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FOREWARD 

Th i s  r e p o r t  was prepared by Te r r y  S. Cory, P.E. f o r  t h e  U.S. Bureau o f  
Mines under purchase o r d e r  P038223. The work was i n i t i a t e d  v i a  an 
unso l  i c i  t e d  proposa l under Coal Mine Hea l th  and Safe ty  Program. I t  was 
admi n  i s te red  under t h e  techn i ca I d  i r e c t  i on o f  t h e  8ruceton Research 
Center w i t h  M r .  Robert  Chufo a c t i n g  as t h e  Technica l  P r o j e c t  O f f i c e r .  
The BuMines Con t rac t i ng  O f f i c e r  was klrs. Chalene Wolper. 

Thi s r e p o r t  i s  a summary o f  t h e  work r e c e n t l y  cornp le ted;  performed 
d u r i n g  t h e  p e r i o d  15 J u l y  1978 through I  Oecomber 1978. The r e p o r t  w3s 
submit ted by t h e  au thor  on 15 Decomber 1978. 

Any re fe rence t o  s p e c i f i c  brands, equipmen?, o r  t r a d e  names e i t h s r  
s p e c i f i c a l l y  w r i t t e n  o r  imp l i ed  does n o t  imply  endorsement by t h e  
Bureau o f  Mines. No pa ten tab le  techniques have been developed o r  
o the rw ise  used d u r i n g  t h e  course o f  t h f  s  program, The v e h i c u l a r  an+:~nne 
design may be pa ten tab le .  
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1.0 INTRODUCTION 

T h i s  r e p o r t  covers antenna deslgn, ana lys is ,  and development work performed 
f o r  t h e  U.S, Bureau o f  Mines under Purchase Order PO382223 by Te r r y  S. Cory, 
P.E. The a n t i c i p a t e d  usage o f  t h e  antennas and accompanying a n a l y s i s  i s  
f o r  medium frequency w i r e l e s s  communications i n  coa l  mines. 

The work has l nc l uded a comp l e t e  veh i c u  l a r  antenna des i gn exper ience 
th rough t h e  p r o t o t y p e  development stage, des ign a n a l y s i s  and comparat ive t e s t s  
t o  be use fu l  i n  eventual  development o f  op t im ized  p o r t a b l e  P A I a n t ~ n n a  
systems, and a n a l y s i s  o f  t h e  c o u p l i n g  between v e h i c u l a r  antennas and 
e x i s t i n g  mine w i r i n g .  

The v e h i c u l a r  antenna work was an ex tens ion  o f  e a r l  i e r  c o n f i g u r a t i o n  
s tud !  es and p re  l i m i  nary  des i gn ana I ys  i s p e r f o r m d  under USBM Con t rac t  
H0377013 ( Co l l ins /Rockwe l l  on Wi re less  Communications f o r  T rack less  
Haulage Vehic les,  

Medium frequency technology I n  coa l  n i nes  I s  r a p i d l y  aporoaching th: p o i n t  
where systems can be c o n f i g u r e d  f o r  use i n  p a r t i c u l a r  minss, A key p o r t i o n  
o f  t h e  R&D i nv loves  e s t a b l i s h i n g  a v i a b l e  s e t  o f  v e h i c u l a r  antcnna 
parameters so t h a t  c o u p l i n g  l oss  i n t o  o r  o u t  o f  e x i s t i n g  mine s i r i n g  can 
be es t imated  f o r  t h e  case where t h e  v e h i c l e  i s  i n  t h e  same e n t r y  as t h e  
w i r i n g ,  Such a s e t  o f  parameters has been e s t a b l i s h e d  and c o u p l i n g  es t imates  
have been made as p a r t  o f  t h i s  work. Coup l i ng f o r  remotel y loca ted  
t r a n s m i t t e r s  ( and r e c e i v e r s  1 has besn es t imated  as p a r t  o f  p ropagat ion  
rmasu remn t  Con t rac t s  I40366028 and H0377053. The o n l y  p a r t  o f  t h e  v e h i c u l a r  
antenna problem f o r  which t h e r e  i s  no da ta  i s  t h a t  where t h e  antenna i s  
s i  mu1 taneous I y matched t o  two f reauenciss,  The eventua l m i  ne w i  r e  l ess 
r a d i o  systems a re  expected t o  be two frequency systems t o  p e r m i t  t h e  use 
o f  repeaters ,  

P o r t a b l e  r a d i o  systems i n c l u d i n g  antennas a t  medium frequency have heen 
desianed and have undergone l i r c l t e d  t e s t i n g  I n  coal  mines. An o p t i r l z e d  
p o r t a b l e  system probab ly  has n o t  y e t  been designed; p a r t i c u l a r l y  whm 
o p e r a t i o n  i s  expected i n  c l o s e  p r o x i  m i  t y  t o  ex1 s t 1  ng mine w f  r i ng conductors,  
The i n t e g r a l  des ign o f  t h e  r a d i o  t r a n s r n l t t e r  PA and t h e  antenna matchins/ 
phasl  ng network as a system Is necessary f o r  op t1  mum design. Tes ts  o f  
t h e  p o r t a b l e  equipment a v a i l a b l e  have, however, p rov ided  a s t a r t i n g  p o i n t  
f o r  t h e  general  i n c l u s i o n  o f  p o r t a b l e s  i n t o  a complete system design, The 
a n a l y s i s  performed as p a r t  o f  t h i s  work w i l l  he lp  t o  bound t h e  phys i ca l  
c h a r a c t e r i s t i c s  o f  p o r t a b l e  antennas and da ta  i s  g i ven  on ths rzw ( untuned 
c h a r a c t e r  o f  f l a t - s t r i p  w ind ing  c o n f l g u r a t l o n s .  



2.0 SUMMARY 

T h i s  program has p rov ided  antenna design a n a l y s i s  which has led t o  t h e  
design, b u i l d i n g ,  and t e s t i n g  o f  a  p r o t o t y p e  mine w i r e l e s s  v e h i c u l a r  
antenna pro to type .  The a n a l y s i s  a l s o  enabled t h e  b u i l d i n g  o f  a p o r t a b l s  
antenna w i r i n g  c o n f i g u r a t i o n  which was t s s t e d  a g a i n s t  t h e  RACAL antenna 
and agai n s t  another  po r tab  l e  antenna w i r i  ng a  l  t e r n a t i  ve p r o v i  ded by t h e  
Bureau. The antenna design a c t i v i t y  a l s o  p rov ided  t h e  b a s i s  f o r  t h e  
p r e d i c t i o n  o f  antenna c o u p l i n g  i n t o  e x i s t i n g  mine w i r i n g  which was 
performed us ing  g raph i ca l  f i e l d  mapping. 

The des ign o f  v e h i c u l a r  sntennas i s  dependent on t h e  o p e r a t l o n a l  u t i l i t y  
o f  p a r t i c u l a r  c o n f i g u r a t i o n s  mounted on veh i c l es ,  on o p t i m i z i n g  t h s  
antenna parameters f o r  a c h i e v i n g  near-maximum NIA, on reau i  r e m n t s  f o r  
i n t r i n s i c  sa fe t v ,  and t o  a  lesser  degree on t h e  parameters o f  mine 
w i r e l e s s  rad ios ,  

The des ign  o f  p o r t a b l e  antennas i s  dependent on human f a c t o r s  o f  c a r r y  i n g  
and accomodation o f  v a r i a t i o n s  i n  t u n i n g  due t o  t h e  d i f f e r e n c e s  i n  human 
bodies, and on parameters o f  m i  ne w i  r e l e s s  rad  10s t o  a  s n a  t e r  degree 
than  w i t h  v e h i c u l a r  antennas i n  a d d i t i o n  t o  ach iev ing  h lgh  NIA and 
p r o v i d i n g  i n t r i n s i c  sa fe ty ,  

The des ign o f  v e h i c u l a r  antennas i s  s u f f i c i e n t l y  independent o f  o v e r a l l  
t r a n s c e t v e r  subsystem c o n f i g u r a t i o n s  t h a t  i t  i s  p r a c t i c a l  t o  b u i l d  and 
eva lua te  such antennas separate f rom t h e  complete subsystem. Ths des lcn  
o f  p o r t a b l e  antennas cannot  so e a s i l y  be d ivorced  from t h e  r a d i o  des ign 
and, t h e r s f o r e ,  should always be considered as p a r t  o f  t h e  des ign o f  a  
complete p o r t a b l e  subsystem. 

