 and 32 elements when 
overlapping of e f f e c t i v e  aper tu res  takes  p lace  t h e  t o t a l  e f f e c t i v e  aper tu re  N 
x A is adjusted t o  ensure t h a t  t h e  common areas are only counted once and the  
r e s u l t a n t  is  given as N x A ' .  

5 PIHz 10 MHz 1 5  MHz 20  MHz 
L 

1 - -_- _--_- 1 1 1 
- 4.5  dR 
. I 6 8  

10.1 m I 7 . 5 3  m 6 . 3 4  m 5 . 5 2  m 
101 .7  m' ; 6 . 9  m2 4 0 . 1 1  m2 30.4  m2 

-1.0 dRi  1.0 d R i  2 . 3  d B i  
. 2 5 1  .317  .3hP 

I 

TABLE / V  

Gain and Efficiency of a Bc wage Antenna Array Determined From Effective Areas 

.o  % - 1 . 8  % 
N I 1 6  6 
S I 10 m '1 m 

Aperture = 150 m 
Average Soil (Dry) 

2 .2  % 2 . 3  % 
1 6  16 
1 0  m 10 m 

N x A  1 6 2 7 . 2  m2 ' 1 0 . 4  m2 4 8 6 . 4  m 2  
14 .34  dRi  

6 . 8 2  % 
22  
7 m  

---- ~ __  
~- - 

7 . 5 3  d R i  : 

5 . 6 6  % 31  % 
GN 

N 22 2 .  
S 7 m  , m  

N x A  2 2 3 7 . 4  m' 6 6 8 . 8  m2 
N x  A '  1565.8 m: 6 6 8 . 2  m 2  

7.37  d B i  1 .1 d R i  1 4 . 4  dRi 1 5 . 7  d R i  GN 
9 . 3 3  % 
32  

1 . 84  m 4 . 8 4  m 4 .84  m 4 . 8 4  

G = gain w.r.t. dBi 
LA= width of effective area in wavelength 
L = width of effective area in metres 
A = effective area 

A ' = effective area aausted to account for overlapping 
S = separation of elements (metres] 
N = number of elements 



42 

The results in Table IV for 16 elements are equivalent to those of 
Figure 52. The efficiency at 10 MHz, for example, has increased from 2 per , "  

cent for a single element to 6.31 per cent for the array of 16 elements. 
results of Table IV and Figure 52 diverge for N equal to 22 and 32 because 
correction for overlapping of effective areas was not taken into account in 
the derivation of Figure 52. 

The 

* 5. CONCLUSIONS AND RECOMMENDATIONS 

5 .1  S I T I N G  OF HF ANTENNA 

A .  A n  effective means of measuring the homogeneity of a potential 
antenna site is to erect a monopole antenna and measure its radiated field 
with an airborne receiver and,short dipole antenna (RELEDOP). 

B. The electrical constants of the ground are probably most easily 
determined with a temporary Beverage antenna. The attenuation of the current- 
wave on the antenna is measured at a number of frequencies in the HF band and 
the soil constants (soil type) are determined by reference to Appendix I. 

5.2 BEVERAGE ANTENNA PARAMETERS 

A .  Extensive measurements were made of Beverage antenna parameters and 
compared with theoretical results. 
include the following; 

The complement of measured parameters 

- input impedance 
- characteristic impedance 
- current-wave attenuation 
- current-wave phase velocity 
- isolation between elements 
- space-wave power gain 
- surface-wave power gain 
- azimuthal radiation patterns (space wave) 
- eleva'tion radiation patterns (space wave) 

* 

The agreement between the experimental and theoretical results was, except 
for a few instances, reasonably good. 
derived parameters can be used with confidence in the design.of communications 
circuits using Beverage antennas and in the design of Beverage antenna systems. 

It follows that the theoretically 

B .  Theoretical design parameters are given in Appendices I, I1 and 111. 
Appendix I gives the current-wave attenuation and characteristic impedance of 
Beverage antennas. 
ments and magnitudes of terminating resistors. 
are given in Appendix 11. 

These can be used to determine the power rating require- 
The remaining design parameters 

These consist of azimuthal beamwidth, vertical 
* .  
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beamwidth, take-off angle  and power gain.  Appendix I11 gives  t h e  power gain  
of Beverage antennas f o r  s u r f a c e  waves. 

C. It w a s  shown t h a t  t h e  Beverage antenna is  a h ighly  e f f e c t i v e  HF 
receiv ing antenna. This  s t e m s  from i t s  high d i r e c t i v i t y  ga in  ( -  1 7  dB), 
broad band c h a r a c t e r i s t i c s  (3-30 MHz) and low take-off angle  ( -  15.0"). Its 
o t h e r  a t t r i b u t e s  c o n s i s t  of low real  estate requirements and low procurement, 
i n s t a l l a t i o n  and maintenance c o s t s .  A s  a rece iv ing  antenna i t  has  been found 
t o  be more than,  o r  a t  l e a s t  as e f f e c t i v e  as ,  c l a s s i c a l  HF antennas i n  
maximizing t h e  SNR of rece ived s i g n a l s .  

* 

5.3 BEVERAGE ANTENNA SYSTEMS 

A .  A r o s e t t e  a r r a y  of Beverage antennas w a s  shown t o  be  an e f f e c t i v e  
HF receiv ing antenna wi th  a mean d i r e c t i v i t y  ga in  of about 1 7  dB and an 
e f f e c t i v e  azimuthal steer c a p a b i l i t y  of 360". 
p o t e n t i a l  as an HF d i r e c t i o n  f ind ing  antenna system. 

It w a s  a l s o  shown t o  have 

B. Linear phased a r r a y s  of Beverage antennas were shown t o  be ef fec-  
t i v e  0°F and HF point- to-point communications antennas. HF receiv ing a r r a y s  
having mean d i r e c t i v i t y  ga ins  of 23 dB have been t e s t e d  and found t o  be  
e f f e c t i v e  i n  achieving high SNRs on communications c i r c u i t s .  Maximum direc-  
t i v i t y  gains achieved by c l a s s i c a l  HF antennas are usual ly  about 16-18 dB. 

C. It w a s  shown t h a t  an a r r a y  of Beverage antennas can have g r e a t e r  
e f f i c i e n c y  than a s i n g l e  Beverage antenna. E f f i c i e n c i e s  of up t o  10  pe r  cent  
can be achieved using Beverage elements whose e f f i c i e n c i e s  ind iv idua l ly  a r e  
about 2 per cent .  It w a s  shown t h a t  cons t ruc t ion  of antenna a r r a y s  wi th  
power gains which va r i ed  from 7 dBi t o  16 dBi i n  the  frequency i n t e r v a l  5 MHz 
t o  20 MHz a r e  poss ib le  using Beverage antennas as a r ray  elements. The real 
estate requirements a r e  150 m by 150 m. These gains  compare very favorably 
with the  l a r g e r  c l a s s i c a l  HF antennas and the  c o s t s  are about 1 / 8  - 1/10 those 
of c l a s s i c a l  antennas. 

e 
5.4 THEORY 

A f a i r l y  complete d e s c r i p t i o n  of t h e  equations used i n  der iv ing 
the  t h e o r e t i c a l  Beverage parameters used i n  the  body of t h i s  r epor t  i s  given 
i n  Appendix I V .  Equations a r e  a l s o  given f o r  c a l c u l a t i o n  of t h e  e l e c t r i c a l  
parameters of a r rays  of Beverage antennas. A l i s t i n g  and d iscuss ion of the  
CRC Beverage antenna computer program is a l s o  given. 

A .  A prototype t r ansmi t t ing  Beverage antenna should be  b u i l t ,  t e s t ed  
and demonstrated. 

Purely economic considera t ions  serve a s  t h e  major j u s t i f i c a t i o n  f o r  
t h i s  recommenation. On the  b a s i s  of the  r e su l t s  given i n  t h i s  r e p o r t ,  i t  
appea r s  h ighly  probable t h a t  t r ansmi t t ing  Beverage antennas can be designed, 
b u i l t  and maintained a t  a f r a c t i o n  of t h e  c o s t  of c l a s s i c a l  antennas, such as 
rhombics and log p e r i o d i c s ,  with a performance which equals  o r  exceeds t h a t  of 
these  c l a s s i c a l  antennas.  Detai led measurements need t o  be made t o  v e r i f y  
t h a t  the  power gains  which have been predic ted  i n  t h i s  r e p o r t  can be r e a l i z e d  

-- c . 
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in practice. If one considers the savings in capital expenditures that could 
be realized by agencies using Beverage antennas rather than classical antenna , 

in long range circuit applications, and the relatively modest resources 
required to have these tests performed, one is forced to acknowledge with the 
validity of this recommendation. 

B.  Extensive measurements should be made of a Beverage antenna's power 
gain and radiation pattern using the RE'LEDOP techniques. 

Effort and resources dedicated to obtaining detailed radiation 
pattern measurements are justified, even at this stage in the development of 
the Beverage antenna, to determine the degree to which their measured patterns 
depart from the theoretical model. The description of the Beverage antenna 
in terms of measurements is not yet as complete as is the theoretical model 
of the antenna. Future applications of this antenna as adaptive radar antennas 
and direction finding antennas are likely to require detailed knowledge of 
its radiation patterns. It will be particularly important to discover to 
what extent wide aperture linear arrays, for example, are degraded by in- 
homogeneous ground and also to determine the limitation imposed by a Beverage 
antenna's environment on the beam shaping of wide aperture arrays. 

C. A prototype HF direction finding Beverage array system should be 
built, tested and referred to industry for further development. 

Once again economic consideration come to the fore as justification 
for further work in this area. Existing high frequency direction finding 
systems are extremely expensive due largely to their antennas and goniometers. 
As a consequence they are used only where large expenditures can be justified. 
An inexpensive HFDF system is likely to find fairly widespread application in 
areas where large initial capital expenditures are not justified, such as; 

- tracking of radio buoys at sea to measure ocean currents, 
- radio tracking of oil spills at sea, 
- regulatory location of transmitters, 
- mgasurement of variations in angle of arrival of HF signals for 

- portable HFDF system for gathering of intelligence, 
- systems requiring multiple, automated DF stations. 

scientific purposes, 

* 
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Figure I, .Components of an H F  Beverage antenna. Typically the height above ground is 1 to 2 metres and 
the length is 100 to 150 metres. 
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Figure 4. Field Intensity at a Distance of 610 m vs. Azimuth from a Quartetwave Monopole at the Centre 
of the Array (U). 
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Figure 5. Relative Field Intensity Measured at a Range of 14.8 km from a Monopole Antenna and Beverage 
Pair Antenna both Excited by a 9.75 MHz Transmitter. 
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Figure 8. Measured field intensity from a A/4 monopole antenna excited with a 9.75 MHz transmitter. 
Transmitter power has been normalized to 1 kw. Theoretical results are included and show fall off 

of field intensity with distance for werage ground (wet) and poor ground. 
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Figure 9. Comparison of field intensity measured at a distance of 0.610 km from position o f  the center of the 
rosette array with theoretical values for earth types varying from dry sand to sea water. 
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Figure 7 2. Cornporison of experimental current-wove ottenuotion ot Cambridge Boy and theoreticol current-wove 
ottenuotions for overoge soil (dry), overoge soil (wet) and wet rich soil. 
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2 70. 

Figure 18. Typical theoretical elevation and azimuthal radiation patterns for a Beverage element situated 
over average soil (dry) and whose length and height are 110 m and 1 m, respectively. The 3-dB 

vertical beamwidth BWp take-off angle $N, gain GN and 3-dB azimuthal beamwidth BWA as 
defined in Section 3.1 are illustrated. 

t -  
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Figure 19. This diagram demonstrates the source o f  the discontinuities in Figs. 11- 1 to 11-48. In particular, it 
shows that the discontinuities in Fig. 11-36 are caused by a secondary lobe growing in magnitude with 

increasing frequency and surpassing the main lobe. 
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Figure 20. Gain, azimuthal beamwidth, vertical beamwidth and take-off angle of a Beverage antenna on 
average soil (dry) at 10 MHz for lengths between 100 and 400 m and heights between 0.3 and 3.0 m. 
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Figure 22. Vertical Beamwidth and Take-off Angle of a Beverage Antenna at 70 MHz as a Function 
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Figure 23. Comparison of Theoretical and Measured Values of Gain GN and Azimuthal Beamwidth BMfA o f  a Beverage Antenna. 
The Measurements were made at Shirley Bay with the Antenna on Average Soil (Dry). 
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Figure 24. Variation of Radio Noise with Frequency for a Receiving Beverage Antenna. Noise Data was Obtained from CClR Report 322. 
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270° 

(a) Azimuthal pattern for Beverage antenna, (d) Azimuthal pattern for Beverage antenna, 
L=llOm, H=1.7m and f=18MHz. L=llOm, H=1.7m and f=12MHz. 

180° 0 

. .  
270” ‘ 2jo”  

(b) Azimuthal pattern for Beverage antenna (e) Azimuthal pattern for Beverage antenna, 
L=llOm, H=0.9 and f=18MHz. L=llOm, H=9.9m and f=l2MHz. 

270” 270° 

( c )  Azimuthal pattern for Beverage antenna, (f) Azimuthal pattern for Beverage antenna, 
L= l  1 Om, H=0.3m and f= 18 MHz. L=11 Om, H=0.3m and 6 1  2MHz. 

Figure 25. Measured azimuthal radiation patterns o f  Beverage antennas for 12 and 18 MHz. 
The length of the antenna was 1 1  0 m and height was varied between 0.3 and 1.7  rn. 
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FMure 26. Comparison of theoretical and experimental patterns at 7 8 MHz for a Beverage antenna. 
The experimental patterns are those shown in polar form in Fig. 25 (a, 6, c). 
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Figure 27. Comparison of theoretical and experimental patterns at 12 MHz for a Beverage antenna. 
The experimental patterns are those shown in polar form in Fig. 25 (d, e, f). 
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(a) The solid curves give the measured vertical radiation patterns for Beverage and A/4 monopole antennas 
obtained with a horizontally polarized XELEDOP. The dashed curve gives the theoretical pattern for a 
A/4 monopole antenna. 
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(b) Comparison of measured vertical radiation patterns for a Beverage antenna obtained with horizontally 
and vertically polarized XELEDOPs. 
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(c) Comparison of measured and theoretical vertical radiation patterns for a Beverage antenna. 

figure 28. Comparison of theoretical and measured vertical radiation for a Beverage antenna at 78 MHz. 
The measurements were made at Shirley Bay on a Beverage antenna whose length was 110 m and 

height was 1.7 m. 
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Figure 29. A Portion of the Beverage Rosette Array. 
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Figure 30. Modified Plan View of the Beverage Antenna Array Showing the Azimuths of the 72 Fixed Beams. 
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(a) Azimuthal pattern of Beverage pdir 
antenna. Measurement was made 
with a vertically polarized XELEDOP 
antenna. This pattern was shown 
in rectilinear form in Fig. 5. 

