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Introduction 

The design and operation  of Low Pro f i l e  and E lec t r i ca l ly  
S m a l l   A n t e n n a s   h a s   t r a d i t i o n a l l y   c e n t e r e d   a r o u n d   t h e  
proper t ies  of e f f ic iency  and bandwidth for . these   s t ruc tures .  
Over the  years  a var ie ty  of s ign i f icant   theore t ica l   s tud ies  
and experimental  efforts  have  been  performed by many well  
known investigators.   Wheeler 's  monumental  work of  over 40 
years,  summarized i n  Ref. 1, i s  worthy  of  special  note. H e  
has  provided one of  the most splendid  practical   techniques 
fo r   cha rac t e r i z ing   and   p red ic t ing   t he   behav io r   o f   t hese  
small  antennas.  (Small, i n  t h i s   c o n t e x t ,  means t h a t   t h e  
entire  antenna, and i ts  images,  fLt  within  the  radian  sphere 
- a sphere  of  radius A /2n. Small a t  VLF or  ELF, of  course, 
may entai l   substant iaf   real   es ta te . )   Clear ly ,   the   bot tom 
l i n e  on a l l   t h i s  is t h a t  remarkable  performance i s  cer ta in ly  
practical ,   provided  only  that  one does  not become too  greedy 
in  the  size-efficiency-bandwidth  tradeoff.  

E lec t r i ca l ly  Small  Antennas  have  always  represented  one 
of  the  major  challenges t o   t h e  RF engineering  profession. 
( Indeed,   the   topic  seems to   r eappea r   i n   r egu la r   cyc le s . )  
Traditionally,  acceptable  performance  has  been  coaxed and 
tweaked out  of  these  devices by e i t h e r  (1) reducing  system 
losses   (use   th ick   wi res  on the  antennas and low loss ele-  
ments in  the  matching  networks)  or by ( 2 )  increasing  the 
r a d i a t i o n   r e s i s t a n c e   ( s a y ,  by top  loading  short   towers) .  
Newmann has  devised a th l rd   l i ne   o f   a t t ack  which i s  viable  
when a small  antenna i s  t o  be  located on a larger  conducting 
support s t r u c t u r e .  The technique,  apparently, is t o  ( 3 )  use 
t h e  small antenna as a c o u p l e r   t o   e x c i t e   c h a r a c t e r i s t i c  
modes  on the  support .  The method is  e spec ia l ly   u se fu l   i f  
the  small  antenna, by i t s e l f ,  i s  not   very  eff ic ient .  Un- 
for tuna te ly ,   on ly   the   f i r s t  two techniques  are  of  value t o  
AM broadcasters or fo r  VLF/ELF communications. 

Small  Antennas a t  Low Frequencies 

A t  these  lower  frequencies,  another  major  electromag- 
ne t ic   fac tor  i s  of  considerable  significance.   Traditional 
small antenna  analysis i s  usually  formulated  in a free  space 
environment. A t  these lower  frequencies, however, one must 
also  contend  with  the Sommerfeld attenuation  function.  (In 
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t h i s   r ega rd ,   consu l t   t he   r emarkab le  work of  Norton, who 
reduced  the  calculation  of  ground wave l o s s e s   t o  a p rac t i ca l  
form appropriate  for  use by AM broadcas te rs   in   th i s   count ry .  
Ref. 3 )  Simply pu t ,   a t   t hese  lower  frequencies  the  problem 
with  electrically  small   antennas is not  only t o  reduce  sys- 
tem losses,  but  simultaneously t o  produce ver t ica l   po lar iza-  
t i on .  A t  AM broadcast   frequencies,   horizontal   polarization 
at tenuates  so rapidly as t o  be  of  no pract ical   s ignif icance.  
Any radiated HP, i n  fact ,   represents  a serious  degradation 
of  system  performance. A simple co i l ,   mul t i tu rn   loop   or  
h e l i x ,  no ma t t e r  how e f f i c i e n t ,  w i l l  produce e l l i p t i c a l  
polar izat ion.  No matter how well   constructed,   these  elec- 
tr ically  small   antennas  are  of  no  commercial   value what- 
soever t o  AM broadcasters   s ince  the  inherent   horizontal  com- 
ponent  of  the  radiation  represents  wasted power,  and mus t  
not  appear  in  the  numerator  of  the  radiation  efficiency ex- 
pression. This genus  of  electrically  small  antennas would 
be of   s ign i f icant   va lue   a t  low frequencies   i f   they  could 
a l s o  be made s e l f - r e s o n a n t   a n d   e x c l u s i v e l y   v e r t i c a l l y  
polar ized,   while   a t   the  same t ime  e i ther   requir ing a ground 
system no larger  than  conventional  short   vertical   towers,   or 
none a t   a l l .  