The emphasis o f  t h i s  program has been p laced on d e f i n i n g  v e h i c u l a r  antenna 
designs, In fo rmat ion  f rom t h e  des ign a n a l y s i s  i s  a v a l l a b l e  t o  b a l p  design 
p o r t a b l e  antennas; however, t h e  des lgn o f  an acceptab le  p o r t a b l e  antenna 
was beyond t h e  scope o f  t h i s  program, 

The c o u p l i n g  o f  mine w i r e l e s s  antsnnas t o  e x i s t i n g  mins w i r l n g  Is dependent 
bo th  on t h e  e n t r y  c r o s s e c t i o n a l  geometry ( c o n t a l n i n q t h e  conductors  and 
t h e  antenna 1 and on t h a  antenna parameters themsel ves. The graph i ca l f i e  l d 
mapping techn ique  has been shown t o  p r o v i d e  a  s imp le  e f f e c t i v e  means t o  
i n c l u d e  a l l  v a r i a b l e s  e lec t romagne t i ca l l y ,  

The depar tu re  p o i n t  f o r  t h i s  program has inc luded t h e  composite o f  tec5,nology 
p rov ided  f rom p rev ious  med 1 urn frequency programs as d l  scussed I n  Sec t i cn  1 .  
Assumed as t h e  basei l n e  f o r  t h i s  work has been: 

( 1 )  use o f  medium f requenc ies  i n  t h e  100-1000 KHz frequency rang3 
w i t h  p a r t i c u l a r  emphasis on t h e  range 500-1000 KHz which has 
p r e v i o u s l y  been shown t o  p rov ide  t h e  most e f f e c t i v e  c o u p l i n g  
t o  e x i s t i n g  mine w i r i n g  

(2 )  t h a t  c o u p l i n g  o f  c a r r l e r  c u r r e n t  i n t o  e x l s t i n g  mlns w l r i n g  
p rov ides  t h e  p r i n c i p a l  t r ansm lss lon  means f o r  w l r e l e s s  
commun i c a t  i ons 



( 3 )  an e f f e c t i v e  mechan ica l l y  rugged v e h i c u l a r  antenna design 
employing a m u l t i - t u r n  loop w ind ing  i n s i d e  a r l g l d  e l e c t r o s t a t l c  
s h i e l d  I s  f e a s i b l e  

( 4 )  an antenna des isn  a l g o r i t h m  o f  proven vat i d i t y  I s  ava i  l a b l e  t o  
t r a d e  o f f  t h e  severa l  antenna des ign parameters Invo lved  i n  
o p t i r n i z i n ~  antenna performance 
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2,  I  , I PERFORPANCE CONS 1 OERAT 1 ONS 

Performance o p t i m i z a t i o n  and i n t r i n s i c  s a f e t y  a r e  compat ib le  bases f o r  
o v e r a l l  antenna design. That  t h i s  I s  t r u e  was n o t  obv ious a+ +be onset  o f  
t h e  program, 

For  a m u l t i - t u r n  antenna o f  cons t ra ined  c rossec t i ona l  dimensions, t h e  
ach ievab le  NIA i s  quasi- independent o f  t h e  number o f  t u rns ,  when w i re -  
r es i s tance - l im i t ed ,  ove r  a  s u b s t a n t i a l  range o f  tu rns ,  T h i s  range o f  tu rns ,  
f o r  a  g i  ven power source vo l tage ,  a  l so fa  l 1 s  i n  t h e  cons tan t  gower r e g i o n  
o f  t h e  i n t r i n s i c  sa fe t y  cu rve  o f  inductance vs  c u r r e n t  ( ie ,  t h e  c u r r e n t  
v o l t a g e  curve  f o r  n e g l i g i b l e  c i r c u i t  s to red  energy 1, The number c f  t u r n s  
beyond which t h e  NIA decreases markedly a l s o  r o u ~ h l y  corresponds t o  t h e  
number o f  t u r n s  beyond which t h e  methane i g n i t i o n  c u r r e n t  becomes constan+- 
energy- l im i ted .  The Q o f  a  p r a c t i c a l  antenna I s  u l t i m a t e l y  l i m i t e d  by t h e  
losses i n  t h e  t r a n s f o r n i n g / t u n i n g  c i r c u i t r y  b u t  becomes w i re - r ss l s tancs -  
l  i ~i t e d  as t h e  number o f  t u r n s  i s  i ncreased o r  as t h e  f requnncy i s  i ncreased, 
A t  t h e  des ign frequency range o f  i n t e r e s t ,  t h e  w i r e  resistants p l u s  t u r n s -  
dependent s e r i e s  t u n i n g  loss  m s i s t a n c e  when used w i t h  t h e  maximum a l l o w a b l e  
inductance ( t o  p reven t  M I A  fa  1 l - o f  f and energy-l irni t e d  s a f e t y  3erforrrance 
I s  j u s t  about  a t  t h e  p o i n t  where t h i s  r e s i s t a n c e  i s  squat +o 5 b 0  r e s i s t m c e  
due t o  f i xed ( non-turn dependent ) losses, 

The NIA increases w i t h  decreas ing  antenna bandwidth and I n c r e a s l r g  antenna Q, 
I f  t h e  cho i ce  I s  t o  des ian t o  a  f i x e d  bandwidth by e l t h e r  u s i n g  fhe " in5eren tU 
w i r e  r e s i s t a n c e  as a  l i m i t  o r  by padding an i n h e r e n t l y  h i g ? e r  Q antenna 
w 1 t h  ex te rna  l f 1 xed ser  i e s  r e s i  s tance ( non-f requency-dependent 1, t h e  
e x t e r n a l  padding techn ique  i s  always t h e  best ,  T h l s  I s  because i t s  use g i ves  
h  i gher N I  A than  t h e  equi  va l  e n t  w 1 re- res i stance- l  f m i  f e d  des i gn and s l so 
because t h e  bandwidth can be he ld  near-constant  ove r  a ranse o f  frequency, 
I f  e x t e r n a l  padding r e s i s t a n c e  I s  used, I t  a l s o  serves as a  c u r r s n t - l i m i t i n g  
r e s i s t a n c e  f o r  i n t r i n s i c  s a f e t y  purposes because i t s  va lue  i s  n e a r l y  t h e  
same a t  m f  as It i s  a t  dc; whereas, t h e  w i r e  r e s i s t a n c e  i s  much lower a t  dc 
than  it i s  a t  m f ,  

As t h e  MIA i s  quasi- independent o f  t u r n s  i n  t h e  use fu l  des ign range when 
w i re - res  i stance- I i m i  ted, t h e  r s s  i stance 1 eve l o f  t h e  antenna can be 
a r b i t r a r i l y  chosen. The a c t u a l  o p e r a t i n g  r e s i s t a n c e  l eve l  i s  d i c t a t e d  by 
t h e  des i red  bandwidth and/or t h e  f i x e d  r e s i s t a n c e  o f  t h e  c i r c u i t ;  so t o  
maximize NIA f o r  a  f i n i s h e d  design, t h e  w i r e  r e s i s t a n c e  1 eve1 should be 
a t  t h e  h i g h  end o f  t h e  range ( 1 e, approx i  mate l y  equa l  I i n g  t h e  f i xed r es  i stance 
o r  e l s e  t h e  w i r e  r e s i s t a n c e  p l u s  t h e  turns-dependent t u n i n g  r q s l s t a n c e  
such as from an assumed cons tan t  Q c a p a c i t o r  should be equal t o  t h e  f i x e d  
r e s i s t a n c e  1. T h l s  I s  accomplished by u s i n g  as many t u r n s  as a r e  a l l o w a b l e  
( pe r  above d e f i n i t i o n  1. 