(b) Comparison of azimuthal pattern 
obtained with the vertically 
polarized XELEDOP and skywave 
of opportunity. 

Comparison of azimuthal patterns 
obtained with the vertically 
polarized XELEDOP and a 
vertical dipole and transmitter 
suspended from a Balloon. 

Fiwre 31. Comparisons of measured azimuthal radiation patterns at 9.75 MHz for a Beverage pair antenna 
at Cambridge Bay. 
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Figure 32. Vertical Radiation Pattern for the Beverage Pair Antenna Pointed T0ward.s Alert at a Frequency 
of about 9.5 MHz. 
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Figure 33. Comparison of theoretical and measured radiation patterns for a Cambridge Bay Beverage 
pair antenna. The balloon measurements were made at 9.0 MHz and the XELEDOP measurements 
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Figure 35. Attenuation Contours for R F  Currents on a Beverage Antenna. 
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(a) Theoretical vertical radiation pattern for a Beverage antenna at 125 kHz over poor soil (dry). 
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(b) Theoretical azimuthal radiation pattern for a Beverage antenna at 125 kHz over poor soil (dry). 

Figure 36. Theoretical radiation patterns for Beverage antennas situated on poor soil. 
The length of the antenna is 2.4 km and its height is 7.62 m. 
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Figure 37. Comparison of Experimental and Theoreticalhrface Wave Gains of Beverage Pair and Single 
Beverage Antennas for Average Soil (dry) and Wet Rich Soil, Height = I m and Length = I I0 m. 
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Figure 38. Field Intensity at the Center of the Array From a Balloon-Suspended Transmitter. 

/ 

/ . . . . . . ASCENT 
+ + + + + DESCENT 

FREQUENCY = 9 MHZ 

dBi dBi 

Figure 39. Gain of Beverage Element vs. Elevation Angle. 
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BEVERAGE 
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ANTENNA 

MONOPOLE 
ANTENNA 

Signal-to-interference taken almost simultaneously on a Beverage pair antenna and a quarter wave monopole 
antenna for 12 consecutive time intervals. 

I 
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* Spectrum analyzer outputs shown above. 

Figure 40. CR T displays of a spectrum analyzer connected alternately to a monopole antenna and a Beverage 
pair antenna. In each instance the Alert signal appears at the center of the display and the other signals are 

interferringsignals. The IF  bandwidth of the spectrum analyzer was 3 kHz; the width of the spectrum 
window scanned was 2 MHz and the scan time was 0.1 secfdiv. Table show some measured signal-to- 

interference ratios on the two antennas. 



77 

1 1 1 1 1 1 1 1 1 1 1  
I 2 3 4 5 6 7 8 9 D i l i ! 2 i 3  

(a) Sequential sampling of the terminal voltages of the (c) Sequential sampling of the terminal voltages of the 12 
Beverage pair antennas at Cambridge Bay monitoring 
wwv on 15 MHz somewhat latter in time than (b). 

12 Beverage pair antennas at Cambridge Ba$, 
monitoring wwv on 10 MHz. The sampling time for 
each antenna was 1.2 psec and the I F  bandwidth of 
the receiver was 10 kHz. 

(b) Sequential sampling of the terminal voltages of  the 
12 Beverage pair antennas at Cambridge Bay, 
monitoring wwv on 15 MHz. 

(d) Sequential sampling of the terminal voltages of the 12 
Beverage pair antennas at Cambridge Bay, monitoring 
wwv on 15 MHz, somewhat latter in time than (c). 

Figure 41. Photographs of  the CRT display of an oscilloscope monitoring the video output of a receiver whose 
input is connected in rapid succession by a diode switch to  the 12 Beverage pair antennas at Cambridge 

Bay monitoring wwv. 
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Figure 42. Direction Finding Patterns Obtained With the Beverage Array from Known Transmitters. 
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Figure 43. Further Examples of Direction- Finding Patterns on Signals from Known Transmitters. 
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(d) Azimuthal beamwidth of the Cambridge Bay linear array. 
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(b) Directivity gain of the Cambridge Bay linear array. 
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(c) Azimuths of the primary and secondary grating lobes of the Cambridge Bay linear array. 

Figure 45. Azimuthal Beamwidth, Directivity Gain and Location of Grating Lobes for the Cambridge Bay Array. 
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(a) Current amplitude measured across the aperture of the Cambridge Bay 
linear phased array at  the terminated ends of the Beverage elements. 

(b) Comparison of the theoretical and measured radiation patterns o 
for the Cambridge Bay linear array at 9.75 MHz. 

Figure 47. Sampling of the Current Amplitude Across the Aperture of the Cambridge Bay Linear Phased Array and a Comparison 
of Theoretical and Experimental Radiation Patterns. 
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(b) Theoretical azimuthal pattern at 10 MHz of a weighted 8-element linear phased Beverage array with an 
2 aperture of 149m. Cos weighting was applied to the antenna aperture. 
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-40 -30 -20 -I0 0 10 20 30 40 
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(a) Theoretical azimuthal pattern at 10 MHz of an unweighted 8-element linear phased Beverage array with an 
aperture of 149m. 

Figure 48. Theoretical Patterns at 10 MHz of an Unweighted and Weighted Linear Beverage Array 
With an Aperture of ISOm. 
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figure 49. Theoretical 7 0 MHz azimuthal pattern for a Beverage antenna array with a 150m aperture. 
The elements are 1 7Om long and their he&ht above ground is 2m. 
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Figure 50. Theoretical 10 MHz azimuthal pattern for a Beverage antenna array with a 150m aperture. 
The elements are 11 Om long and their height above ground is 2rn. 
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(a) Thirty-two 
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Figure 51. Theoretical 10 MHz azimuthal pattern for a Beverage antenna array with a 15Om aperture. 
The elements are 1 IOm long and their height above ground is 2m. 
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Figure 52. Directivity gain, power gain and efficiency at 10 MHz of a Beverage array with an aperture of 150m 

i ts height above ground is 2m and the elements are sited on average ground (dry). 
as the number of elements in the array is increased from 1 to 64. The length of each element is 1 lorn, 
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Ottawa and were simultaneously monitoring o sky wave signal emanating from a transmitter ot Alert. 



A P P E N D I X  I 

Theoretical Curves for Attenuation, Characteristic Impedance 

and Velocity Ratio 

-- c . 



90 

b 
Q 
E 
0 

2 c 
2 
E 
P 

c 
40 

c 
40 



91 

0 

IN )  011QU A 1 1 3 0 1 3 A  

-6 s 
Y 

$ 
c 

s . 



92 

IN) MLQU AL13013A 

: 
0 
Y 

E 
0 



93 

r 
.J 

LD 

F .  

T 

i N )  011VU A 1 1 3 0 1 3 A  



94 

e 

“2 
0 9  
P n  
., . 
r b  

(NJ O l l W  A113013A 

C 
0 

F 
C 

C 
2 

c e 
0 
’. c 

2 

P 
D 



95 

E 
9 m 
I 

W 
N 
9 

0 

E E 
10 m 

- 
‘0 

N 

‘0 



96 

E 
n 

- 
I t' 

IN) M N U  A l l J 0 1 3 A  



97 

A P P E N D I X  I T  

Theoretical Curves for Azimuthal Beamwidth, Vertical Beamwidth, 

Gain, and Take-Off Angle 
0 

c 



98 

90- 
- 

80- 

- 
70- 

- 
60- 

c n -  
W 

50- 

- 8 -  

i -  
5 40- 

30 - 
- 

20- 
- 

10- 

- 

L.100 rn 
H80.3 rn 

Q =  0.31110-3mt1o/rn jl 
\ I - 4  - .- 

m 
0 - 

-6 t a 
(3 

- 8 I -10 

/- -12 

1- 14 

o ~ l l l l l l l l , l l l l l l  I I I I I I I I '  
2 4 6 8 10 12 14 16 18 20  22 24 

FREQUENCY (MHz) 

Figure 11- I .  Des&n Parameters for Poor Soil (Dry), H = 0.3m, L = I OOm. 

L = 200 rn 

= 6  

- 
- H * 0.3 rn - 2 

80- u = 0.3 x I0-3rnho/rn - 
- -0 

- 
- -2 
- 
--4 - cn .- 

m 
I -  

- 0  - 
- - 6 z a 
- ( 3  

- - 8 

- 
--I0 
- 

- --I2 

10- - 
- - -14 

0 1 1 1 1 1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
2 4 6  8 10 12 14 16 18 20 22 24 

FREQUENCY ( M H t )  

Figure 11-2. Design Parameters for Poor Soil (Dty), H = 0.3m, L = 2OOm. 



99 

90- 

- 
80- 

- 
70 - 
- 

60- 

G i -  

8 50- 
0 -  

W 
W 

W - 

L = 3 0 0 m  
H=O 3 m  
€ = a  
u=03x10-3mho/m 

r - I 3  

Figure 11-3. Design Parameters for Poor Soil (Dry), H = 0.3m, L = 300m. 

90- 
- 

80- 
- 

70- 

- 
60- 

- -  
v) 
W 

50- 
W w -  
n - 

L = 4 0 0 m  
H = 0 3 m  
E ' 8  
D = 0 3 x mho/m 

r 3  

- 
-I 

- 
--I 

- 
- -3 

- - .- 
--5 % - 
- 5  a 
--7 

(3 

- 
--9 

- 
--I1 

- 
-43 

- 

figure 11-4. Design Parameters for Poor Soil (Dry), H = 0.3m, L = 400m. 



100 

70 i 60 

L= IOOm 
H=lm 
c.8 
U = O . ~ X  10-5 mho/m 

- -I 

- 
--3 
- 

I 

- -5  5 
- 5  

- 
- -7 * 

Figure 11-5. Design Parameters for Poor Soil (Dty), H = lm, L = 1 Oom. 

90 7 

- 
00- 

- 
70- 

c- 
60- - 

m -  
W 
W 5 50- 
W 
0 -  

W 
$40-  
z a -  

30- 

- 

- 
20- 

- 
10- 

- 

L . 2 0 0  m 
H = l  m 
. a 8  
u = 0.3 x 10- mho/m 

7 

- 2 
- 
-0 
- 
- - 2 

- 
- - 4  

I - 
- t  - 
-- 6 g 

4 
- 0  

- - e 
- 
- -10 

- 
- -12 

- 
--I4 

0 ;  I I I I I I 1 I I I I I I I I I I I I I I I I I  
I 

2 4 6 8 I0 12 14 16 18 2 0  22  24 
FREQUENCY (MHZ) 

Figure 11-6. Design Parameters for Poor Soil (Ow), H = lm, L = 2oOm. 



101 

L.300 m 
H = l m  
t . 8  
o =  O . ~ X I O - ~  m h o h  

60 

W 

W 
Z 

J 4 0  

a 

01 ( , 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I I I I I I  
I 

2 4 6 8 10 12 14 16 18 20 22 24 
FREOUENCY (MHZ) 
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A P P E N D I X  I 1 1  

Theoretical Curves for Surface Wave Gain 
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A P P E N D I X  I V  

An Analysis o f  the Beverage Antenna and Its Applications t o  Linear 

Phased Arrays 

In the analysis which follows consideration is given to the formulation 
The work follows of the elevation radiation pattern for the Beverage antenna. 

the notation of Beverage and Herlitz(1,lO) and is extended in order to 
consider the effects of mismatching at the terminating end. Since the 
response of this antenna is greatly affected by the ground constants over 
which the antenna may be installed, an in-depth analysis is included in order 
to determine the antenna response for varying ground parameters that are 
likely to be encountered. The work also includes the application of the 
Beverage antenna to linear phased array systems. 



1 2  6 

S E C T I O N  1 

Analysis of the Beverage Antenna 
* 

Consider a p lane  wave inc iden t  on the  Beverage antenna a t  some eleva-  
For t i o n  angle 3, and propagating i n  t h e  d i r e c t i o n  as shown i n  Figure IV- 1. 

an elemental l eng th  dx from po in t  P, where P is midway between A and B ,  a 
vol tage  Vgdx w i l l  be  induced on the  l i n c  The magnitude of t h i s  vo l t age  w i l l  
be depEden t  on t h e  para l le l  component E of t h e  v e r t i c a l l y  polarized e l e c t r i c  P f i e l d  Ev such t h a t  

- -  
E = Ev s i n  I) cos 8 

P 
(1 : l )  

where 8 is  t h e  azimuthal angle  of t h e  p lane  wave wi th  respect  t o  the  antenna. 
However, i f  w e  assume f o r  the  moment t h a t  8 is  zero  then 

- -  
E = Ev s i n  I) (1:2) 
P 

Since k- l i e s  para l le l  t o  the  l i n e  a p o t e n t i a l  g rad ien t  r e s u l t s  giving 
P 

dv - E - =  
dx P 

( 1  : 3) 

? 