The Toroidal H e l i x  Approach 

One p a r t i c u l a r l y   i n t r i g u i n g   i d e a  i s  t o   t a k e  a s e l f  
resonant  normal mode h e l i x ,   p u l l  it around i n t o  a closed 
torus  and l e t   t he   r e su l t i ng   s t ruc tu re  combine the  tuning and 
matching  networks  with the   rad ia t ing   e lement   i t se l f ;   (See  
Ref.4). The radiat ion  res is tance i s  now i n  ser ies   with  the 
c o i l   i n d u c t a n c e ,  and t h i s  combination is  shunted by the  
helix  turn-to-turn  capacitance.  The impedance transforming 
nature of t h i s  lumped c i r cu i t   equ iva len t  i s  well known, and 
it also  has  the  advantage  of  transforming a r e l a t ive ly  small 
feedpoint   current   into a stepped up current  passing  through 
the  radiat ion  res is tance.  The c i r cu i t  equivalent  used t o  be 
ca l l ed  a "cur ren t   ampl i f ie r"   in   the   o ld  books on network 
theory. 

The f i e l d   t h e o r y   a n a l y s i s  of the  antenna i s  f a i r l y  
straightforward.  Since  the  structure is a slow wave s e l f  
r e s o n a n t   h e l i x ,  it i s  r e a s o n a b l e   t o  assume a superposed 
s inuso ida l   d i s t r ibu t ion   o f   e l ec t r i c  and  magnetic  current, 
where the  electric current  is given by 

the  coordinates   having  their   usual  meanings, and the mag- 
ne t ic   cur ren t  i s  found from 

where b i s  the   he l ix   rad ius  and s i s  the  turn-to-turn  spac- 
ing.  In  these  expressions, n is a mode number for   the  
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curren t   d i s t r ibu t ion .  The r ad ia t ed   f i e lds   a r e  determined i n  
Ref.4 as :  

The superscr ipt  e ind ica tes  a f i e l d  component a t t r i bu tab le  
t o   t h e   e l e c t r i c   c u r r e n t  and m t o   t h e  magnetic  current. 
J ( x )  is the  usual  Bessel  function and Bg i s  the  phase 
cgnstant   appropriate   for   the  hel ix .  These f ie lds   are   not  
unlike  those  produced by the  superposit ion  of a resonant 
loop and  a c i r c u l a r   s l o t .  However, because  of  the  slow wave 
nature of the  toroidal   hel ix ,   the   physical   s ize   has   been 
considerably  reduced. 

Several   variations of the  basic   configurat ion  are  now 
p o s s i b l e .  By cont rawinding   the   he l ix   (Refs .4 ,5 ,6) ,   the  
azimuthal component of e l ec t r i c   cu r ren t  is cancelled  out and 
one i s  simply l e f t  with what i s  commonly  known as  a poloidal 
flow of e l ec t r i c   cu r ren t .   Th i s  i s  occasional ly   cal led a 
caduceus  winding. The radiated  f ie lds   are   then  given by 
only  expressions  (3c) and (3d).   Further,  and t h i s  i s  impor- 
t a n t ,   i f  one divides  the  Toroidal  Helix  into 4 or  more seg- 
ments it can  be fed  as  Smith's  cloverleaf  antenna,  so.fami1- 
i a r  from FM broadcasting.  (See  Refs.4,7).  The r e su l t an t  
magnetic  current  distribution w i l l  be  uniform, ( n  = 0 ) ,  and 
the   rad ia ted   f ie ld  i s  described  simply by equation  (3c).  

We now have a Low Pro f i l e ,   s low wave, vertically 
larized, self  resonant,  omni-directional ( i n  the  azimuthal 

rad ia tor   wi th  a subs tan t ia l   feed-poin t  impedance. 
Consequently,  the  structure  has  considerable  desirability  as 
an E lec t r i ca l ly  Small  Antenna a t   f requencies  where  ground- 
wave propagation or ground effects  are  important.  

b 
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One does  not  get  something  for  nothing, however.  Chu's 
fundamental l i m i t ,  which relates  the  lowest  achievable Q of 
a l o s s l e s s   E lec t r i ca l ly  Small  Antenna t o  i t s  maximum physi- 
c a l  dimension, is still  in   force .  The Toroidal  Helix i s  a 
remarkable  structure, b u t  it has been  bought a t  the  pr ice   of  
reduced  bandwidth. O f  course, one may  make a trade-off  be- 
tween   opera t iona l   bandwidth   and   e f f ic iency ,   i f   one  so 
desires. 

Las t ly ,   severa l   exper imenta l ly   measured   e lec t r ica l  
properties  should be reported. A typ ica l   s t ruc ture   cons is t -  
in9  of  32 contrawound  rings  1/60 th of a w a v e l t ~ g t h   i n  
d l ame te r ,   a r r anged   i n  a t o r u s  of . r a d i u s  1 / 2 1  o f  a 
wavelength  had a resonant  feed-point impedance on the  order 
of  1500 ohms ( p u r e l y   r e s i s t i v e ) .  The Toroidal  Helix  pro- 
duced pure ly   ver t ica l   po lar iza t ion .  (The hor izonta l  com- 
ponent was a t   l e a s t  35 dB, or  more, down from the   ve r t i ca l  
component.) The structure  had a Q on the  order  of  35, a s  
determined from impedance measurements. The measured f i e l d  
in t ens i ty  was within 3 dB of a quar te r  wave monopole above 
36 r ad ia l s  one quarter-wavelength  long. 
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