The above d i scuss ion  dea l s  w i t h  t h e  s imul taneous happening o f  severa l  
f o r t u i t o u s  c o n d i t i o n s .  The use o f  L l t z  w i r e  i s  germaine t o  t h i s ,  whgre 
t h e  s t r a n d  s i z e  i s  made as smal l  as ~ o s s i b l e  ( f o r  v e h i c u l a r  antenna 
p ro to t ypes  o f  t h i s  program, 1700/44 L l t z  was chosen; lo,  1790 s t rands  
o f  844 w i r e  hav ing  approx imate ly  6800 c i r c u l a r  m i l s  o f  area per  conduc to r ) .  

The s tatement  about  maximiz ing NIA by hav ing  t h e  w i  r e  resistance q u a  l f o  
t h e  f i x e d  r e s i s t a n c e  assumes t h a t  t h e  f i x e d  r e s i  s tance a  l ready i s  t h e  
lowest  a l l o w a b l e  t o  g i v e  t h e  des i red  ( o r  r e q u i r e d  1 o p e r a t i n g  bandwidth 
and/or t o  i n h i b i t  excess ive  c u r r e n t  f o r  intrinsically s a f e  opera t ion .  A 
near -op t  i mum overa I  l des 1 gn w 1 l  1 r esu  l t when : 

( I )  The inductance i s  made as l a r g e  as i s  "a l lowab le"  and 
t h e  w i r e  r s s i s t a n c e  i s  designed t o  be l ess  than  t h a t  
t o  g i v e  t h e  minlmum bandwidth p e r  (2 )  below 

(2 )  The minimum bandwidth ( f o r  comm system power l eve l / de tun ing  
o r  i n t r i n s i c  s a f e t y  power source reasons > i s  es tab l  ishsd 
by f i xed ( non-f requency-dependent 1 ex te rna  l r s s  i s*ance. 

Th i s  es tab  I i shes t h e  "i nherent" i n t r i  ns i c  s a f e t y  o f  t h e  
antenna. 

I f an argument can be made f o r  i n t r i n s i c  s a f e t y  " i  nherency" b a s d  on s e r i 2 s  
r e s  i stance ( c o v e r i  ng bo th  open-ci r c u  i t - f a u  l  t a r c  d  i schargs and sudden 
connec t ion  o f  t h e  dc source t o  t h e  a n t m n a  c l r c u i t  arguments 1, then  
b l o c k i n g  c a p a c i t o r s  p e r  UL-913 may n o t  be requ i red .  A c t u s l l y ,  a; w i t h  t h e  
v e h i c u l a r  antsnna p r o t o t y p e  where an impedance match i nu t r ans fo rmer  i s  used, 
s e r i e s  c u r r e n t - l i m i t i n g  r e s i s t a n c e  can be added a t  t h e  " ac 57 ohm l e v e l "  
w i t h  negl i g i  b  l e  perfortrance degradat  Ion  as i s  suggested i n  +he n e x t  subsect Ion. 
I t  should a l s o  be po in ted  o u t  t h a t  when c o n s i d e r i n g  t h e  antenna w ind ing  
c u r r e n t  i t s e l f  as a  c u r r e n t  source f o r  a  p o t e n t i a l  s h o r t  c i r c u i t  f a u l t ,  t h e  
use o f  t h e  h i g h e s t  a l l o w a b l e  inductance and low w ind ing  r e s i s t m c e  w i l  I 
l i m i t  t h e  peak ac c u r r e n t  i f  t h e  w ind ing  i s  shor ted  o u t  as t h s  t i m e  cons tan t  
o f  t h e  w ind ing  i s  maximized. 

The m i  n i  mum bandwidth f o r  communication system performance reasons on l  y i s  
determi  ned f rom bo th  modu l a t i o n  bandwidth and detun i ng c o n s i d e r a t  ions. For 
modulat ion bandwidth; i f  t h e  system i s  SSB t h e  bandwidth c o u l d  approach 
3  KHz whereas i f t h e  system i s  FM w i t h  modulat ion 1 ndex = I, t h e  bandwidth 
c o u l d  approach 12 KHz. For  v e h i c u l a r  antennas o p e r a t i n g  o n l y  w i t h  t h e  loop 
i n  t h e  v e r t i c a l  p o s i t i o n ,  SSB and FM bandwidths o f  3-6 and 12-16 KHz 
r e s p e c t i  v e l y  may be feas i  b l  e. For  po r tab  I e  opera t ion ,  t h e  bandwidth must 
be l a r g e r  due t o  t h e  de tun ing  o f  antennas by shape v a r i a t i o n s  when worn 
by d i f f e r e n t  men and by d i f f e r e n c e s  i n  human bod ies  and i n  garments. 
I n s u f f i c i e n t  i n fo rma t i on  i s  a v a i l a b l e  t o  s e l e c t  a p o r t a b l e  antenna minimum 
bandwidth f o r  communication purposes. 



2,l. 2 PROTOTYPE ANTENNA DESCR I T I  ON 8 PERFORMANCE 

The v e h i c u l a r  antenna p r o t o t y p e ( s )  b u i l t  and t e s t e d  d u r l n g  t h i s  program 
i s  shown i n  F igu re  I ,  The specifications f o r  t h i s  antenna i nc l ude :  

ELECTR I CAL- 

Area 

Turns 12 ea, #1700/44 L i t z  

d i ameter 0.1 15 inch  
s t r a n d  d l a m t e r  0.002 inch  
a rea  6800 c i r c  rnl l  s 

spaced 0,250 inch  

Lo 
127,3 uh 

L @ 500 KHz I90  uh 

Bandwidth 

520 KHz model 14 KHz , Q = 37,l 
920 KHz model 20 KHz , Q = 46.0 

NIA ( 20 wa t t s  ) 

520 KHz model 1.8 
920 KHz model 1 ,5 

Center  f requency v a r l a b l e  + 5: v l a  e x t e r n a l  capacl  t o r  

Detun i ng 

520 KHz rmdel 7 Ydz s t e e l  vs dielectric m u n c l n g  
10 KHz v e r t i c a l  vs 45 degrss o r i g n t a t i o n  

920 KHz model 10 KHz s t e e l  vs d l e l s c t r i c  mounting 
10 KHz v e r t i c a l  vs 45 degres o r i e n t a t i o n  

Maximum Power ( I i r n i  t e d  by use o f  350 VDC t r immer  c a p a c i t o r s )  

520 KHz made1 46 w a t t s  
920 KHz m d e l  9 w a t t s  

1 npu t  1 rnpedance 50 ohms nominal 

I n t r i n s i c  s a f e t y  none Inhe ren t  i n  p ro to t ypes  
except  a1 l-metal enc losure  

MECHAN I CAL- 

Paxi mum 1 ength 40 inches ( i n c l u d l n p  c i r c u i t r y  enc losure  
Pilaxi mum w i d t h  12,3 inches w /  antenna hor lzon+a l  

10 inches w/  antenna v e r t i c a l  

Maximum h e i g h t  8 inches w/  antenna v e r t l c a  l 
2.2 inches w/ antenna h o r i  t o n t a  l 

E l e c t r o s i - a t l c  s h i e l d  14 inch  diarne+er nominal 

Element o r i e n t a i o n  v e r t i c a l  
45 degree 
hor  i zonta I 
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The v e h i c u l a r  antenna m u n t s  t o  a  h o r i z o n t a l  s t e e l  s u r f a c e  on t h e  v e h i c l e  
v i a  4 ea magnets loca ted  i n  t h e  co rne rs  o f  t h e  m u n t l  ng frame. The antenna 
may be p o s i t i o n e d  i n  any o f  t h e  t h r e e  p r i n c i p a l  o r i e n t a t i o n s  by pushing t h e  
r e a r  housing a g a i n s t  t h e  mount ing frame ( a g a i n s t  t h e  s p r i n g  t e n s i o n  1, 
r o t a t i n g  t o  t h e  des i red  p o s i t i o n ,  and r e l e a s i n g  t h e  element a l o t ~ i n g  i t  t o  
s e a t  i n  one o f  t h e  t h r e e  d e t e n t  p o s i t i o n s .  