Therefore t h e  vo l t age  induced i n  the  l i n e  i s  

( 1  :4) 

Equation (1:4) may be thought of a s  a vo l t age  genera tor  on the  l i n e  i n  series 
w i t h  two impedances ZIN(A) and ZIN(B), where ZIN(A) i s  the  impedance looking 
i n  a t  P towards A and ZIN(B) is  the  impedance looking i n  a t  P towards B ,  
giving rise t o  an elemental cu r ren t  i where 

S 
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B 

PLANE WAVE 
/ DIRECTION OF 

/ PROPOGATION 

Figure IV - I .  Model of  the Beverage Antenna 

ZIN(A) and ZIN(B) may b e  e x p r e s s e d  th rough  t h e  u s u a l  t r a n s m i s s i o n  l i n e  
e q u a t i o n s  (See f o r  example s k i l l i n g ( l 1 ) )  as 

ZL + j Z 0  t a n h  y 

2 0  + j Z ,  t a n h  y ($ - x) ] Z I N ( A )  = Zo 

y i n  e q u a t i o n s  (1:5) and (1:6) is  t h e  complex l i n e  c o n s t a n t  d e f i n e d  as 

L y = a + j f 3  

(1:5)  

(1 :6)  

(1:7) 

where a is t h e  a t t e n u a t i o n  c o n s t a n t  i n  n e p e r s  p e r  u n i t  l e n g t h  

f3 is  t h e  phase  c o n s t a n t  i n  r a d i a n s  p e r  u n i t  l e n g t h  

ZB i n  e q u a t i o n  (1:6) r e p r e s e n t s  t h e  t e r m i n a t i n g  impedance a t  B. 
w e  assume a p e r f e c t l y  matched sys tem,  t h e n  

However, if 

Z (A) = Z (B) = Zo 
I N  I N  

-- b . 

(1:8) 
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then, 

V dx 
3L 

2ZO 
(1:9) 

A t  point  x the  phase angle of t h e  cur ren t  is with  respect  t o  P w i l l  be 
determined through t h e  propagation 

i =  
S * 

length  x-cos JI t o  be 

(1 : 10) 

where c is t h e  ve loc i ty  of l i g h t  

w is t h e  radian  frequency 

The induced cur ren t  is  w i l l  cause a cur ren t  wave t o  traverse t h e  w i r e  i n  t h e  
d i r e c t i o n  of propagation, t h a t  is ,  towards B. 
expressed as (12) 

This cur ren t  wave may be 

\ = i e  -Y (+ - .> 
8 

and the re fo re  

(1 : 11) 

(1:12) 

Combining the  exponents i n  x and fac to r ing  out  t h e  constant  term r e s u l t s  i n  

(1:13) 

c 
Since y = a + j B  then, 

(1:14) 
V R 

-(a + 36) 2 (= + j B  - 
e C 

= g d x e  ib 2ZO 

The phase constant  of the  l i n e  B ,  may b e  expressed as . 
w B = -  
1.1 

where p i s  the  v e l o c i t y  of propagation of t h e  w i r e ,  t he re fo re  

(1:15) 

(1:16) 

-- c - 

-. 
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1! where N = - 
C 

The t o t a l  c u r r e n t  a t  B as  a func t ion  of t h e  e l e v a t i o n  a n g l e  $ w i l l  be  t h e  sum 
of t h e  e l emen ta l  c u r r e n t s  over  t h e  t o t a l  l e n g t h  of t h e  l i n e ,  o r  i n  o t h e r  
W O Y d S ,  t h e  i n t e g r a l  of equa t ion  (1:16).  S ince  P has  been chosen as t h e  
r e f e r e n c e  p o i n t ,  w e  may i n t e g r a t e  them - t o  - R t h u s ,  

2 2 

(1:17) 

R 
2 

- -  

which r e s u l t s  i n  

where y1 = a + jB ( 1  - N cos  $) 

Rsinh [y] 
- Y l R  

2 

(1:18) 

(1:19) 

Thus equa t ion  (1:18) may b e  used t o  c a l c u l a t e  t h e  e l e v a t i o n  r a d i a t i o n  p a t t e r n  
of a p e r f e c t l y  matched Beverage antenna t h a t  i s ,  when ZL = Z O .  
a ch i ev ing  a p e r f e c t l y  matched system is  extremely d i f f i c u l t ,  e s p e c i a l l y  when 
o p e r a t i n g  over  a wide frequency range ,  and t h e r e f o r e  one must cons ider  t h e  
e f f e c t s  of a mismatched system. 

However, 

In  o r d e r  t o  understand t h e  e f f e c t s  of mismatching, cons ide r  a s i g n a l  
A impinging on t h e  antenna w i r e  from t h e  r e v e r s e  d i r e c t i o n  ( i . e .  + >go") .  

c u r r e n t  wave ia w i l l  r e s u l t  and w i l l  p ropaga te  towards A where 
c 

V wx cos q.J -Y (+ - x )  
i =A d x e j  c e 
a 2 Z o  ( 1  : 20) 

Combining the  exponents i n  x and f a c t o r i n g  ou t  t h e  cons t an t  term i n  t h e  same 
manner as f o r  i (equa t ion ( l : 16 ) )  r e s u l t s  i n  b 

Y R  
[a + jB ( 1  + M cos $ ) ] x  

V d x  - -  
e i =L e 2 

a 220 
(1 : 21) 

The t o t a l  c u r r e n t  I a t  A as a f u n c t i o n  of $ t h e  e l e v a t i o n  a n g l e  is simply t h e  
i n t e g r a l  of equa t ion  (1:21) t h u s ,  

R - -  Y R  - 

I. I,($) = A e  2zo  [a + j b  (1 + N cos @)]x  dx (1:22) 2 V 

R 
r 2  
_ -  
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which r e s u l t s  i n  

( 1  : 23) 

where y2 = a + j B  (1 + N cos Q) (1:24) 

A t  poin t  A, t h e  te rminat ion  end, a r e f l e c t i n g  c u r r e n t  i b  w i l l  r e s u l t  i f  
5 # Z O  and w i l l  proceed t o  propagate towards t h e  rece ivfng end B. Thus 

v y1111s inh  [y] 
(1:25) pL 

z A e - 2  
2ZO - Y2R 

- 2  2 
ib 

(11) Where P i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  given by L 

ZL - zo - - 
pL ZL + zo 

Thus the  r e f l e c t e d  c u r r e n t  $ a t  B w i l l  be  

(1:26) 

(1:27) 

The t o t a l  cu r ren t  a t  B,  t h e  rece iv ing end, w i l l  then b e  

? 

o r  

The above anablysis assumes t h a t  no r e f l e c t i n g  c u r r e n t s  occur a t  B ( i . e .  t he  
l i n e  i s  c o r r e c t l y  terminated a t  the  rece iv ing end). 

In order  t o  complete the  f u l l  two dimensional r a d i a t i o n  p a t t e r n ,  the  
term cos Q must be  mul t ip l i ed  by cos 0 i n  y1 and y2 (equations (1:19) and 
(1 :24)) thus 

y1 = a + j B  ( 1  - N cos Q cos 0 )  ( 1  : 30) 

y2 = = +  f3 ( 1  + N cos Q cos 0 )  ( 1  :31) 



The r e s u l t a n t  equat ion  f o r  the. rwo dimexsional r a d i a t i o n  p a t t e r n  ther, becomes, 

v Y K .  s i n h  [y] s i n h  [y] 
( 1  : 32) -Y 2 + P e  --- 

ylll L ynR 
2 2 

L J 

Pow?.  Dewlopti!  < E  ' r .6  Load Impzdcrice a t  the  Receiving End: Although 
i t  w a s  assumed t h a t  c h e  i i n e  w a s  c o r r e c t l y  terminated a t  t h e  r e c e i v i n g  end, 
t h i s  assumptlon is no t  s t r i c t l y  c o r r e c t  because t h e  impedance Z as seen 
looking i n t o  t h e  l i n e  a t  B (Figure IV-1) towards A w i l l  vary  accord ing  t o  t h e  
degree of mismatch a t  t h e  t e rmina t ing  end B and w i t h  frequency.  The impedance 
Zi nay be der ived  from e i t h e r  Equation (1:5) o r  Equat ion (1:6)  t o  be 

i 

= zo  [ 1 ZL + j z o  t anh  y R 
Zo  + jZL t anh  y !2 'i 

(1  : 3 3 )  

However, i f  the  t e rmina t ing  impedance ZL is  chosen such t h a t  t h e  degree of 
mismatch i s  minimal, then  f o r  a reasonable  l i n e  l e n g t h  and a t t e n u a t i o n ,  Z i  
w i l l  tend towards Zo. Thus i f  w e  choose a t e rmina t ing  impedance a t  B t o  be 
the  c h a r a c t e r i s t i c  impedance Z O  of t h e  l i n e ,  then t o  a reasonable  degree of 
accuracy t h e  l i n e  may be s a i d  t o  be  c o r r e c t l y  te rmina ted  a t  t h e  r ece iv ing  end. 

The p w e r  developed i n  t h e  load impzdance a t  t h e  r e c e i v i n g  end may be  
given a s  (1 

P = Re{VI*) w a t t s  ( 1 : 3 4 )  

where V and I a r e  t h e  r.m.s. va lues  of t h e  complex v o l t a g e  and t h e  complex 
c u r r e n t  r e s p e c t i v e l y .  However, s i n c e  w e  are  d e a l i n g  w i t h  complex c u r r e n t s  
and complex impedances then  

( 1  : 35) 

where  IT(@,^) is  the  t o t a l  c u r r e n t  a t  t he  r e c e i v i n g  end (Equation (1 :32) ) .  
Thus the  power developed i n  t h e  load a t  t h e  r e c e i v i n g  end may be given as 

PT = Re(Z0) l IT (@,$)12  w a t t s  (1:36) 

Power Gain Referred tG an Isotropic Radiator: In o r d e r  t o  compare t h e  
gain of a Beverage antenna t o  t h a t  of o t h e r  more wide ly  used antenna systems,  
one would have t o  t ake  s imultaneous f i e l d  i n t e n s i t y  measurements of both t h e  
unknown and a known chosen s t anda rd  antenna.  The s t a n d a r d  antenna selected 
f o r  t h i s  purpose would be  chosen on t h e  b a s i s  t h a t  i t s  c h a r a c t e r i s t i c s  are 
w e l l  known. The f i e l d  i n t e n s i t y  measurements obta ined  from t h e  Beverage 
antenna may then be r e f e r r e d  t o  t h e  f i e l d  i n t e n s i t y  measurements obtained 
from the  s tandard  antenna i n  o r d e r  t o  make ga in  comparisons. From a computer- 
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study s t andpo in t ,  t h e  i s o t r o p i c  r a d i a t o r  may b e  used as t h e  s tandard  because 
i t s  c h a r a c t e r i s t i c s  are p r e c i s e l y  known. 

The i s o t r o p i c  r a d i a t o r  may be considered t o  b e  a po in t  source suspended 
i n  f r e e  space and r a d i a t i n g  equal ly  i n  a l l  d i r e c t i o n s .  A t  some r a d i a l  d i s t a n c e  
R from the  po in t  source the  power pass ing through t h e  sphere i s  (5) (4.rrR2) 
where s is t h e  average value  of t h e  Poynting vec to r  a t  t h e  s u r f a c e  of the  
sphere. This must equal  P where 

* - 
P = S4rR2 ( 1  : 37) 

- -  Thus the  power dens i ty  Pd is simply the  average value  of t h e  Poynting Vector 
S. S may be def ined as 

1 -- 
’ S = - E  B 

PO 

- 
(1:38) 

where 
the  permeabil i ty of f r e e  space (4n x lo”) .  

and 5 are the  e l e c t r i c  and magnetic v e c t o r s  r e s p e c t i v e l y ,  and PO is  
Using t h e  r e l a t i o n s h i p  t h a t  

then 

The average va lue  of E over one 

c 

where E i s  the  r m s  va lue  of t h e  
an i s o t r o p i c  r a d i a t o r  a t  a u n i t  
length  squared ( A 2 )  t o  be  (14) 

cyc le  i s  %Ekax and t h i s  l eads  t o  

E2 =-  
’d P O ~  

( 1  : 39) 

(1 : 40) 

(1:41) 

e l e c t r i c  vec to r .  The e f f e c t i v e  a p e r t u r e  of 
d i s t ance  may be  given i n  terms of the  wave- 

(1:42) 

Thus the  power P pass ing through t h e  sphere a t  a u n i t  d i s t a n c e  is 

w a t t s  p = -  E2X2 
~0c4.rr 

(1:43) 
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Thus t h e  power ga in  of t h e  Beverage an tenna  r e f e r r e d  t o  t h a t  of an  i s o t r o p i c  
r a d i a t o r  is  

(assuming E t o  be u n i t y )  

Thus t h e  ga in  i n  d e c i b e l s  r e f e r r e d  t o  an  i s o t r o p i c  r a d i a t o r  is  * 

'i = 10 log (P,) dBi 

(1:44) 

(1:45) 
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S E C T I O N  2 

The Effects of Ground on the Beverage Antenna Radiation Pattern 
* 

So f a r  t h e  preceding  a n a l y s i s  has  cons idered  only t h e  d i r e c t  wave. 
However, t h e  r e s u l t a n t  induced v o l t a g e  Vgdx from p o i n t  P (F igure  (IV-1)) 
comprises t h r e e  waves namely t h e  d i r e c t ,  ground r e f l e c t e d  and s u r f a c e  waves 
(exc luding  sky wave propagat ion) .  I f  t h e  sou rce  of t h e s e  waves is a t  a 
s u f f i c i e n t l y  l a r g e  d i s t a n c e  from t h e  p o i n t  of d e t e c t i o n  such t h a t  t h e  magnitude 
of t h e  s u r f a c e  wave is neg l igab ly  s m a l l ,  t hen  w e  may cons ider  only t h e  d i r e c t  
and ground- ref lec ted  waves. Consider t h e  diagram i n  F igure  (IV-2); a t  p o i n t  
P t h e  r e s u l t a n t  E v e c t o r  Er i s  t h e  v e c t o r  a d d i t i o n  of t h e  h o r i z o n t a l  compo- 
n e n t s  of t h e  E v e c t o r s  f o r  t h e  d i r e c t  and ground- reflected waves. The p a t h  
l e n g t h  r ,  which i s  a f u n c t i o n  of t h e  antenna h e i g h t  h above t h e  ground p l ane  
and t h e  e l e v a t i o n  ang le  $, c o n s t i t u t e s  a phase s h i f t  @r wi th  r e s p e c t  t o  t h e  
d i r e c t  wave, where 

27r 
A @r = - (2h ) s in  $ ( 2 : l )  

I n  a d d i t i o n ,  
phase s h i f t  

t h e  
nd 

r e f l e c t i n g  p r o p e r t i e s  of t h e  ground w i l l  i n t roduce  a f u r t h e r  
l s o  a r educ t ion  i n  t h e  magnitude of t h e  E v e c t o r .  This  

change i n  magnitude and phase is revea led  through t h e  r e f l e c t i o n  c o e f f i c i e n t  
(p,) of t h e  ground f o r  v e r t i c a l l y  p o l a r i z e d  waves and is  g iven  by(15) 

J T  s i n  JI - J E ~  - cos' JI 

JF s i n  J! + J E ~  - cos2 JI 
(2:2) j@ - C 

P, = Pe - 
C 

where E i s  complex and i s  g iven  by:- 
C 

(2: 3) 

where E i s  t h e  r a t i o  of t h e  p e r m a t i v i t y  of t h e  ground t o  t h a t  of f r e e  r space  

0 is t h e  ground c o n d u c t i v i t y  i n  mho/meter 

€ 0  is  t h e  pe rma t iv i ty  of f r e e  space  (8.85 x Farads/meter)  
g 

A t  p o i n t  P on t h e  w i r e ,  t h e  r e s u l t a n t  h o r i z o n t a l  component of t h e  E 
vec to r  may then  be  determined thus  
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2T 
1 

- - -j-2h s i n  JI 
Er v = E s i n  JI ( 1  - pve 1 (2:4) 

The n e g a t i v e  s i g n  i n  equat ion  (2:4) i n d i c a t e s  t h a t  t h e  h o r i z o n t a l  components 
of t h e  d i r e c t  and ground- ref lec ted  waves are  oppos i t e ly  d i r e c t e d  i n  space.  
This  cond i t i on  is i l l u s t r a t e d  i n  F igure  IV- 2 .  