The mechanical c o n f i g u r a t i o n  o f  t h e  v e h i c u l a r  antenna has been made as c l o s e  
t o  t h a t  expected t o  be u s e f u l  as poss ib le .  The bas i c  antenna w ind ing  has 
been designed t o  be as c l o s e  t o  opt imum,providing t h a t  p roper  a f t e n t i o n  i s  
p a i d  t o  t h e  matching c i r c u i t r y ,  as poss lb le .  The p r o t o t y p e  antennas have 
been p rov ided  w i t h  BNC connectors  t o  f s c i l  i t a t e  eva lua t i on .  Each o f  +he 
two p ro to t ypes  p rov ided  have been tuned t o  a  different s ing le!  frequency; 
one t o  520 KHz, nomi na l  and t h e  o t h e r  t o  920 KHz nomi na I. The w i nd i ng 
sense o f  t h e  t u r n s  i s  impor tan t  t o  o b t a i n  minimum d i s t r l b u f e d  capac i tance  
and h i g h e s t  resonant  f requency. The w lnd ing  sence o f  one o f  t h e  antennas 
was i n a d v e r t a n t l y  reversed i n  manufacturs, r e s u l t i n g  i n  a  stlgLtly h ighe r  
reactance. T h i s  antenna was tuned t o  520 KHz whers t h e  d i f ference was 
negl i g i  b  l e. To accomdate  a  two-f  requency system p  l an, t h e  match i ng c  i r c u i  t r y  
may even t r~a  1 l y  have t o  be m d  i f l e d  so t h e  antenna i s  tuned s i  mu1 tansour  l y 
a t  two f requencies.  

No a t tempt  has been m d e  t o  ~ r o v i d e  i nhe ren t  i n t r i n s i c  s a f s t y  v i a  f i x e d  
ex te rna  l s e r  i es r e s  i stance. The p a r t  i c u  l  a r  Q o f  t h e  f i n  i shed p ro to t ypes  
i s  estab l i shed by t h e  tun1  ng c l  r c u i  t r y  and t h e  t r ans fo rmer  package as 
mounted i n  t h e  enc losure.  The unloaded Q o f  t h e  antenna(s1 i s  a p ~ r o x i m a t e l y  
400 @ 500 KHz. The t u n i n g  and matching c i r c u i t r y  used components whlch 
were a v a i l a b l e .  The antenna(s1 i s  tuned w i t h  a balanced c a p a c i t i v e  L -sec t ion  
t o  200 ohms and then  t ransformed t o  50 ohms u s i n g  a  4: l  f e r r i t e  t r ans fo rmer  
suppl i e d  by t h e  Bureau. F ixed s i  l ve red  mica c a p a c i t o r s  i n  +ha L-sec t ion  
were r a t e d  a t  1000 VDC; however, t h e  a i r v a r i a b l  e  tr i  mmers were r a t e d  a t  
o n l y  350 VDC and thus  p rov ide  t h e  l i m l t i n g  c o n d i t i o n  f o r  power handl ing.  
The v o l t a g e  hand l i ng  cou ld  be Improved t o  a t  l e a s t  1000 v o l t s  by u s i n g  o n l y  
f i xed c a p a c i t o r  comb i n a t i o n s  o r  e l  se by subs t  i t u t  l ng vaccuurn var  i ab l es f o r  
t h e  a i r  v a r i a b l e  tr immers. 

The antenna w ind ing  i s  p r o t e c t e d  f rom t h e  p r lmary  power source v i a  t h e  
t r ans fo rmer  w ind ing  whlch opera tes  a t  a  50 ohm leve l  on t h e  p r imary  a t  ac. 
I f  used w i t h  a r a d i o  d r i v e n  f rom a 12 v o l t  source, f o r  example, a  s e r i e s  
c u r r e n t - l i m i t i n g  r e s i s t o r  o f  1.2 ohms wpuld l i m i t  t h e  cu r r sn f  t o  10 amps. 
A c u r r e n t - l  l m i t i n g  r e s i s t o r  o f  up t o  5 ohms cou ld  be added t o  t h e  antenna 
w ind ing  ( 2.5 ohms t o  each balanced s i d e  1  w i t h  l l t t l e  performance 
degradat ion.  I n  a d d i t i o n ,  t h e  antenna i s  c o m ~ l e t e l y  enc losed i n  metal except  
i n  t h e  r e g i o n  o f  t h e  feed gap i n  t h e  e l e c t r o s t a t i c  s h i e l d  which i s  p l a s t l c .  
T h i s  should p r o v i d e  some i nherent  p r o t e c t i o n  a g a i n s t  methane i g n i t l o n  i f  
t h e  enc losure  i s  made gas- t i  aht.  



The performance cons idera t ions  presented e a r l y  i n  t h i s  sec t i on  are  
pred ica ted on having an antenna o f  f i x e d  dimensions which I s  n o t  
degraded by v a r i a t i o n s  i n  mounting o r  by p rox im i t y  t o  lossy ob jec ts  
when used. These cons idera t ions  are, thus, more appropr ia te  f o r  
veh icu la r  antennas than f o r  p o r t a b l e  antennas, Knowledge o f  these 
cons idera t ions  l o g i c a l l y  leads t o  a design procedure which w i l l  
g i ve  a near-optimum antenna o f  e i t h e r  type, however, 

A po r tab le  antenna has d i f f e r e n t  and s u b j e c t i v e l y  more severe design 
requirements than a veh icu la r  antenna. To lend i n s i g h t  i n t o  t h e  o v e r a l l  
p o r t a b l e  antenna problem, it w i  l l  be usefu l  t o  l i s t  several  o f  these 
requirsments, These inc lude:  

( 1 )  The antenna must be f l e x i b l e  o r  a t  l e a s t  semi - f lex ib le ,  
The antenna, t o  be opera t  iona l l y useful , must bs "worn" 
by t h e  opera tor  i n  "bandol i e r "  fashion ( over  one shoulder 
and under the  oppos l te  arm ) t o  prov lde  a non- res t r i c t1  ve 
"hands-of f" user  capabi I i t y ,  

(2 )  The antenna t u n i n g  and matching c i r c u i t r y  should be 
provided i n t e g r a l  t o  t h e  r a d i o  enclosure t o  minimize bulk, 
p o t e n t i a  l damage, and t o  maxi m i  ze c u r r e n t  t r e n s f s r .  

(3 )  The antenna should be tuned f o r  placement on a person's body. 
The antenna w i l l  be deQfed au tomat i ca l l y  by placement on 
a person's body ( equ iva len t  t o  added s e r i e s  res is tance)  

( 4 )  According t o  ( 3 ) )  t h e  antenna must accomodate a "detuning" 
bandwidth range due t o  shape changes when worn. 

The approach t o  p o r t a b l e  antenna design i n  t h i s  program has been t o  t r y  
and establ  i s h  an upper bound on I'JIA performance f o r  t h e  raw unmatched 
antenna based on v a r i a t i o n s  i n  antenna design parameters which can be 
handled w i t h  the  antenna design a lgor i thm; then t o  compare the  e f f e c t  
on the  raw antenna o f  "wearing" a conf i aura t i on  approxi mating t h i s  upper 
bound. Th is  has been accornpllshed by us ing  t h e  antenna design a lgo r i t hm 
t o  t r a d e  o f f  antenna w l re  spacing, w i r e  slze, and number o f  turns;  
s e l e c t i n g  a s e t  o f  parameters; and running comparative t e s t s  o f  t h i s  
c o n f i g u r a t i o n  w i t h  o t h e r  con f igu ra t i ons ,  A c o n f i g u r a t i o n  was chosen which 
represents t h e  probable l a r g e s t  s i z e  o f  a f t a t  s t r i p  conf i g u r a t l o n  us ing  
equa l l y  spaced tu rns ,  The la rge s i z e  inc luded t h e  g rea tes t  length, width, 
and w i r e  s i z e  conceivable t o  be f e a s i b l e  f o r  such an antenna. The t e s t i n g  
was conducted by BuMlnes comparing t h i s  con f igu ra t i on ,  f i r s t ,  w i t h  a 
s i  m i  I a r  spaced t u r n  conf 1 gu ra t l on  o f  sma l l e r  s l z e  ( and using stranded 
w l re  instead o f  t h e  L i t z  w l r e  used i n  t h e  upper - l im i t  c o n f l q u r ~ t l o n  and, 
second, w i t h  t h e  RACAL antenna. 

Previous experience w i t h  p o r t a b l e  antennas has been w i t h  t h e  r i g i d  
e l  l i p t i c a l  shaped antennas b u i l t  by ECAM and by C o l l i n s  whereby a "bunch" 
o f  stranded wi res  were qlaced I n s i d e  an approximate 3/4-inch diameter 
p l a s t i c  tube o f  0,217 rn area, These antennas both had a se l f -conta ined 



matching network t o  50 ohms, The Col l ins  antenna used 7 t u rns  o f  # I 8  
wi re  and a t  520 KHz, the  antenna Q was 44 and t he  bandwidth was 12 KHz. 
The NIA was approximately 2.5 f o r  an assumed 20 watts input. 

Th is  type o f  antenna has been s ince deemed fmpract ical f o r  use I n  coal 
mines because o f  i t s  r i g i d  con f igu ra t ion  and because the coax connecting 
the  antenna t o  the r ad io  was always g e t t i n g  i n  the  way. The C o l l i n s  
antenna, by v i r t u e  o f  t h e  "bunchedt' ra the r  than spaced t u rns  was 
w i re-res i stance l i m i  t ed  and unsu l ted  f o r  e f  f i c i en t  operat ion above I FlHz 
( res is tance i ncreases from 10 ohms a t  I MHz t o  75 ohms a t  1.5 MHz 1. 

The choice f o r  eva luat ion dur ing t h i s  program was the f l a t  s i r i p  cons is t ing  
o f  equal l y spaced tu rns  due t o  t h e  expected I rnprovemn+ i n  raw antennz 
performance ( h i  oher sesonant frequency, h i  gher Q, lower w i  r 3  r e s l  stance, 
amd lower inductance 1. The range o f  p rac t i ca l  antenna lengt5s f o r  
po r tab le  antennas was estimated t o  be frgm 5 f ee t  ( 3rea o f  about 0.15 m2 1 
t o  about 6.2 f ee t  ( area o f  about 0.23 rn . The w i re  c o n f i g u r a + i ~ n  bui  I t  
f o r  t e s t i n g  ( i I l ust ra ted i n  Figure 2 together w i t h  the comparab l e PuMi nes 
sma l l e r  conf i gu ra t i on )  conformed t o  the f o l  lowing: 

ELECTR l CAL 

Area 

Turns 

2 
0.23 m ( approx. f o r  e l  l i p t i c a l  

shape computation) 

6ea #1700/44 L i t z  ( same as veh icu la r )  
spaced 0.67 inches 

P;lea s u red Measured Computed 
(bench 1 (on body) 

Q 500 KHz 310 
1000 KHz 430 

250 
200 755 L l t z  

213 s o l i d  

Bandwidth 500 KHz 1612 2000 
1000 KHz 2496 5714 1325 L I t z  

4691 sol i d  

MECHANICAL 

Maxi mum I ength 

libxi mum width 

Construct ion 

74 inches 

3.5 inches ( winding) 

windlng skin-packed I polyethy!ene ) 
t o  6-inch wide s t r i p  o f  f i b reg lass  c l o t h  
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S i x  t u r n s  were used t o  p rov ide  co rnpa tab i l i t y  w i t h  ex i sT ing  designs f o r  
comoarison purposes as t h e  raw antenna data o n l y  was t o  be compared. 
The t e s t  des ign was n o t  op t im ized i n  t h e  sense p r e v i o u s l y  discussed i n  
t h i s  sec t ion .  For a raw antenna, assuminc a p e r f e c t l y  l oss less  na tcn ing  
basis,  t h e  h i g h e s t  NIA ( and h i g h e s t  Q 1 occurs f o r  4-5 tu rns ;  so, 6 
t u r n s  a re  adequate t o  e n t e r  t h e  r e  I a t i  ve l y  f I  a t  quasl- turns- independent 
reg ion  i n  NIA a t  t h e  low t u r n s  end o f  t h e  region.  

The comparat ive t e s t i n 9  showed l i t t l e  i f  no advantage o f  t h e  t e s t  design 
vs t h e  smal le r - in -c rossec t ion  Butlines c o n f i g u r a t i o n  when placed on t h e  
body ( comparat ive Q's o f  200 vs 160 1. There I s  a  ques t ion  o f  whether 
o r  n o t  a  f i n a l  loaded Q o f  as g r e a t  as 100 i s  f e a s i b l e  f o r  p o r t a b l e  
antennas due t o  p o t e n t i a l  de tun ing  v a r i a t i o n s ,  

There was s u b s t a n t i a l  d i f f s r e n c e  between t h e  resonant frequency o f  
a1 l t h r e e  antennas tuned on t h e  bench compared w i t h  t u n i n g  on t h e  body. 
For a l l  t h r e e  cases, t h e  frequency s h i f t  ( f o r  t h e  saEe t u n i n g  capaci tance 
v a r i e d  from 20 KHz @ 500 KHz t o  about 50 KHz 8 iOO9 KHz, We know t h a t  
t u n i n g  on t h e  bench i s  n o t  a  r e a l  l s t i c  cond i t i on ,  however, and comparat ive 
t u n i n g  on severa l  d i f f e r e n t  bodies would have been b e t t e r .  Cot I  I n s  found, 
f o r  an antenna Q o f  44 I? 520 KHz, t h a t  c a r e f u  l t u n i n g  o f  t h e i r  antenna 
i n  a i r  ( antenna suspended from t h e  c e i l i n g  1 d i d  n e t  d i f f e r  s i g n i f i c a n t l y  
i n  frequency s h i f t  from t u n i n g  on a  person's body. A t r u l y  op t im ized 
antenna may n o t  pe rm i t  t h i s  l a t i t u d e ,  however. 

As can be seen, cons iderab ly  more work needs t o  be done t o  d e r i v e  optimum 
p o r t a b l e  antenna performance c h a r a c t e r i s t i c s ,  The work acconpl ished on 
p o r t a b l e  antenna design and a n a l y s i s  d u r i n g  t h i s  program has shown: 

( I )  t h e r e  i s  p robab ly  no advantage i n  us ing  antennas o f  l a r ~ e  
c rossec t l on  ( s i z e  o f  w i r e  and w i r e  spacing ) 

( 2 )  t h e r e  i s  p robab ly  no advantase i n  u s i n g  L i t z  w i r e  

( 3 )  it would be ve ry  d i f f i c u l t  t o  b u i l d  an antenna w i t h  bandwidth 
o f  less than 6 KHz t? I  VHz even i f  t h i s  low a bandwidth 
were proven t o  be f e a s i b l e  

( 4 )  a t  l e a s t  5-6 t u r n s  a r e  requ i red  on a p o r t a b l e  antenna t o  e n t e r  
t h e  quas1-maxlmum NIA range. 