DIRECTION OF 
PROPOGATION OF 
DIRECT WAVE. 

- 

DIRECTION OF 
PROPOGATION OF 
GROUND REFLECTED 
WAVE. 

. . .  

* 
GROUND 

Figure 1V-2. Illustration of the Resultant Parallel Component of the E Vector (F,) from the Direct and 
L Ground Reflected Waves 

Beverage Antenna Response t o  Ver t ica l ly  Polarized Ground Waves: A s  the  
v e r t i c a l l y  po la r i zed  ground waves traverse t h e  imperfec t ly  conduct ing ground, 
they  t i l t  forward i n  t h e  d i r e c t i o n  of propagat ion  by an  a n g l e  6 w i t h  r e spec t  
t o  t he  v e r t i c a l .  
t h e  ground c o n s t a n t s  and frequency,  may be given a s (16 )  

The magnitude of t h i s  t i l t  ang le ,  which i s  a f u n c t i o n  of 
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Thus the para l l e l  component 
be determined as  a function of 6 t o  be 

of the v e r t i c a l l y  polarized ground wave may 

- - 
E = E~ s i n  6 
€9 

Therefore the Beverage antenna response for  a v e r t i c a l l y  pol 
wave may be determined by using equation (1:32) giving 

rized grc 

where y1 = a + j B  (1 - N cos 6 cos 0 )  

and y2 = a + j B  (1 + N cos 6 cos 0 )  

c 

. 

ind 

- .  " b  

.. 

(2:6) 

(2 :7) 

(2:8) 
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S E C T I O N  3 

Determination o f  the Characteristic Impedance (2,) 

and the Complex Propagation Constant (y) 

For  a uniform t r a n s m i s s i o n  l i n e ,  t h e  c h a r a c t e r i s t i c  impedance Z O ,  and 
t h e  complex p r o p a g a t i o n  c o n s t a n t  y may be e x p r e s s e d  th rough  t h e  u s u a l  t r a n s -  
m i s s i o n  l i n e  e q u a t i o n s  as (11) 

Z o  =d$ ohms 

and 

- 
y = JZ.Y 

( 3 : l )  

(3:2) 

where Z i s  t h e  series impedance and Y t h e  s h u n t  a d m i t t a n c e  p e r  u n i t  l e n g t h  
of t h e  l i n e  e x p r e s s e d  as 

Z = R + jwL (3:3)  

where R and L i s  t h e  r e s i s t a n c e  and i n d u c t a n c e  p e r  u n i t  l e n g t h  of t h e  l i n e  
r e s p e c t i v e l y ,  and c 

Y = C + j w C  ( 3 : 4 )  

v h e r e  G and C. i s  t h e  conduc tance  and c a p a c i t a n c e  p e r  u n i t  l e n g t h  of t h e  l i n e  
r e s p e c t i y e l y .  

( 17 )  
The Beverage a n t e n n a  i s  e s s e n t i a l l y  a t r a n s m i s s i o n  l i n e  w i t h  t h e  

ground p r o v i d i n g  t h e  c u r r e n t  r e t u r n  p a t h .  For  such  a c i r c u i t ,  Carson 
p r o v i d e s  t h e  f o l l o w i n g  formula  f o r  t h e  series impedance 

03 

Z = R + j 2 w  I n  (F) + 4 ~ 1  (4 1-r2 + j - P ) e  -2h ‘p dp 

0 

( 3 : 5 )  
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The f i r s t  two terms i n  equation (3:5) formulates t h e  series impedance 
of the  transmission l i n e  i f  t h e  ground is a p e r f e c t  conductor and the  l a s t  
term takes  i n t o  account t h e  ground's f i n i t e  conduct iv i ty .  
i n t e g r a l  i n  equation (3:5) may be evaluated t o  g ive  

The i n f i n i t e  

Z = R + j 2 w  I n  (F) + 4 (P + jQ) e.m.u. (3:6) 

where P and Q are funct ions  derived by Carson and are given below: 

3 
(3:7) 

* 
71 P = -  ( 1  - S 4 )  +2 8 

(3:8 

In  equations (3:7) and (3:8) ,  y = 1.7811 and 01, 0 2 ,  0 3 ,  04, S2 and Sq a r e  
i n f i n i t e  series defined a s  fol lows:  

(3:9) 

n = O  

n = O  

4n + 1 r 
[ (3)  (5) (7 ) .  . . (4n + 1 ) ] 2 ( 3  + 4n) n = O  

? 

(3:lO) 

( 3 : l l )  

n = O  

0 

(4n + 3) 

[ ( 3 ) ( 5 ) ( 7 )  ...( 3 + 4n)l2(4n + 5) 
0 3  = c ( 4  r 

n = O  
(3:13) 

(;) 4n + 

- I [  I n 1 1 
2(n + 1 )  4(n + 1 )  (2n + 2)!(2n + 3)! u4 = (-1) [ l  + $ + T +  ... 

n = O  

(3 : 14) 



where r = 2 h J 4 a w  e.m.u. ( 
g 
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I f  the  ground conduct iv i ty  O g ,  and t h e  he igh t  h ,  of t h e  antenna above the  
ground plane  are i n  M.K.S. u n i t s ,  then t o  comply w i t h  the  r e s u l t s  obtained 
f o r  P and Q i n  Carson’s paper,  

:,15) 

r = 2 h E  (t66 x l f4 )  e.m.u. 
g 

(3 : 16) 

Thus the  series impedance Z (equation ( 3 : 6 ) )  may be r e w r i t t e n  i n  the  M.K.S. 
u n i t s  a s  

z = R + j 2 ~ . 1 0 - ~ 1 ~  (p) + 4w(P + jQ).lO-’ ohms/meter (3:17) 

Carson has  set l i m i t s  f o r  t h e  range of r ( i . e . ,  0.25 < r < 5.0), i n  determin- 
ing the  va lue  of P and Q. For va lues  of r > 5.0, he  (Carson), has derived an 
assymptotic expansion i n  order  t o  compute P and Q. However, P and Q may be  
determined f o r  r > 5.0 by computing S p ,  SI,, 0 1 ,  (32, 03, and uI, i n  logar i thmic  
form a s  fol lows : 

W 2n + 2 2n + 3 

S = (-1ln exp((4n + 4 ) l n  ($ - 1nP - lnq)  

( 3  : 18) 

(3:19) 
, I  n = O  P = l  q = l  

c 

m 1 + 2n 

a3 

I 1 
4(n + 1) 

- 1 
2(n + 1 )  0 2  = c (-1)”[1 + 3 + ... + 

n = O  

P = l  q = l  

(3:21) 
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n = U J  1 + 2n 

o3 = (-l)n exp((4n + 3 ) l n  r - [21n(3 + 41-11] - ln(4n + 5)) 
n = 0  P I 1  

W 

n = O  

2n + 2 2n + 3 

(3:22) .. 

(3:23) 
\ I  P = l  q = l  

This method of computing the i n f i n i t e  series' prevents  computer overflow and 
allows t h e  range of r t o  b e  extended t o  t h e  va lue  of 10. 
provides a much simpler  expression t o  computer P + jQ and t h i s  is  given by 

l + j  1 P + j Q =  - -  
A r r2 

For r > 10.0 Carson 

(3 : 24) 

The va lue  of r a s  deduced by Carson assumes t h a t  E~ the  r e l a t i v e  dia- (18) 
l e c t r i c  cons tan t  has  l i t t l e  e f f e c t  on t h e  series impedance Z.  
states t h a t  above 60 KHz t h i s  assumption no longer holds and the re fo re  he  
(Wise) has derived a c o r r e c t i o n  f a c t o r  f o r  r g iv ing a new parameter 

However, Wise 

r = rce j N  = 4- e.m.u. ( 3  : 25) 
2 ( ~ 0  W 

g c 
\* I h\ A c, 

where 0 is  i n  MKS u n i t s .  pcw, &pew 
g 

An examination of equat ion  (3:25) reveals t h a t  Wise's cor rec t ion  f a c t o r  i s  
a l s o  app l i cab le  f o r  lower conduc t iv i t i e s .  Thus r may be  replaced by rw i n  
the  i n f i n i t e  series'  and i n  t h e  simpler  expression (equation (3:24)),  i n  order  
t o  compute t h e ' v a l u e s  of P and Q. 
t i o n  of P and,'Q are employed thus:- 

For r < .25 Wise's series f o r  the  computa- 

r2c2 
nr2c2 s i n  2N + - 

16 
p = - - -  rc (cos N - s i n  N) + - 64 3a 

71 [cos 2N(0.6728 + I n  (%))I + N s i n  2 N  + 5 + ... (3:26) 



X 2 C 2  + * (cos N - sin N) + - 16 Q = -0.03861 + gln 

(s) 1 
- N cos 2N) - - .rrr252 cos 2 N  + ... (3:27) 

6 4  {sin 2N10.6728 + In 

Up to this point we have been evaluating the series impedance Z and now, the 
shunt admittance Y must be considered. Generally, the conductance G, the real 
part of the admittance, is quite small and for all practical purposes may be 
ignored. Thus the shunt admittance Y may be given as 

W2TrEO Y = j w C  = j (3:28) 

Thus the characteristic impedance Z O  and the complex propagation constant Y 
may now be determined as a function of w, h and the ground parameters to be 

and 

/ R + j2w.10-71~ (?) + 4 w ( p  + j ~ )  .10-7 
zo = ohms 

d 
I 

i 
I 

i' 
r 

(3:29) 

where b is the radius of the wire in meters. 

The value of the series resistance per unit length R, may be determi 
by (11) 

R = -  2KJf ohms/unit length (3 : 31) b 

Where K = 41.6 x lo-' for copper wire, and f is the frequency in Hz. 

Equation (3:29) shows that the characteristic impedance ZO is complex 
and probably accounts for the difficulty in selecting a terminating impedance 
to optimize the design of a Beverage antenna system particularly when operat- 
ing over a wide frequency range. 
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S E C T I O N  4 

Radiation Pattern o f  a Linear Array 

Consider an a r r a y  of N i s o t r o p i c  elements wi th  equal amplitudes of uni ty  
and spaced evenly by a d i s t ance  D as shown i n  Figure IV-3. 
the  r a d i a t i o n  p a t t e r n  E f o r  such an a r r a y  system may be expressed i n  the  
following way:- 

Following Kraus(l9)  

N - 1  
E ' =  e n j  4 ( 4  : 1) 

n = O  

where @ i s  t h e  phase d i f fe rence  between any two adjacent  sources.  Equation 
( 4 : l )  i s  a geometric s e r i e s  and may be  expressed as ,  

Equation ( 4 : 2 )  may be manipulated i n t o  t h e  following form, 

(4 :2)  

( 4  :3 )  

c 
where 5 i s  t h e  phase r e f e r r e d  t o  source  one of the  l i n e a r  a r r a y .  However, i f  
the  phase is r e f e r r e d  t o  t h e  c e n t r e  of t h e  a r r a y  then, 

( 4  : 4 )  

The phase angle*'$, t h e  phase d i f f e r e n c e  between any two adjacent  sources ,  may 
be given as 

D s i n  8 4 = -  21T 
x 

Thus, the  r a d i a t i o n  p a t t e r n  E as a funct ion  of 8 is  

(4:5) 

s i n  ("D s i n  8) 

s i n  (F s i n  0) 
E ( 0 )  = (4:6) 
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* 

I 

Figure IV-3. Illustration of a Plane Wave at the Angle 8 with Respect to Linear Antenna Array of 
Spacing D. 

In  t h e  c e n t r a l  region of t h e  r a d i a t i o n  p a t t e r n  (I.E. where 8 is smal l ) ,  then 

s i n  (F s i n  o ) =  s i n  e (4:7) 

Therefore, 

N s i n  (F s i n  e )  
Tm s i n  8 

E =  - x 
(4 :8) 

Thus i n  the  c e n t r a l  region,  the  r a d i a t i o n  p a t t e r n  E (Equation (4:8)), 
approximates very c l o s e l y  t o  a s i n ( x ) / x  funct ion  where 

c 

x = -  s i n  0 (4:9) x 

The maximum value of E occurs when s i n ( x ) / x  is u n i t y ,  t h a t  i s  when x = 0.0. 
Thus, . 

= N  (4 : 10) 
max E 

Beamoidth and Aperture Length: The 3 dB beamwidth may be determined 
from equation ( 4 : 9 ) .  L e t  E = 0.707N, then x = 1 . 3 9  radians .  Then from 
equat ion  ( 4 :  9 ) ,  

(4 :11) 0.442A 
ND s i n  8 = 
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If the angle 0 ,  is radians, is approximately equal to its sine value, then 
the beamwidth, which is equal to 20 may be given as 

degrees 50.651 Beamwidth = ~~ (4 : 12) 

where ND is the aperture length in meters. Usually, in the design of a 
linear array system, the beamwidth will be specified for a given wavelength 
X,Jherefore two choices remain in the design of a system in order to meet 
the beamwidth requirements, namely:- 

(1) the number of elements; 

(2) the inter-element spacing. 