To complete a  design f o r  a p o r t a b l e  antenna, t h e  f o l  lowing steps should be 
taken : 

( I )  determine t h e  r a d i o  PA o u t p u t  source impedance l e v e l  and 
t h e  p r a c t i c a l  maximum d r i v e  c u r r e n t  l e v e l  

( 2 )  determine t h e  Q ( e q u i v a l e n t  added s e r i e s  resistants ) which 
can be prov ided us ing  h igh  q u a l i t y  t u n l n g  compcnents f o r  
a matching c i r c u i t  i ~ p l e m e n t a b l e  I n  t h e  r a d i o  package 

( 3 )  determine t h e  minimum a l l owab le  bandwldth f rom detun ing  and 
modul&+ion cons ide ra t i ons  ( 12 KHz appears t o  be f e a s i b l e  
from t h e  prev ious  C o l l i n s  work 1 



( 4 )  choose an antenna c r o s s e c t i o n a l  s l z e  i n c l u d i n g  o v e r a l l  w i d t h  
and w i r e  s i z e  

( 5 )  use as many t u r n s  as p o s s i b l e  w h i l e  keeping w i t h i n  bo th  t h e  
N I A - f l a t  range and t h e  cons tan t  power p o r t i o n  o f  t h e  i n t r i n s i c  
s a f e t y  c u r v e ( s > (  f h i s  m a n s  t r a d i n g  o f f  t u r n s  vs t o t a l  
e q u i v a l e n t  s e r i e s  r e s i s t a n c e  i n  t h e  PA-tunins c i r c u i t - a n t ,  rnnna 
p a t h  ) 

( 6 )  pad w i t h  a d d i t i c n a l  c u r r e n t - l  i r n i t l n g  r e s i s t a n c e  t o  o b t a i n  
t h e  amp l i f i e r  c u r r e n t  t i  m i  t and/or t h e  m i  n  l mum bandwidth 

Note: The optimum design w i l l  p robab ly  be w i r e - r e s k t a n c e  l i m i t e d  due t o  
t h e  added e q u i v a l a n t  w i r e  r e s i s t a n c e  caused by losses I n  tb human 
body, Any padding w i l l  p robab ly  f a c i l i t a t e  o n l y  i n t r i n s i c l y  safe 
o p e r a t i o n  and, i f  used, w i l l  r e s u l t  i n  some devrease I n  performance. 
The r e s u l t i n g  des ign mzy s t i l l  have an t l lA comparable t o  a v e h i c u l a r  
t y p e  des ign  o f  t h e  same s ize ,  however, as t h e  impedance l e ve l  w i l l  
be lower than  t h e  50 ohms d k t a t e d  by use o f  c o a x i a l  cab le  connec t ing  
separated t r a n s m i t t e r  and antenna 



3.0 TECHN I CA L  APPROACH 

3.1 GENERAL DESCRIPTION 

The departure p o i n t  f o r  t h i s  work i s  based on r e s u l t s  obtained du r ing  
t h e  p rev i  ous l  y  referenced Cont rac t  H03770 13 ( W I  r e  less Commun i c a t  i ons 
f o r  Track less Haul age Vehlc les 1. Thi s  work led t o  an antenna design 
a lgo r i t hm f o r  use i n  antenna parameter s tud ies ,  P re l im ina ry  enc ineer ing  
model t e s t i n g  r e s u l t e d  i n  the  ds f  i n  i t i o n  o f  a veh icu la r  antsnna 
conf i gura t l on  and revealed severa l important  resu l t s ,  

The antenna design a lgo r i t hm w i l l  be de l ineated i n  t h e  n e x t  subsect ion 
toge the r  w i t h  some new work which a l lows t h e  incorpora t lon  o f  L i t z  wire,  
The r e s u l t s  o f  t h i s  previous t e s t i n g  i n c l  ude: 

( 1 )  use o f  t u r n s  spaced a s  f a r  apa r t  as poss ib le  r s s u l t s  i n  the  
lowest impedance, h ighes t  3 raw antenna c o n f i g u r a t i c n  f o r  
a  given number o f  t u r n s  

(2 )  a m u l t i - t u r n  winding may be snclosed w i t h i n  an e l s c t r o s + a t i c  
s h i e l d  w i t h  o n l y  a  s i n g l e  c i r c u m f e r e n t i a l  gap and s t i l l  acn ie l ve  
t h e  mu l t i - t u r n  e f f e c t  

(3 )  I f  t he  t u r n s  are  symmetr ica l ly  located w i t h i n  %he s l e c t r o s t ~ t i c  
s h i e l d  and balanced-fed, then t h e  s h i e l d  has a  ~ s g l i g i b l e  
e f f e c t  on antenna Inductance 

( 4 )  I f  t h e  electrostatic s h l e l d  i s  cons t ruc ted -o f  non-ferrous 
metal and i f  t h e  antenna winding i s  d isolaced s l  Tghtly from 
a  fe r rous  mounting surface, then the winding res is tance I s  
comparable t o  t h a t  i n  absence o f  the s h i e l d  and "he mounting 
s u r f  ace 

( 5 )  I f  t h e  I n d i v i d u a l  t u rns  a re  connected so t h a t  ad-iscent e l e c t r i c a l  
t u r n s  are  n o t  p h y s i c a l l y  side-by-side, then t h s  distributed 
winding capacltance i s  rninirnlzed and the  winding resonant 
frequency l s maxi m i  zed 

These r e s u l t s  led t o  d e f i n l n g  t h e  veh icu la r  loop c o n f i g u r a t i o ~  i l lus+ra+ed 
i n  Sect ion 3.2.4 where t h e  e l e c t r o s t a t i c  s h i e l d  provides a  r l c ~ l d  rugged 
enclosure s u i t e d  f o r  use on mine vehic les.  The engineer ing m d s l  t e . t s d  
d u r i n g  the  previous program employed 7 t u r n s  w i t h i n  a  3/4-inch ID s + l ~ l d .  
Ana l y s i  s a t  t h a t  t ime suggested t h a t  up t o  13 t u r n s  w i t h i n  a  I  - i  ncn I D  
( I  1 /4-l nch OD s h i e l d  wou I d  probabl y  work be t te r ,  The mountlng conceat 
f o r  t h e  veh icu la r  antenna was t h a t  o f  us ing a  magnet ica l ly  mountable frame 
f o r  t h e  antenna. 

The r e s u l t s  lended f u r t h e r  i n s i g h t  toward t h e  use o f  p a r a l l e l  spaced t u r n s  
arranged i n  a  f l a t  s t r i p  f o r  po r tab le  antenna use. 



3.2 THEORET l CAL BASEL l NE 

3.2.1 ANTENNA DES l GN ALGORITHM 

Dur ing  t h e  Wire less Communication f o r  Track less  Haulage Veh ic les  program 
( USBM Con t rac t  w i t h  C o l l i n s ,  H0377013 1 an a l g o r i t h m  was developed t o  
compute t h e  impedance and > J I A  o f  m u l t i - t u r n  loop antennas. Al though t h e  
a l g o r i t h m  was o r i g i n a l l y  in tended f o r  use w i t h  spaced t u r n s  I n  a  s ing le -  
l aye r  so leno id  c o n f i g u r a t i o n  ( s u i t e d  f o r  rnan-carried antenna ana l ys i s  ),  

it was found t o  be a p p l i c a b l e  f o r  use w i t h  spaced t u r n s  i n  a c i r c u l a r  
c o n f i g u r a t i o n  enclosed by an e l s c t r o s t a t i c  s h i e l d  ( sui ' ted f o r  v e h i c u l a r  
antenna a n a l y s i s  1 o r o v i d l n g  t h a t  t h e  w ind ing  c o n f i g u r a t i o n  was chosen 
f o r  minimum d i s t r i b u t e d  capaci tance and p r o v i d i n g  t h a t  t h e  winding was 
balanced-fed w i t h  t h e  e l e c t r o s t a t i c  s h i e l d  be ing  p laced a t  ground p o t e n t i a l .  