As an example, given a specified beamwidth of 1.2' at A = 30.0 meters, 
the aperture length may be determined using equation (4:12). Thus, 

50*65 30.0 = 1266.25 meters ND= 1.2 

The aperture length is ND rather than (N - l)D because the aperture distribu- 
tion is dependent upon the total number of elements used. However, the 
physical length of the array system is (N - l)D. 

Radiation Pattern of an Array of  Non-Isotropic Elements: The foregoing 
analysis has considered a linear array of N isotropic elements with an inter- 
element spacing of D. To determine the radiation pattern for a similar array 
using non-isotropic elements, the method of beam pattern multiplication(20) 
may be used provided that all the non-isotropic elements are oriented in the 
same direction. The general expression for this method is given by, 

* 

where E(0)  is the radiation pattern for a linear array of isotropic elements 
as a function of 8. 

El(e,$) is the radiation pattern for a non-isotropic element as a 
function of the same 0 for a given elevation angle $. 

Er(8,$) is the resultant beam pattern for a linear array of non-isotropic 
elements. 

This method may be employed provided the equation for the radiation 
pattern of the non-isotropic element, as a function of 0 and @, is known. 
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Power &in of Linear Array: A s  the  number of  elements i n  a l i n e a r  array 
system are increased t h e  con t r ibu t ions  of c u r r e n t  from each element are added. 
Thus as the  number of elements are doubled, t h e  power gain  w i l l  i nc rease  by 
3 dB. Thus t h e  power ga in  may be  simply s t a t e d  as 

where N i s  t h e  number of elements used such t h a t  
e 

M N = 2  

and M an i n t e g e r  number. 

(4:14) 

(4 : 15) 

Thus the  power gain  i n  dec ibe l s  r e fe r red  t o  t h a t  of an i s o t r o p i c  r a d i a t o r  i s  
given by 

(4:16) 

where W i n  equation (4:16) takes  i n t o  account t h e  e f f e c t s  of weighting t o  be 
discussed la ter .  

Determination of the Minimum Spacing: A l i m i t i n g  po in t  is reached, how- 
ever,  when the  power gain  no longer inc reases  i n  propor t ion  t o  a f u r t h e r  
increase  i n  t h e  number of elements f o r  a given a p e r t u r e .  This l i m i t a t i o n  i n  
the power gain  occurs when the  elements a r e  so  c l o s e l y  spaced t h a t  they i n t e r-  
a c t  with one another .  This i n t e r a c t i o n  may be thought of as an e f f e c t  caused 
by the  overlapping of t h e  e f f e c t i v e  areas of the  i n d i v i d u a l  elements thereby 
reducing the  power gain  of t h e  ind iv idua l  elements(21). 
spacing i s  chosen such t h a t  the  edges of t h e  e f f e c t i v e  areas j u s t  touch one 
another  then w e  may say t h a t  the  spacing s o  chosen w i l l  be the  minimum t h a t  
may be used without  v i o l a t i n g  the  concept of overlapping e f f e c t i v e  a reas .  I n  
order  t o  c a l c u l a t e  t h e  minimum spacing, one would have t o  determine t h e  
hor izon ta l  length  of t h e  e f f e c t i v e  a r e a ,  f o r  i t  is  t h i s  length  t h a t  would g ive  
the  minimum spacing. 
derived from Equation ( 1  :42) g iv ing 

However, i f  t he  

The e f f e c t i v e  area  A,, of a Beverage antenna may be  

. 
GX - - -  Am 4n square meters (4:17) 

where G is t h e  maximum power gain of the  Beverage antenna r e f e r r e d  t o  an 
i s o t r o p i c  r a d i a t o r .  
subsc r ip t s  e and h rep resen t  the  e l e c t r i c  and magnetic v e c t o r s ,  the re fo re ,  
8, and 8h are i n  t h e  p lanes  of the  e l e c t r i c  and magnetic vec to r s .  
Beverage antenna responds t o  v e r t i c a l l y  polar ized  waves then 8, and 8h a r e  t h e  
ha l f  power beamwidths i n  e l eva t ion  and azimuth respec t ive ly .  
f o r  the  Beverage antenna and t h i s  suggests  t h a t  t h e  e f f e c t i v e  a rea  w i l l  be 

The -3 dB beamwidth may be  defined as 8, and 8h where the  

Since t h e  

Usually 8h > 8, 
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e l l i p t i c a l  i n  na tu re  wi th  t h e  major axis i n  t h e  hor izon ta l  plane.  Since w e  
a r e  i n t e r e s t e d  i n  t h e  minimum d i s tance  a t  which antennas may b e  s p  ced then 
we need only t o  c a l c u l a t e  t h e  length  of t h e  major axis.  The minimum spacing,  
which may be denoted by b i n ,  may then be given i n  terms of 8 
e f f e c t i v e  area. Thus 

0 and t h e  e’ h 

(4 : 18) 

where Dmin i n  Equation (4:18) is expressed i n  wavelengths. 
expressed e i t h e r  i n  radians  o r  degrees. 

8, and 8 may be h 

NwnericaZ Procedures 

SampZed Aperture: Since t h e  l i n e a r  a r r a y  system is a series of elements 
separated by a f i n i t e  d i s t ance  D ,  i t  can be regarded as a sampled aper tu re  
where sampling takes  p lace  a t  t h e  element p o s i t i o n s .  If t h e  wave f i e l d  a t  
the  sampled pos i t ions  is  given by 

E(nD) = 

then the  fa r  f i e l d  angular  d i s t r i b u t i  

ZIT j, nD s i n  8 
e 

n is t h e  Discr 
(DFT) (22) of the  equaiion (4:17). Thus, 

(4 : 19) 

t e  Fourier  Transform 

(4 : 20) 

2n 
where  ND is t h e  chosen sampling frequency as a funct ion of t h e  aper tu re  length  
ND. There are N d i s t i n c t  va lues  computable by equation (4:20) namely, those 
f o r  k i n  t h e  range 

I f  we now s u b s t i t u t e  f o r  E(nD) i n  equation (4:20) the  r e s u l t  becomes, 

/” n = - + l  
2 

(4 :21) 

( 4 : 2 2 )  

A 
where may be defined as t h e  s i n e  of the  angular  estimates between t h e  
d i s c r e t e  points  of k. L e t  a be defined as those angular  estimates then, 



kh 
a = a r c  s i n  - ND 

f o r  k defined as above. 

The l i m i t s  of s i n  a are the re fo re  

-N h e 
= - . -  

2 N D  s i n  ci max 

+A = -  s i n  a max 2D or  

N h  = - . -  s i n  a m a x  2 ND t o  
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(4 : 23)' 

(4 : 24) 

(4 : 25) 

For a given wavelength A. in  equation (4:25) t h r e e  cases  a r i s e  i f  t h e  i n t e r -  
element spacing D is va r i ed .  

A Case (1) D < 

I f  t h e  inter- element spacing D is  less than ha l f  a wavelength then 
1 s i n  
the  angular  d i s t r i b u t i o n  ou t  t o  some K < - N 

> 1, and the re fo re  only those  sngular  estimates of a s e c t o r  of 
such t h a t  - -  K < 1 are v a l i d .  

2 ND 
A Case (2) D = - 2 

If  t h e  inter- element spacing D is ha l f  a wavelength, then I s i n  
o r  a = ?! , and the re fo re  angular  estimates a r e  obtained over a s e c t o r  of t h e  
angular 2 d i s t r i b u t i o n  + ?! 

- 2  

I = 1, 

from bores igh t .  

A Case (3) D > - 2 

I f  the  inter- element spacing D i s  g r e a t e r  than ha l f  a wavelength then 
I s i n  %ax I < 1, and t h e  angular d i s t r i b u t i o n  w i l l  r epea t  beyond la m a x  1 .  
From a sampled d a t a  theory po in t  of view, sampling takes  p lace  a t  less than 
the  Nyquist r a te  and the re fo re  a l l i a s i n g  occurs.  

* 

Ba,sed upon t h e  above procedure, a program w a s  w r i t t e n  i n  the  For t ran  IV 
language f o r  use  on t h e  Sigma 9 computer a t  C.R.C. i n  order  t o  determine t h e  
performance of l i n e a r  a r r a y  systems. 

The program e s s e n t i a l l y  computes t h e  r a d i a t i o n  p a t t e r n  f o r  an a r r a y  of 
i s o t r o p i c  sources ,  u t i l i z i n g  the  Disc re te  Four ier  Transform (DFT), and then 
by the  method of beam p a t t e r n  m u l t i p l i c a t i o n  with non- isotropic element, name- 
l y  the  Beverage antenna, c a l c u l a t e s  t h e  r e s u l t a n t  beam p a t t e r n  f o r  an  a r r a y  of 
non- isotropic elements o r  Beverage antennas.  
the  form of a l i n e a r  p l o t  of azimuth angle  aga ins t  gain i n  d e c i b e l s  normalised 
t o  the  maximum value.  

The beam p a t t e r n  r e s u l t s  are i n  

A t y p i c a l  output  r e s u l t  appears i n  Figure  IV-4). 
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--- - 
D i S ? L A V  I N  L I N E A R  F-?%F R A D I & T I O N  PATTERN f& A L I N E A R  ARRAY OF BEVERAGE Af.TENNAS 8 .  - *  - 

THE NUMBER Of ELEHENTS USED - 16 

INTER-ELEMENT SPACIYG I M E T E R S )  - 7 . 0 0  

FREQUENCY I \  HHZ I 5.00 

BEVERAGL- ANTENNA M I R E  LENGTH I H E T E R S I  I 130.3'2 

VELOCITY nf PRWYGATION RATIO - . 9 1 1  

ATTENUAlIClN C@YSTANT IDB/WETCR) 0 . C 5 4 0 C 2  

~ PHASE CUNSTACT l R A D I A N S / t t E T E R l  I . 1 1 0 9 8 9  

H E I O M T  Y f  AWTEYNA ABOVE OROUND I H f T l R S )  - 1.00 

R E L A T I v L  C I A L E C T R I C  CONSTANT OF BROchC 1 2 . 0  

GROUNLl COVDUCTIVITV l M t t O / M E T E P I  - . t 0 3 0 3 3  

WIRE R A L I U S  I h  HLTERS ICOPPER a I R f )  * . 0 1 3 2 6 0  

COMPLLX CUIRACT.  IWPED. 20 I I * 9 8 * 6 3 1  - 2 6 . 9 7 1  CHMS 

r E R Y I h A T I N G  I rDEDANCE 4 9 9 . 3 6  Oung 

ELEVATI- t ,  A'dGLE OF S I G N A L  IDEGREESI  = 8 2 - 0 0  

POWER G,bIh 3F A N T .  ARRAV- R E k  T U  IS* 7 R O P I C  RADIATCR - 6.1*5DR 
NGR*A..ISED I \ T E N S I T V  P A ' T f R  

1.G3fl PER D I v  
-5C.O - 2 5 . q  0.0 

A 1 7 6 . 1 6 *  
I l 7 2 . 3 0 *  
I 1 6 1 . 4 1 +  
H 16*.*b* 
U 1 6 0 .  *** 

-*-t-*-*-*-*-*-*-*-*-*~~-*-~-*-*-*-*-+-.~*~*-*-*-*-* 

+ . 
1 ' 5 6 . 3 1 4  
w : s 2 * 2 5 *  . 

l c 7 . 6 1 * .  
A ; s 2 . 9 * *  . 
N 137.96.  . 
G . - -  . 5 6 +  
L 1 P h . 5 3 +  
E I l l . *@.  

' 1 7 . 3 7 .  
D C?.69* 
E h>.52+ 
G 5 3 - 0 7 .  
R *7 . . * *  
E * ? . r e +  
f 3 7 . ' 6 r  
S 3?.39*. + 

t 

2 7 . 9 5 .  
23-69, 
1 9 . 5 6 *  
1 5 . 5 * *  A 

z * 1 1 . 5 9 .  0 .  

I 7.70,  . *  
M 3.8. .  .* 
U .30. .* 
T 3.8** .* 
U 7.71. . t  

1 1 . 5 9 *  . .  
A l S . 5 0 *  
N 1 9 . 5 6 *  
G 23.69* 
L 2 7 . 9 5 +  + 
E 3 2 . 1 9 * r  

3 7 . 0 6 .  
D 4 2 . - 0 *  
E r7.0.. 
G 5 3 . 1 7 *  
I? 6 ' * 5 2 *  
f h Y . 6 3 *  
E i i n . 3 7 .  
s 7 1 9 .  bS* 

7 ? h . 5 3 *  
132.56* + 
( 3 7 . 9 6 ,  + 

A 1 o a . 9 0 *  z + 
. 2  1*7.61* .  

I ISI.05* z t 

. . 

r :SL .31*  
. u  i .Deb*+  

T &6*.*6* 

I 7a.3sr* 
H 

A 
h 8".'C* 

1 6 m - O  I *  

1 7 6 . 1 ~ *  

-*-.-*-*~,~~~*-*-*~*~t-'-.-.-.-.-.-*-.-~~.~*.*~.~.~*~. 