The a l g o r i t h m  was programmed f o r  t h e  HP-67 c a l c u l a t o r  so t h a t  paramet r ic  
antenna data cou ld  be computed. The a l g o r i t h m  i s  g iven  again i n  t h i s  
subsect ion, 

The antenna inductance, L , I s  g iven  by 

where, L  i s  t h e  low frequency Inductance g iven  by 
0 

2s s 
= 0.02339 n2 [ ( s l  + s21 l o g  I 2  

Lo lo no 

mic rohenr ies  

sl '  s2 
a r e  t h e  s i d e  lengths i n  inches 

g i s  t h e  diagonal i n  inches 
n  I s  t h e  number o f  t u r n s  
D i s  t h e  w i r e  sepa ra t i on  i n  inches 

fr i s  t h e  s e l f  resonant  frequency g iven  by 

C i s  t h e  d i s t r i b u t e d  capaci tance o f  on3 t u r n  
and i s  



1 i s  t h e  length  o f  one t u r n  i n  meters 
d  i s  t h e  w i re  diameter i n  inches 
0 i s  t h e  e f f e c t i v e  w i r e  separat ion I n  inches 

I 
0 i s  g rea te r  than D by about 17% 

I 

The antenna res is tance,  R , i s  g iven by 

where, f o r  copper, 

R i s  t h e  low-frequency res i s tance  given by 
0 

f+ = n  3 i n  inches 

The N I A  product  f o r  matched c o n d i t i o n s  i n t o  50 ohms i s  g iven by 

50 P I I A  = NA l o l T  

where, l o  i s  t h e  i n p u t  c u r r e n t  i n t o  50 ohms 

(exp, 0,632 amps f o r  20 wat ts  

The antenna res i s tance  i s  t h a t  f o r  s o l i d  o r  stranded copper wire.  The use 
o f  L i t z  w l r e  has been considered d u r i n g  t h l s  program t o  reduce t h e  w l r e  
res i s tance  component o f  t h e  t o t a l  antenna s e r i e s  res i s tance  including losses 
ex te rna l  t o  t he  winding, The c h a r a c t e r i  s t l c s  o f  L i t z  w i r e  a re  considered 
i n  t h e  nex t  subsect ion, 



3.2.2. LIT2 VS SOLID W.I2E COMPARISONS 

L i t z  w i r e  c o n s i s t s  o f  a  number o f  sepa ra te l y  i nsu la ted  s t rands  woven 
o r  bunched toge the r  so t h a t  each s t rand  tends t o  t a k e  a l l  p o s s i b l e  
p o s i t i o n s  i n  t h e  c r o s s e c t i o n  o f  t h e  e n t i r e  conductor.  The purpose o f  
L i t z  w i r e  i s  t o  reduce s k i n - e f f e c t  losses by d i s t r l b u t l n g  t h s  f l o w  o f  
r a d i o  frequency c u r r e n t  more u n i f o r m l y  ove r  t h e  w i r e  c rossec t ion .  

The use o f  L i t z  w i  r e  may o r  may n o t  have a p r a c t l c a  l a d v a n t a p  over  
normal s o l i d  o r  stranded w i r e  f o r  m f  antenna designs, depending on t h e  
o v e r a l l  loss  r e s i s t a n c e  I n  t h e  complete matched antenna and t h e  magnitude 
o f  t h e  component o f  t h i s  l oss  res l s tance  a t t r i b u t a b l e  t o  w i r e  r5s is tance.  
The o b j e c t i v e  o f  u s i n g  L i t z  w i r e  assumes t h a t  t h e  w i r e  r e s i s t a n c e  
component w i  l l be s i  sn i f i c a n t  and t h e r e f o r e  ( i n  a t  l e a s t  t h e  p ro to t ype  
development) i s  t o  minimize t h e  dependancy o f  t h i s  t o t a l  s e r i e s  an+enna 
c i r c u i t  loss  r e s i s t a n c e  on t h e  frequency dependent w l r e  res i s tance  
component. T h i s  o f f e r s  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  near cons tan t  
antenna bandwidth ove r  a  range o f  f requencies. Th i s  bandwidth is ,  I n  
p r i n c i p l e ,  ob ta ined by adding a f i x e d  non-frequency-dependent res i s tance  
a t  t h e  antenna te rmina ls .  

The r e s i s t a n c e  o f  L i t z  w i r e  i s  f requency dependent w i t h  t h e  res i s tance  
be ing  a  f u n c t i o n  o f  t h e  o v e r a l l  w i r e  diameter,  d, t h e  s t rand  d i a m t s r ,  dS, 
and t h e  w i re -w i re  spacing, D. A low frequencies, t h e  use o f  L i t ?  w i r e  
r e s u l t s  i n  a  s i g n i f i c a n t  r e d u c t i o n  i n  t h e  low-frequency ac res is tance,  R . 
A t  h i ghe r  frequencies, t y p i c a l l y  I - 3 MHz, t h e  advantage disappears and 

0 

L i t z  w i r e  can a c t u a l l y  have a  g rea te r  res i s tance  than s o l i d  wire. Th i s  
l a t t e r  e f f e c t  i s  p r i m a r i l y  a  f u n c t i o n  o f  t h e  s t rand diameter,  d , and 
o p e r a t i o n  a t  h  l gher f requencies requ i res  a sma l l  e r  s t rand  d  T ame?er and, 
hence, more s t rands  f o r  a  f i x e d  des i red  w i r e  diameter.  

Terman g ives  an express ion  f o r  t h e  r a t l o  o f  R t o  Rdc f o r  L i t z  w l  re .  
Fo antenna design, we a r e  most i n t e r e s t e d  i n  t h 8  r a t i o  RoLITZ / R L~~ 
so t h a t  t h e  R LITZ can be used w l  t h  t h e  loop antenna d e s ~  gn a l  gor~?f!m. 
The au tho r  hag never seen curves o f  t h i s  r a t l o  p l o t t e d  i n  t h e  I i t e r a t u r e ,  
so these curves as a p p l i c a b l e  t o  antenna design were developed as p a r t  
o f  t h i s  program and should serve as a  standard re fe rence f o r  t h e  fu tu re .  

The a p p r o p r i a t e  formul a t i o n s  f o r  R 
0 ITZ / Rdc and R / R w i l l  be 

de r i ved  and then r a t i o e d  t o  o b t a i n  \he above m e a s u r ~ S 8 b l F ~  t z  $!?re 
advantage fo r .an tenna  design. 

For a so l  i d  wire, 

Kbm 
where A f o r  m u l t i  layered c o i  I s  = i( 1 

D 
w i t h  Kb/D = 5  t y p i c a l l y  and w i t h  m 7 3 
l aye rs  t y p i c a l l y ,  so t h a t  A = & ( I 5 1  = 56.25 

G i s  a  p r o x i m i t y  f a c t o r  f o r  m u l t i  l aye r  
c o i l s  v a r y i n g  n e a r l y  l i n e a r l y  w i t h  x 
( x  = 0.1087 d  fl f o r  copper) f o r  l a r g e r  



vat ues o f  x  so t h a t  G I s  approx imate ly  
equal t o  0,0439 d  f. 

H i s  t h e  r a t i o  by which Rdc o f  an i s o l a t e d  
w i r e  i s  m u l t i p l i e d  t o  g i v e  Rat and = 
approx imate ly  0.0962 d  fi f o r  copper. 

t he re fo re ,  d  

R o ~ ~ ~ l ~  / Rdc 
= 0.092 d  f i  + 2.469 d  f i  ( ,, 1 

For L i t z  wire,  d  
2  

R o ~ ~ ~  / Rdc 
= I + n  G (  

d D 

4 
where, G = approx. x  /64 = 0.873 x 10" d 4  f2  

7 s 

The r a t i o  o f  these  q u a n t i t i e s  has been eva lua ted  f o r  a range o f  parametars 
use fu l  i n  antenna des i  gn and t h e  r e s u l t s  a r e  g i ven  as F igures  3 through 5 . 