Figure IV-4. Typical Computer Output Result 

b -  
. .. 
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S E C T I O N  5 

'Primary'  Gra t ing  Lobes 

Beyond t h e  c e n t r a l  regions  the  r a d i a t i o n  p a t t e r n  funct ion  r e v e r t s  t o ,  

Note t h  t 

s i n  ('7 - s i n  0) 

s i n  (F s i n  0) 
E =  

t some value of 0 such t h a t  s i n  8 = 1, 

(5 : l )  

A 
r s i n  8 = 5, then f o r  

any va lue  of N > 1, equation (5 : l )  is  &determinate.  
evaluated ,  however, by the  use  of L 'Hospi ta l ' s  r u l e  t o  g ive ,  

Equation ( 5 : l )  may be 

(5:2) 

Thus a ;eccndary lobe  of amplitude N ,  which may be defined as t h e  'primary' 
g r a t i n &  lobe ,  w i l l  appear a t  some azimuthal  angle  8 given by 

8 = a r c  s i n  (' +) (5:3) 

The word, 'primary',  is  used h e r e  t o  d i s t i n g u i s h  t h i s  type of g r a t i n g  lobe  
from'that of another  type t o  be  d iscussed i n  a l a t e r  sec t ion .  
equation (5:3) i n d i c a t e s  t h a t  two g r a t i n g  lobes e x i s t  and are pos i t ioned 
symet r i ca l ly  a t  +0 from bores igh t .  For example, i f  t h e  inter- element spacing 
D is equal  t o  one wavelength (D = A ) ,  then two primary g r a t i n g  lobes w i l l  
appear a t  2 from bores igh t .  
g r e a t e r  thag one wavelength (D >> A )  , then f o r  every wavelength A contained 
i n  t h e  inter- element spacing D such t h a t  

The 5 s i g n  i n  

I f ,  however, the  inter- element spacing D is  much 

, 

- nX < 1  
D -  n = 1, 2 ,  3, --- (5:4) 

m u l t i p l e  g r a t i n g  lobes  w i l l  e x i s t .  Their  p o s i t i o n s  i n  azimuth w i l l  then be 
given as 

8 n = a r c  s i n  (i g) (5:5) 
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Since t h e  value  of s i n  8 
values i n  complete azimu,.l, i t  can be  concluded t h a t  t h e  p o s i t i o n s  of t h e  
gra t ing lobes i n  t h e  second h a l f  of t h e  r a d i a t i o n  p a t t e r n  is  t h e  mirror  image 
of the  f i r s t  h a l f .  
then f o r  n = 1, t h e  f i r s t  g r a t i n g  lobes  w i l l  appear a t ,  

f o r  any given value  of n ,  takes on four  poss ib le  

As an example, le t  h = 30 meters and D = 40.65 meters, 

e = arc s i n  (i E) = +47.55O 
40.65 

For the  mirror  image, 

e = 180.0' 5 47.550 

= 132.45O and 227.55' 

(5:6) 

(5:7) 

(5 : 8 )  

nh 
fo r  n = 2,  then D > 1 and t h e  second g r a t i n g  lobe  extends beyond t h e  ' v i s i b l e '  
region (using antenna theory par lance) ,  and the re fo re ,  is n o t  v a l i d .  

The p o s i t i o n  of t h e  primary g ra t ing  lobes,  which have been determined 
i n  the  foregoing example, are exemplified i n  t h e  polar  p l o t  of Figure IV-5. 

300' 

c 

2100 

240° 

-\ 
\ 

/30 111 

\ 

. 
I 

/ i 
.\ 

60' 

90" 

120" 

I 180" 1500 210' 

Figure IV-5. Polar Plot Illustrating the Position of the Grating Lobes for the Example Given on Page 150. 
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S E C T I O N  6 

Beam Steering 

For s p e c i a l  requi rements  i t  may b e  necessary  t o  steer t h e  beam from 
bores igh t  i n t o  t h e  d i r e c t i o n  of t h e  s i g n a l  source.  To meet t h i s  requirement ,  
de lay  l i n e s  may be  i n s e r t e d  i n t o  t h e  a r r a y  system i n  o r d e r  t o  s teer  t h e  beam. 
For example, i f  t h e r e  a re  32 elements  i n  a given a r r a y  system, 3 1  de lay  l i n e s  
would be  r equ i r ed  (excluding t h e  r e f e r e n c e  e lement ) ,  i n  o r d e r  t o  steer the  
beam t o  a given angu la r  p o s i t i o n .  Furthermore, i f  t h e  beam were t o  be  
s t e e r e d  210.0 degrees  a t  i n t e r v a l s  of 1.0 degree ,  i t  would r e q u i r e  t he  use  of 
620 va ry ing  l e n g t h s  of  de l ay  l i n e  i n  o r d e r  t o  achieve  t h i s .  
maximum amount of  beam- steering t h a t  may b e  achieved w i l l  be  dependent on t h e  
beamwidth of  any one element.  

However, t h e  

The 'Segmented' Array: I n  o rde r  t o  reduce t h e  number of de l ay  l i n e s  
used f o r  beam s t e e r i n g ,  t h e  a r r a y  may b e  arranged i n  groups o r  segments, w i t h  
M segments of n elements  p e r  segment. 
a r r a y  system where each  segment may be  r e f e r r e d  t o  as one element f o r  M 
e lements .  
a r r a y ,  w i l l  b e  n t i m e s  t h e  o r i g i n a l  inter- element  spac ing  D of t h e  primary 
a r r a y .  

This  method r e s u l t s  i n  a secondary 

The spac ing  between t h e  segments, o r  e lements  of t h e  secondary 

For t h e  c a l c u l a t i o n  of t h e  de lay  l i n e s  r e f e r  t o  F igu re  IV-6. The f i r s t  
segment (segment 1 )  i s  considered t o  be  t h e  r e f e r e n c e  segment. The l eng th  L 
i s  c a l c u l a t e d  f o r  t h e  f i r s t  element (element 5)  i n  segment 2 f o r  a given 
azimuthal  steer ang le .  The method as descr ibed  is then  repea ted  f o r  t h e  
remaining segments i n  o r d e r  t o  c a l c u l a t e  t h e  remaining de l ay  l i n e s .  Using 
t h e  previous  example, t h e  number of de l ay  l i n e s  r e q u i r e d  t o  steer t h e  beam 
210.0 degrees  from b o r e s i g h t  w i l l  no t  be  140. The method r e s u l t s  i n  a con- 
s i d e r a b l e  r educ t ion  i n  t h e  number of de l ay  l i n e s  r e q u i r e d  and i n  a d d i t i o n  
reduces  t h e  complexity of t h e  a s s o c i a t e d  swi tch ing  system. However, t h e  
method r e q u i r e s  t h e  payment of  a pena l ty ;  as p rev ious ly  mentioned, t he  amount 
of beam- steering a v a i l a b l e  is determined by t h e  beamwidth of any one element 
and s i m i l a r l y ,  f o r  t h i s  method, t h e  amount of beam- steering a v a i l a b l e  w i l l  b e  
de te rmines  by t h e  beamwidth of any one segment. 

P L A N E  WbVE 

Figure I V-6. Illustration of the Segmentation of the Lineor Array. 
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Consider one segment of 4 elements. The summation of t h e  a r b i t r a r y  
phase $I i s  depic ted  i n  Figure  IV- 7 .  
l e t  A(y) be t h e  y co-ordinate of A then ,  

L e t  A(x) be t h e  x co-ordinate of A ,  and 

A2 = a 2 ( 4  + 6 cos $I + 4 cos 24 + 2 cos 34) 

The maximum va lue  of A2 occurs when 4 = 0. Thus, 

* 
A2 = 16a2 max 

For t he  ha l f  power p o i n t s ,  

2 max = 8a A2 

( 6 : l )  

(6 : 2 )  

( 6 : 3 )  
2 

and t h e r e f o r e ,  

2 = 3 cos 4 + 2 cos 2$ + cos 34 ( 6 : 4 )  

Equation ( 6 : 4 )  is  s a t i s f i e d  when $I = 41.0 degrees,  and t h e r e f o r e  0 t h e  
azimuthal angle a t  which t h e  ha l f  power po in t s  occur may b e  determined from 
equation (5 :3) t o  g ive  

0 = - +arc s i n  ( 36i1D ) degrees (6:5) 

For an example l e t  X = 30.0 meters and D = 40.65 meters then,  

0 = +arc s i n  (0.084) ? 
- 

= +4.82 degrees - 

Thus, the  beam-steering l i m i t s  are - H.82" from bores igh t  f o r  a wave- 
length  X = 30.0 meters. 

Figure IV18 shows p l o t s  of the  r a d i a t i o n  p a t t e r n  i n  t h e  c e n t r a l  region 
f o r  steer angles  from bores ight  t o  5.0 degrees i n  increments of 1.0 degree. 
The l i n e a r  a r r a y  w a s  i n  the  'segmented' conf igura t ion ,  wi th  4 elements per  
segment, with an inter- element spacing D and wavelength A of 40.65 meters 
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* 

Figure I V- 7. Phasor Diagram of One Segment of 4 Elements. 

- BEAMSTEER =O.O" BEAMSTEER = l.OOo BEAMSTEER. 2.00" 

BEAMSTEER = 3.00° BEAMSTEER = 4.00" 
U 
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m 
T) 

-40 

- 50 
-5 -3 - I  0 I 3 5 -5  -3 - I  0 I 3 5 

AZIMUTH ANGLE (DEG) 

IEAMSTEER = 5.00" 

-5 -3 -I 0 I 3 5 

Figure IV-8. Radiation Patterns in the Central Region For the Beamsteers as Shown. 
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' S ~ ~ G I Z ~ L - ~ J '  Grating Lobes: I f  t h e  l i n e a r  a r r a y  system is i n  t h e  
segmented c o n f i g u r a t i o n ,  t h e  system may b e  thought of as a secondary a r r a y  
system, where each segment r e p r e s e n t s  one element i n  t h e  a r r a y .  The i n t e r-  
segment spac ing ,  denoted by Ds, i s  then  given by 

D = ND, ( 6 : 6 )  
S 

idn Sr e N i s  t h e  number of e lements  used i n  t h e  segment. 

D i s  t h e  o r i g i n a l  in te r- element  spac ing .  

I f  the  inter-segment spac ing  Ds is much g r e a t e r  t han  a wavelength (Ds >> A ) ,  
' secondary '  g r a t i n g  lobes  w i l l  r e s u l t .  The word, ' secondary ' ,  d i s t i n g u i s h e s  
the  t y p e  of g r a t i n g  lobes  which i s  now under c o n s i d e r a t i o n  from t h e  type  
p rev ious ly  mentioned. To d e t e r n i n e  t h e  p o s i t i o n  i n  azimuth of the  s e c m d a r y  
g r a t i n g  lobes  equa t ion  ( 5 : 5 ) ,  prev ious ly  used f o r  de te rmining  t h e  p o s i t i o n s  i n  
azimuth of t h e  primary g r a t i n g  l o b e s ,  may be used,  except  t h a t  D must be 
rep laced  by D t hus ,  

S 

8 = arc s i n  
n 

(6:7) 

nX f o r  n = 1,2,3,--- , such t h a t  jj-5 1. 
S 

Figures  IV-9 t o  IV-13 i l l u s t r a t e  t h e  presence  of t h e  secondary g r a t i n g  lobes  
r e s u l t i n g  from t h e  a r r a y  system be ing  i n  t h e  segmented conf igu ra t ion .  
elements were used pe r  segment wi th  an  inter- element  spac ing  of 40.65 meters. 
The t o t a l  number of e lements  used i n  t h e  a r r a y  w a s  32 .  These r e s u l t s  were 
obta ined  a t  a f requency of 10 MHz (A = 30.0 meters) and may be compared t o  
t h e  r e s u l t  ob ta ined  i n  F igu re  IV- 5 where t h e  a r r a y  w a s  no t  i n  t h e  segmented 
conf igu ra t idn .  

Four 

. . .. c -  
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Figure /V-9. Polar Plot for Beamsteer = 1.0" 
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Figure I V- 10. Polar Plot for Beamsteer = 2.0" 
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Figure lV-11. Polar Plot for Bearnsteer = 3.0" 
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Fkyre I V- 12. Polar Plot for Beamsteer = 4.0" 
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Figure I V- 13. Polar Plot for Beamsteer = 5.0" 
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S E C T I O N  7 

Amp1 i tude Weighting * 

Amplitude ~ e i g h t i n g " ~ )  may be  appl ied  t o  t h e  l i n e a r  a r r a y  i n  t h e  form 
of 

2lTR A(R) = 0 .54  + 0 . 4 6  cos (7 : l )  

Consider a continuous a p e r t u r e  of l eng th  L wi th  a p lane  wave inc iden t  on the  
ape r tu re  a t  some angle  8. The wave f i e l d  is  given by, 

2~ R s i n  8 
j, E(R) = e (7 :2) 

I f  amplitude weighting is appl ied  i n  t h e  form as shown i n  equat ion  (7 : l )  then,  

j? R s in  e 
E(R) = ( 0 . 5 4  + 0 . 4 6  cos 

R) e 
(7 :3) 

The f a r  f i e l d  d i s t r i b u t i o n  is  t h e  Four ier  Transform of equation (7:3) thus ,  

where 

- I " c  - 

where 
(7 :4) 

2lT 
L 
r e s u l t s  i n  

- 
is  thg  space frequency of period L. The eva lua t ion  of equation 

E =  
X 

(7 :5) 

s i n  0 - *) m 
x = x  ( L (7 :6) 
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Av I f  x = 0.0 ( i . e .  s i n  6 = -), then  E w i l l  a t t a i n  i t s  maximum va lue  of L 

E = 0 . 5 4  L max (7 : 7 )  

A t  t h e  h a l f  power p o i n t ,  E i s  3 dB below Emax, o r  E = 0 . 3 8  L a d t h i s  g ives  
r i se  t o  a v a l u e  of x = 2 .047  r ad i ans .  
equat ion  ( 7 : 6 ) ,  t hen  a t  t h e  h a l f  power p o i n t s ,  

% Since  x = IT L ( s in  6 - t> from x 

71 
2.047 = 1 L 

Thus, 

Ap 2 .047h  
L 7TL s i n  8 - - = 

L e t  s i n  6 - - = s i n  a, t hen  L 

2.047A 
71L 

s i n  a = 

Again i f  a is small  t hen ,  

degrees  37.332X 
L 

a=---- x 57 .29578  = 7TL 

(7  : 8 )  

(7 : 9 )  

(7 : l o )  

(7 : 11)  

The qeamwidth which is def ined  as 24  i s  then  g iven  by 

deg rees  (7 :12) 74 .665A Beamwidth = 

Thus by t h e  a p p l i c a t i o n  of t h e  weight ing  f u n c t i o n  as shown i n  equa t ion  
( 7 : l )  t h e  beamwidth w i l l  i n c r e a s e  by 32 .2% t o  t h a t  w i th  no weight ing.  
t h e  a d j a c e n t  s i d e  l o b e s  w i l l  b e  reduced t o  less than  1% of t h e  main lobe .  
Successi\ie s i d e  l o b e s ,  however, w i l l  tend t o  i n c r e a s e  i n  ampli tude and exceed 
1%. It w i l l  a l s o  be  noted t h a t  t h e  main l o b e  w i l l  r educe  i n  ampli tude t o  
0 . 5 4  compared t o  t h a t  w i t h  no weight ing.  The v a l u e  of 0 . 5 4 ,  which may be  
def ined  as t h e  normal i s ing  f a c t o r ,  is  used t o  normal i se  t h e  r a d i a t i o n  p a t t e r n  
when weight ing ,  of t h e  form descr ibed  above, is a p p l i e d .  The e f f e c t s  of t h e  
beam p a t t e r n  when t h i s  form of weight ing  is  app l i ed  are exemplif ied i n  t h e  
l i n e a r  p l o t  of F igu re  ( I V- 1 4 ) .  

However, 
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Figure IV-14. Illustration in Linear Form of the Radiation Pattern With the Application of 
Amplitude Weighting. 

Reduction in Gain w i t h  PmpZitude Weighting: Since t h e  a p p l i c a t i o n  of 
amplitude weighting reduces t h e  amplitude of the r a d i a t i o n  p a t t e r n ,  then t h e  
reduct ion  i n  ga in  i n  dec ibe l s  may be given as 

(7 : 13) 

where x i s  def ined i n  equat ion  (7:6). 
+ 

Taylor Weighting: Taylor (24) weighting is  p a r t i c u l a r l y  u s e f u l  i n  w i d e  
ape r tu re ,  narrow beamwidth, l i n e a r  a r r a y  systems, where t h e  main-lobe t o  s ide-  
lobe vo l t age  r a t i o  has been s p e c i f i e d .  This  form of weighting a l s o  insures  
t h a t  the  success ive  s i d e  lobes  remain a t  t h e  s p e c i f i e d  vo l t age  r a t i o  out  t o  
some i n t e g e r  number designated z. 

L e t  t h e  r 3 d i a t i o n  p a t t e r n  resemble t h e  following funct ion  i n  t h e  c e n t r a l  
region 

F (M) = cos IT 4- (7 : 14) 

where CI i s  a number somewhat g r e a t e r  than un i ty  and-5s chosen such t h a t  F(M) 
becomes zero  a t  a corresponding i n t e g e r  designated n.  

U i s  defined by: 
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- 
n r J =  (7 :15) 

dA2 + (z - $) 2 

A has  t h e  p r o p e r t i e s  such t h a t  cosh -ITA is t h e  main- lobe t o  s ide- lobe  v o l t a g e  
r a t i o .  
c o e f f i c i e n t s  o r  F(M), one must e v a l u a t e t h e  products  

M is  an i n t e g e r  ranging  from 0 < M 5 n. To determine t h e  Four i e r  

-IT-1 

IT F(M) = C 

n = l  

\ I  m 

11 n=n 

(7 : 16)  

where C is an  a r b i t r a r y  c o n s t a n t  and may be  taken t o  b e  cosh 7TA. 

I n  o rde r  t o  determine t h e  weight ing  f a c t o r s  t h e  i n v e r s e  F o u r i e r  Transform 
must be  performed on equat ion  (7:16) ,  and t h i s  is  g iven  g e n e r a l l y  a s ,  

where P2 < II = 

1 
ZIT 

W(P) = - F(0)  + 2 S(M) cos MP 

M = l  

I 
(7:17) 

> -  - 
Since F(M) is zero  f o r  M = n ,  t hen  t h e  summation t e rmina te s  a t  M = n ,  thus  
s imp l i fy ing  t h e  eva lua t ion  of equa t ion  (7:17). 

Taylor  has  produced a t a b l e  of v a l u e s  (Table IV- 1)  i nc lud ing  t h e  t h r e e  
parameters  necessary i n  o r d e r  t o  c a l c u l a t e  t h e  corresponding weights  namely, 
A 2 ,  0 ,  and n. Another u s e f u l  parameter ,  des igna ted  B,,  and found i n  column 
3 of t h e  t a b l e ,  may be used t o  determine t h e  a c t u a l  beamwidth o f  a l i n e a r  
a r r a y  system when t h i s  form of weight ing  is app l i ed .  
g iven  by, 

* 

The a c t u a l  beamwidth i s  

. B = a . X  
ND degrees  (7 :18) Actual  beamwidth = " 

For example, i f  a designed main- lobe t o  s ide- lobe  v o l t a g e  r a t i o  is  t o  be 
100.00 (40dB), and ii i s  chosen t o  be  6 ,  t hen  from t h e  t a b l e ,  

0 =1.04298 and 6, = 68.76". I f  a wave number of  42.21 i s  
used,  t hen  t h e  a c t u a l  beamwidth w i l l  be ,  

Actual  beamwidth = 68.76 x 1.04298 degrees .  = 1.70 
42.21 

(7 :19) 

b '  
. .. 
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1.33333 

1.29351 

1.24393 

1.18689 

1.12549 
--- 
--- 

TABLE JV-1 

1.20000 1.14286 

1.18672 1.13635 

1.16908 1.12754 

1.14712 1.11631 

1.12133 1.10273 

1.09241 1.08698 

- -- 1.06934 

- 
Design s ide-  rl 
- lobe r a t i o  (Side- lobe TI 

cm dB) vo l t age  r a t i o )  ( i n  den.) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

, 
1.00000 

1.77828 

3.16228 

5.62341 

10.0000 

17.7828 

31.6228 

56.2341 

100.0000 

28.65 

34.49 

40.33 

45.93 

51.17 

56.04 

60.55 

64.78 

68.76 

A 2  

0.00000 

0.14067 

0.33504 

0.58950 

0.90777 

1.29177 

1.74229 

2.25976 

2 .a4420 

Values of the  parameter . 
- - - - - - 
n = 2  n = 3  n = 4  n = 5  n = b  n = 7  , n =  

I 1-----j I i I 
1.11111 

1.10727 

I 1.10203 

1.09528 

1.08701 

1.07728 

1.06619 

1.05386 

1.09091 

1.08838 

1.08492 

I. 08043 

1.07490 

1.06834 

1.06079 

1.05231 

1.04298 

1.07692 I I .06667 

1.07514 1.06534 

1.07268 1.06350 I 
1 

I 

1.06554 i 1.05816 i 
1.06083 11.0546) ' 
1.05538 1.05052 I 

1,06949 , ! 1.06112 

i 

Beamwidth Spread (Percent):  The percentage  spread  i n  beamwidth when 40 
dB Taylor  weight ing  is app l i ed  may b e  determined, by f i r s t ,  determining t h e  
beamwidth of t h e  s i n  x/x r a d i a t i o n  p a t t e r n  us ing  t h e  same wave number. For 
example, i f  t h e  wave number of 42.21 is  used t h e  s i n  x/x beamwidth w i l l  b e  

50.65 1-20  Beamwidth = - = 
42.21 

c 

The Beamwidth spread  i n  p e r c e n t  w i l l  b e  

1.7 - 1.2 
1.7 Beamwidth spread  = 

(7 :20)  

(7 : 21) 

= 292 

Thus, w i th  t h e  a p p l i c a t i o n  of Taylor  weight ing ,  t h e  beamwidth w i l l  i n c r e a s e  
by 29%. 

It h a s  been determined numer ica l ly  t h a t  wi th  t h e  a p p l i c a t i o n  of t h i s  
form of weight ing  t h e  main lobe  w i l l  reduce i n  ampl i tude  t o  0.551 compared 
t o  t h a t  w i t h  no weight ing.  Thus, t h e  beam p a t t e r n  obta ined  wi th  40 dB Taylor  
weight ing app l i ed  has  been normalised to  t h i s  va lue .  The e f f e c t s  of 40 dB 
Taylor  weight ing  on t h e  beam p a t t e r n  i s  exemplif ied i n  t h e  l i n e a r  p l o t  of 
F igure  IV- 15.  
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Figure I V- 15. Illustration in Linear Form of the Radiation Pattern with Application of Taylor Weighting. 

Reduction i n  Gain With Taylor Weighting: Since the application of 
Taylor weighting reduces the amplitude of the radiation pattern, then the 
reduction i n  gain i n  decibels  may be  given as  

(7 : 21) 

where F(M) i s  defined i n  equation (7 :16) .  

? 

" c  . 
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S E C T I O N  8 

. Azimuthal Bearing Errors Caused by Linear Array on Sloping Ground 
* 

Azimuthal bearing errors w i l l  result  i f  the linear antenna array system 
is  instal led on sloping ground. 
upon the true azimuthal bearing of the signal and its elevation angle. 
i l lu s t ra te  t h i s ,  consider the diagram of Figure IV-16. 

The magnitude of th i s  error w i l l  be dependant 
To 

Z 

5 > 
I 

Y 

X 

Figure I V- 16. Illustration of the linear Array on Sloping Ground 
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In t h i s  diagram, t h e  u n i t  vec to r  A ,  i n  t h e  d i r e c t i o n  of t h e  l i n e a r  
a r r a y ,  has  an e l e v a t i o n  angle  B with  r e s p e c t  t o  t h e  x, y plane. The u n i t  
vector  S r ep resen t s  a s i g n a l  vec to r  having an e l e v a t i o n  angle  Q and an 
azimuthal angle  8 .  

The p r o j e c t i o n  of the  S vec to r  on t h e  x, y ,  z ,  coordinates  w i l l  g ive  

* 
where B1 is the  angle  between t h e  S vec to r  and t h e  y coordinate ,  a1 is the  
angle  between t h e  S vec to r  and t h e  x coordinate ,  and 5?, 9 ,  z are u n i t  vec to r s  
i n  the  x ,  y ,  z d i r e c t i o n s  r e spec t ive ly .  S imi la r ly  f o r  t h e  A vec to r  

A 

A = x^ cos B + 2 s i n  8 (8:2) 

Since w e  are i n t e r e s t e d  i n  the  angle  y between t h e  vec to r s  S and A,  then the  . 
r e s u l t a n t  cos ine  of t h e  angle  y i s  simply t h e  dot  product of S and A. 
cos (y) = S . A  t h e r e f o r e ,  

Thus, 

cos(y) = cos a1 cos B + s i n  Q s i n  8 (8 :3 )  

From a knowledge of r i g h t  spher i ca l  t r i a n g l e s  cos a1 may be deduced and i s  
given by, 

Therefore 

c 
C O S ( ~ )  = cos J ,  cos 6 cos B + s i n  J ,  s i n  8 (8 : 5) 

To s impl i fy  ma t t e r s ,  assume t h a t  the  f r o n t  o r  main lobe  i s  broadside t o  the  
l i n e a r  a r r a y  system ( i . e .  8 = 9 0 . 0 " ) ,  then 

cos(y) = s i n  J ,  s i n  B (8 : 6 )  

Thus f o r  an a r r a y  having an e leva t ion  angle  of 8 ,  t h e  va lue  of y t u rns  out 
t o  be a func t ion  of t h e  e l eva t ion  angle  J ,  of t h e  s i g n a l .  
B = 2.0" and J ,  = 20.0" then 

For example, i f  

y = a r c  cos ( s in (20)s in (2 ) )  = 89.3" (8 :7) 



168 

The bearing e r r o r  Ay which r e s u l t s  from t h e  a r r a y  being on s loping ground is  

Ay = 90.0 - arc cos (sin JI sin 6) (8 : 8 )  

From the  foregoing example, A0 tu rns  out  t o  be 0 . 7 O .  
p a r t i c u l a r l y  important i n  wide aper tu re ,  narrow beamwidth, l i n e a r  a r r a y  
systems. 
the  a r ray  beam tends t o  steer away i n  azimuth from t h e  d i r e c t i o n  of t h e  s i g n a l  
soblce. Eventually, a t  some e leva t ion  angle ,  t h e  beam w i l l  steer s u f f i c i e n t l y  
away so t h a t  t h e  d i r e c t i o n  of t h e  signal is outs ide  t h e  beamwidth of t h e  
ar ray .  These v a r i a t i o n s  i n  t h e  e leva t ion  angle  are a r t i c u l a r l y  no t i ceab le  

This bearing e r r o r  is 

The r e s u l t  is t h a t  as t h e  e leva t ion  angle  of t h e  s i g n a l  inc reases ,  

f o r  r ad io  waves t h a t  propagate v i a  t h e  ionosphere( 25P . 
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Radiation Pattern Format 

S E C T I O N  9 

on as a Function of the Rad a1 Distance R 

For a performance eva lua t ion  of a l i n e a r  a r r a y  system, t h e  test  t r ans-  
mitter should be  placed a t  some r a d i a l  d i s t a n c e  R from t h e  system i n  o r d e r  t o  
minimize i n t e r f e r e n c e  caused by t h e  F r e s n e l  e f f e c t .  

Consider a l i n e a r  a r r a y  system of a p e r t u r e  l e n g t h  L ,  and a l s o  cons ider  
a p o i n t  sou rce  a t  some r a d i a l  d i s t a n c e  R from t h e  l i n e a r  a r r a y  as shown i n  
F igure  IV-17. Radio waves emanating from t h e  p o i n t  sou rce  w i l l  produce a 
curved wavefront  w i th  r e s p e c t  t o  t h e  l i n e a r  a r r a y .  
t h e  propagat ion  l eng th  S may be  given as 

For some given l eng th  2, 

S =  

bu t  Ro = R s i n  
R and R t o  be 

s =  

(Ri + (Z + - R ( 9 : l )  

0 and 2 = R cos  8 and t h e r e f o r e  S may be g iven  i n  terms of 0 ,  

For a g iven  R and 8 ,  S(R> may be  eva lua ted  by u s e  of t h e  Maclaurin series t o  
the  second o r d e r  term t o  be  

t2 (1 - cos 28) 
2R S(R) = II cos  0 - 

Thus t he  phase ang le  @ may be given as a func t ion  of R t o  be  

'lt2 ( 1  - cos 2e) 2n R cos 0 - - RX @(A) = x 

(9 : 3)  

(9 : 4 )  

The second term i n  Equation (9:4) r e p r e s e n t s  t h e  in t e r f e r ing- phase  e f f e c t ,  o r  
F re sne l  e f f e c t  f o r  a given r a d i a l  d i s t a n c e  R.  I f  w e  now assume orthogonal  
cond i t i ons  (I.E. 8 = go"),  then 

(excluding t h e  minus s i g n )  
2nR2 

@(I,) = RX (9:5) 

IT Using t h e  c r i t e r i a  t h a t  t he  i n t e r f e r r i n g  phase s h a l l  n o t  exceed - r ad i ans  a t  
- L ,  then  R may be given as 
2 

8 

b '  
. .. 
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2L2 R = -  
A (9  : 6)  

With the  c r i t e r i a  above, Equation (9:6) represen t s  the  boundary condit ion 
between t h e  near f i e l d  o r  Fresnel  zone, and t h e  f a r  f i e l d  o r  Fraunhofer region. 
The r e s u l t  obtained i n  Equation ( 9 : 6 )  a l s o  appears i n  Kraus(26). From Equation 
( : :6)  i t  w i l l  be noted t h a t  f o r  a given a p e r t u r e  length  L, t h e  boundary 
condit ion i s  inverse ly  propor t ional  t o  t h e  wavelength A .  

4 L * 

Figure I V-17. Illustration of a curved wave front emanating from the point P and which is arriving at some 
angle 0 w.r.t. the linear array of length L. 

L 
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0042: ROOK# 2 7 6 9 0 0 s  07/16 /75  11:19 
C P ~ ~ G R A M  Tp1 CBMPUTt  AND D I S P L A Y  THE R A D I A T I B 9  PATTER'.l F V R  
C A L I N F A K  A R R A Y  9F BEVERAGE ANTENNAS. THE NUMBflH OF 
C ELEMENTS ( N R X ) ,  USED Th THE A R R A Y  MUST BE A \  INTEGER 
C P3NER OF TW9 E L E M t N T S  AND N9T  TB EXCEED 64 
C T.rE A R R A Y  M A Y  BE: 
C 'SEGMENTFD' P R B V I U I N G  THE T P T A L  NUMBER B F  ELEMEkTS t!SFD 
C I h  THE SYSTEM ARE EXACTLY DIVJSABLE BY THE kUMBFR BF 
C ELEMENTS CHOSEN FBR THE SEGMEblT. R A D I A T I B N  PATTtrRNS ARE 

* C ALSO CRMPUTED FOR THE ARRAY SYSTEM ON L I N F A R  S L B P I N ~  GROU'*D 
C C S S I N E  W E I G H T I N G  OR 4 0 0 8  TAYLOR WEIGHTING M A Y  BE- A P P L I E D  
C T 3  THE A R R A Y  SYSTEM. IF THE A R R A Y  1s SEGMENTED# THE WEIGHTS 
C ARE APPLIED T O  THE SEGMENTS B'QLYo 
C THE I N P U T  PARAMETERS R E Q U I R E D  FBR THE PRBGRAM AKE AS FRLLflWS: 
C D * * . * . * T H E  INTER- ELEMENT SPACING D I N  PETERS 
C NRX. ONIJMBER 8 F  ELEMEbTS 
C FAV......THE FREQUENCY B F  B P E Y A T I B Y  I N  MHZ 
C THETA.oo.*BEAMSTEFR ANGLE (DEGREES)  
C N P T * * e * * * T H E  NUMBFR OF ELEMENTS PER SEGMENTS 
C ( I F  N P T = l r  THE A R R A Y  IS N O T  SEGMENTED) 
C A L P H A * . . * * * T H E  E L E V A T I B N  ANGLE BF  THE S I G N A L  I N  DEGQEES 

C ~ E T A I I ~ . * G R B U N D  E L E V A T I O N  ANGLE(DEGREES1 
C I S K I P . * r * . P A R A M E T E R  F9R S E L E C T I E N  BFAPPRBPRIATE 

C ( I F  ALPHA = 0.01 GRBUND dAVE C O N D I T I e N S  ARE ASSUMED) 

C k E  I G H T I N G  F t l t dCT IBN 
C ISKIP = O...NB WEIGHTING 
C I S K I P  r: l * * r C B S I N E  N E I G H T I N G  
C I S K I P  6 2 * * 0 T A Y L B R  k E I G H T I N G  
C XLENGTH. . * * *ANTENNA LENGTH ( M E T E R S )  
C E G * * . e . . * * * . R E L A T I V E  DIALECTRIC CONSTANT 
C S I G M A o * e . . * * G R B U N D  C B N 3 U C T I V I T Y  (MHB/HETER)  

C R A D I U S * r r . * * W I R E  R A D I U S  ( M E T E R S )  
C THE ABsP~LUTE VALUE OF THE CBMPLEX C H A R A C T E R I S T I C  
C ?  IMPEDANCE ZB IS TAKEN AS THE T E R M I N A T I N G  IMPEDAhCE ZL. 
C EXAMPLE PIF PARAMETERS:- 
C 7 I 160 5. D 0. D 1 ~ 2 2 .  D 0 . 0  0 , 1 0 0 . ~  12 D *003# 1 D 1 0 0 2 6 E - 4  
C DATA PARAMETERS START I N  CBL. 1 8F DATA CARD 
C 
C B.J. Q0BK MARCH 30  1975 
C 

C H * * . * * * * * . * * A N T E N N A  H E I G H T  ( M F T E R S )  

D I M E N S I e N  B R G ( 9 9 9 ) , W ( ~ 5 6 ) r I T I T L E ( 5 0 0 ) r  
*I.T (0:2C)O',  I D L I N E  ( 100 ) D R B U F  (2009 I D  A 6 U F (  2 5 6 )  
* r F T ( 2 0 0 0 ) r X L L ( 1 2 8 ) r W F ( 3 2 8 ) # X G A M ( 2 )  

CeMPLEX CWBUF ( 5 1 2  ) I CMBUF ( 512 1 CRUF (64 1 0 CBUF? ( 6 4  1 

+ D  X G A M M A D  ZBr  Z I N  
E Q U I V A L E N C E  ( X G A M M A D X G A M ( ~ )  1 
DATA I T I T L E I '  AZ IMUTH AN GL E  DFGREES ' /1C/?99*998 /  

+ D  I L I M / 1 2 8 /  
C READ I N  DATA PARAMETERS 

+EGD SISMA,HD R A D I U S  
I N P U T  D,NRXDFAV, THETA,hrPT, ALPHA,BETA, I S K I P D X L E N G T H D  

T+i€TA = T H E T A / 5 7 * 2 9 5 7 8  
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A L P Y A ~  = A L P H A / 5 7 * 2 9 5 7 8  
BETA = B E T A / 5 7 * 2 9 5 7 8  
XLAMBDA = C / F A V  
DY 4 0  I = 1 J I L I M / 2  
X L L ( 1 )  = o * o  
W F ( I )  = ? * O  

CALL NISE ( E G I S I G M A J H , R A D I U S J X L E N G T ~ J X G A M J Z ~ ~ F A V #  
4 0  C H U F ( 1 )  = C M P L X ( l * r O * )  

+XCiAMMAr XFJJ D B )  
0 ZLL = C A B S ( Z B )  

CALL DELAYCeNST I NPT) D, THETA, XLAMBDAJ CBUFI NRX j XL L J  N H  1 
I F ( I S K 1 P  * E Q *  O ) G B  TO 4 3  
I F ( I S K J P  * E O *  2)GB 10 200 

Gt! T O  43  
CALL NEIGHT(NRX~CRUFJNPT,WF) 

200 CALL T A Y l  ~ R ( N R X J C B U F , D ~ W F J N P T )  
43 D13 30 I = 1 J I L I M  
30 C M B U F ( 1 )  = C M P L X ( @ * O B O * O )  

M C N T R  = 1 + ( I L I M / 2 )  
LCNTR = MCWTR - ( Y R X / Z )  
D0 2 N = 1 D NRX 
C Y B U F ( L C N T R - ~ + N )  = CBUF(N)  

2 CONTINUE 
M = A L B G ( F L B A T ( I L I M ) ) / A L U G ( 2 * ~ )  + 0 . 5  
C A L L  FAST4 ( M  J CriBUF J rl J - 1 )  
DB 3 4 5  N 1 0 I L I M  

345 A R U F ( N )  = C A B S ( C M B U F ( N ) ) / F L B A T ( N R X )  
AMPMX = A B U F I I )  
Cf3NST = X L A M R D A / ( U r F L B ~ T ( I L I M I  1 
1;) = 0 
DO 772 I * 2 J I L I M  
I F ( A M P M X  * G E *  A R U F ( 1 ) ) G B  T 0  772  
AMPYX = A B U F ( I )  
XI) 1-1 

7 7 2  CtlN'TINUE 
7 7 3  W R I T E ( l O R r l 2  

W H 1 T E ( 1 0 8 ~ 1 3  
W R I T E ( I O S J I ~  
WRITE(  1O8r23  
W R I T E ( 1 0 8 r 2 9  
w R I T E ( 1 0 8 ~ 2 8  

NRX 
0 
FAV 
XLENGTH 
XN 
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22 
23 FORMAT(/ 'FREQUENCY I N  MHZ = ' r F 5 m 2 )  
2 9  FBRMAT( / 'BEVERAGE ANTEkNA WIRE LENGTH (METERS) = ' r F 6 r 2 )  
2 8  F B R M A T ( / t V E L B C I T Y  BF PRBPBGATIBN R A T I B  = ' r F 5 . 3 )  
39 F @ R M A T ( / f C B M P L E X  CHARACT. I M P E D *  ZB = ( t r F 7 * 2 r ' ~ t r  

31  F U R M A T ( / ! T E R M I N A T I N G  IMPEDANCE. = ' r F 7 m 2 r t  8Ht'lST) 
3 2  F S R M A T ( / ' E L E V A T I O N  ANGLE OF S I G N A L  (DEGREES) = ' r F 5 . 2 )  
33 F B R M A T ( / t H E I G H T  O F  ANTENNA ABBVE GROUND (METERS) s tF5 .2 )  
3 4  F O R M A T ( / ' R E L A T I V E  D I A L E C T R I C  C 0 N S l A N T  B F  GROUND = t r F 4 . 1 )  
35 FBRMAT( / tGRBUND CSNDUCTIV ITY (MHB/METER) * ' r F R . 6 )  
3 6  F @ R M A T ( / ' N I R E  RADIUS I N  METERS (CBPPER WIRE)  = ' j F 8 . 7 )  
37 F O R M A T ( / t P H A S E  CBNSTANT ( R A D I A N S / M E T E R )  = ' I F 8 . 6 )  
38  F B R M A T ( / t A T T E N U A T I B N  CONSTANT (DB/METER) = ' r F 8 m 6 )  
5 9  FRRMAT(/ tPBWER G A I N  OF ANT* A R R A Y  R E L o  T O  I S B T R f l P I C ' r  

FORMAT ( 8 x 1  12827x1 F 6 *  2 , 2 5 X r F 5 *  3 1 

* F 7 * 2 r ' )  V H M S t )  

* 

+ '  RAOIATBR ~ ' r F 8 . 3 ,  ' D B ' )  
E N D  

StJRROUTINE D E L T A ( * J E G , E B I S I G M A J A D E L T A )  
C SclBRBUTINE T O  CALCULATE THE GRnUND WAVE 
C T I L T  ANGLE 
C R e  J *  R O g K  MARCH 30 1 9 7 5  

S 1  = EG - 1. 
s12 = SlrSl 
S2 = S IGMA/ (EO+W)  
s22 = S 2 r S 2  
s3 f s12 + s 2 2  
54 = EGrEG 
s5 = s 4  + s22 
s55 = s 5 r s 5  
DELTA = S 3 I S 5 5  
DELTA = D E L T A * * * 2 5  
ADELTA = A T A N t D E L T A )  
RETURN 
END 

SUBRBUTINE RHOV ( X I 1 8  W ,  E B J E G I  S I G M A I R H B )  
C SUBRBUTINE TO CALCULATE THE V E R T I C A L  
C GRBUND R E F L E C T I B N  COEFFICIENT FBR A 
C G I V E N  ELEVATIBN A N G L E ( x I l ) *  
C 8 .  J m  R e e K  MARCH 30 1 9 7 5  

CfjMPLEX 
Y = Om=SIGYA/(W+EU) 

RHBD c 2 r  z r  A 8  c 

Z = C M P L X ( E G J Y )  

6 = B r B  
A = z + S I N ( x I l )  
C = Z-B 

RkiB = ( A  - C 2 ) / ( A  + C 2 )  

END 

B = c e s ( x 1 i )  

c2  = c S Q R T ( C )  

RETURN 
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0008: 

10 

8 

R88K,276900S 0 7 / 1 6 / 7 5  1 2 : 4 0  
SUBRBUTINE G R N D T ~ L T ( N R X J D , C B U F ~ T H E T A , A L P H A J ~ E T A , X L A ~ B D A )  
SUBROUTINE 18 CVMPUTE THE PHASE ERR0RS 
ACR0SS THE ARRAY ASSOCIATED WITH A 
GHBUND TILT ( B E T A )  
B * J *  R e O K  MARCH 30 1975 

D A T A  P I / 3 * 1 4 1 5 9 2 6 5 /  

SA = S I N ( A L P H A ) * S I N ( B E T A )  

CUNST = 2 r r P I + S I N ( E P ) r D / X L A M B D A  
D 0  10 N = 1 I NRX 
P d I  = CONST+FLOAT(N-11 
X = C B S ( P H 1 )  
Y = S I N ( P H 1 )  
C ! ~ U F ( N )  = C B U F ( N ) + C M P L X ( X J Y )  
CtlNT I NU€ 
RETURN 
END 

COMPLEX C B U F ( 1 )  3 

I F ( A L P H A  * E Q *  * O  *LNDo BETA * t Q *  e0)RETURN 

EP = ( P I / ? . )  - A C B S ( S A )  

SUBRBUTINE OELAYCBNST (hPT,  D0 THETA, XLAYBDA8COUF, NRXI XLLI N R )  
C SUBRBUTJNE T 8  DETERMINE THE DELAY CSNSTANCE PER 
C SEGMENT 8F THE L I N E A R  A R R A Y  FBR A G I V E N  STEFR A ~ G L E  
C ;THETA*  
C B * J * R B O K  MARCH 30  1975 

DIMENSION X L L ( 1 )  
COMPLEX C B U F ( 1 )  
D A T A  P I / 6 * 2 8 3 1 8 5 3 1 /  
NR - ( N R X / N P T )  
I F ( T H E T A  * E Q *  O*O)RETURN 
Dl = F L B A T ( N P T ) ~ D * S I N ( T H E T P ) / X L A M B D A  
02 = P I v D l  
D 9  10 I = 1 0 NR-1  
P H I  = F L R A T ( I l * D 2  
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