RESISTA!JCE OF LIT2 WIRE COMPARED TO SOLID WIRE 
FOR F l XED O\/ERALL D I AMFTER AflD STRAIJD D I AMEISER 

VS W I RE-W I RE SPAC I I.IG 
1703/44 L lTZ d S  = 0.002 I N  

d = 0,115 IF4 

FREQUENCY - KHz 



F l  GURE 4 

RES l STANCE OF L l TZ W I RE COPPARED 
SOL 

APJE'f 
OVE 

1000 

FREQUENCY - KHz 



FIGURE 5 

RES I STANCE OF L l TZ W l RE COtlPARED 
TO SOLID WlRE FOR FIXED OVERALL 
D l  APETER AND W I RE-W I RE SPAC I f3G 
VS STRAND S IZE 

D = 0,250 I N  
d = 0, 1 15 1!~1 

= 6800 C l RC MI LLS 

WlRE 
= 0,905 

FREQUENCY - KHz 



3,2,3 INTRINSIC SAFETY PARAMETERS 

l n t r i  ns i c  sa fe ty  requi  rements are  geared toward prevent  i ng p o t e n t i  a  l  l y  
dangerous dc sources from producing arcs which might  explode a  methane- 
a i r  mix ture  under f a u l t  cond i t i ons  i n  coal mines, The curves f o r  minimum 
vo l tage-cur rent  combinations, minimum i g n i t i o n  c u r r e n t  i n  i nduc t i ve  
c i r c u i t s ,  and minimum i g n i t i o n  vo l tage i n  c a p a c i t i v e  c i r c u i t s  apply 
s t r i c t l y  t o  dc e x c i t a t i o n  o f  c i r c u i t s .  The ac e x c i t a t i o n  o f  antenna 
c i r c u i t s  a t  r a d i o  frequencies are  n o t  e x p l i c i t l y  covered by t h e  curves. 
The proceedure f o r  i nduc t i ve  c I  r c u i  t p ro tec t1  on now be1 ng appl ied  
invo lves  i s o l a t i n g  the  antenna c i r c u i t  from p o t e n t i a l  dc sources 
through t h e  use o f  b lock ing  capaci tors,  The requirsments f o r  these 
b lock ing  capac i to rs  come from UL-913 whereby two capac i to rs  are  p l ~ c g d  
i n  s e r l e s  and then tes ted  f o r  vol tage breakdown w i t h  an ac vo l tage -bevel 
equal t o  t w i c e  t h e  working ( p o t e n t i a l  f a u l t  1 vo l tage + 1900 v o l t s  rms. 

I t  i s  reasonab l  e  t o  expect t h a t  a rcs  from ac sources a t  rad l o  freauenci es 
under f a u l t  cond i t i ons  cou ld  explode a methane-air mix ture  i n  a c i r c u i t  
n o t  i n t r i n s i c l y  safe a t  dc. I t  I s  a l s o  reasonable t o  asse r t  t h a t  dc 
c i  r c u i  t performance represents t h e  worst  case; thus, a  c i  r c u i  t which i s t  
"dc i n t r i n s i c a l  l y  safe" w i  l  l  a l s o  be "ac i n t r i n s i c a l  i y  safe". 

I t  i s  probably t o  t h e  designer 's  advantage t o  take  any steps h w a r d  
making an antenna "dc i n t r i n s i c a l  l y  safe", over and above any S lock l  ng 
i s o l a t i o n ,  i f  t h i s  can be acconpl ished w i thou t  ser ious  p e r f ~ r n a n c e  loss. 
This cou ld  be termed t h e  " i nhe ren t  sa fe ty  fac to r "  o f  t he  antenna. 

Toward eva lua t ing  ac i n t r i n s i c  safety,  i t  may be worthwhi le t o  def ine  
opera t i ng  power l e v e l s  f o r  which t h e  antenna would be i n t r i n s i c l y  safe 
i f  t h e  dc and ac .parameters were the  same and t h e  dc curves could b 9  
appl ied. 

I t  I s  poss ib le  t o  a t  l e a s t  p a r t i a l l y ~ o t e c t  a  loop antenna w i thou t  loss 
o f  performance so as t o  achieve some inherent  safety,  ThIs i s  poss ib le  
because t h e  NIA o f  a loop antenna o f  r e s t r i c t e d  dimensions i s  r e l a t i v e l y  
constant  over a  range o f  numbers o f  t u r n s  and because t h s r e  are  ac losses 
i n  t h e  antenna o t h e r  than those encountered i n  the  w i re  res ls t?nce,  
S p e c i f i c a l l y :  

( I )  impedance leve l ;  t h e  antenna low-frequency w i r e  res ls tance 
should be as h igh  as i s  practical w i  t h o u t  reduclng YIA i n  
o rde r  t o  minimize the  peak c u r r e n t  which could f low i n  t h e  
c i r c u i t .  ThTs i s  accomplished by us ing  as many t u r n s  as 
possib le,  

(2 )  added se r ies  loss; t h e  antenna matching c i r c u i t r y  losses w i l l  
produce an equ iva len t  se r ies  antenna loss res l s tance  i n  a d d l t i o n  
t o  t h e  w i r e  res  i stance, A l urnped cu r ren t -  l i m i  t i ng r s s  i s t o r  o f  
va lue comparable t o  t h e  above loss res ls tance can be added 
w i thou t  reducl ng t h e  f l l A  s ign  i f i c a n t  ly.  The l umped r e s i  s t ~ n c e  
w i l l  r e t a i n  i t s  value a t  dc whereas t h e  w i r e  res is tance w l l l  not .  



I t  i s  b e t t e r ,  i n  des ign ing  t o  a  f i x e d  a l l o w a b l e  w i r e  res is tance ,  
t o  use L i t z  w i r e  and then add a  l umped c u r r e n t - l  i m i  ti ng 
r e s i  s t o r  than  t o  use so l  i d  w l  r e  o r  s t randed w i  r s  hav i  na t h e  
same r e s i s t a n c e  as t h e  L i  t z  p  l us t h e  I umped r e s  i s t o r .  

Assuming t h e  dc curves apoly,  t h e  c u r r e n t  i n  t h e  loop as a f u n c t i o n  o f  
i n p u t  power i s  g i ven  by 

I n  terms o f  s to red  energy, 

where, P i s  t h e  i n p u t  Tower 
L i s  t h e  inductance 
(BW) i s  t h e  3 dB bandwidth 

so t h a t  f o r  a  f i x e d  maximum energy l e v e l ,  t he  a l l o w a b l e  bandwidth i s  a  
f u n c t i o n  o n l y  o f  t h e  i n p u t  power. I f  f o r  a  f i x e d  i n p u t  power and bandwidth 
t h e  c u r r e n t  i s  t o  be minimized, then t h e  c u r r e n t  i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  inductance, so t h e  inductance should be as l a rge  as p o s s i b l e  w h i l e  s t l l l  
m a i n t a i n i n g  t h e  bandwidth. 

The minimum i g n i t i o n  c u r r e n t  cu rve  I s  g iven  f o r  24 v o l t s  and e s s e n t i a l l y  
p l o t s  a  cons tan t  energy l eve l ,  which de te rn ines  t h e  bandwidth power 
r e l a t i o n s h i p  f o r  t h a t  vo l t age  l eve l .  For o t h e r  v o l t a g e  l e v e l s  ( as de f i ned  
on t h e  vo l t age -cu r ren t  curve  1, t h e  cons tan t  energy l e v e l  va r l es .  I f  t h e  
antenna parameters a r e  f i xed ,  as i n  any p a r t i c u l a r  des i  gn, th9n  t h e  
power cannot be independent o f  energy l e v e l  and must f o l l o w  t h o  vo l tage-  
c u r r e n t  curve. 

The inductance o f  t h e  v e h i c u l a r  antenna @ I MHz w i l l  be shown I n  t h e  nex t  
s e c t i o n  t o  be approx imate ly  190 uh . To i l l u s t r a t e  p o s s i b l e  power-bandwidth 
l i m i t s  f o r  "ac i n t r i n s i c  safety*(" ,  ca l cu la tTons  were made assuming 

( 0  a cons tan t  energy o f  0.5 m i l l i j o u l e  
(2)  energy-power as de f ined  from vo l tage-cur ren t  cu rve  

and antenna parameters 
( 3 )  i nhe ren t  i n t r i n s i c  s a f e t y  p rov ided  by 5 and 10 ohm 

c u r r e n t - l  i m i  ti ng r e s i s t o r s  

The r e s u l t s  o f  these c a l c u l a t i o n s  a r e  g i ven  i n  F igu re  6 . Th is  f i g u r e  shows 
t h e  vo l t age -cu r ren t  de r i ved  c o n d i t i o n  t o  be t h e  most s t r i n g e n t  i n  r e s t r i c t i n g  
t h e  minimum bandwidth f o r  h i ghe r  power l e v e l s  f o r  a  50 ohm matched antsnna. 
Us ing  t h i s  c o n d i t i o n  as  t h e  bas ls ,  a  IO-ohm c u r r e n t  l i m i t i n g  r e s i s t o r  ( f o r  
example p rov ides  i nhe ren t  p r o t e c t i o n  UD t o  a  power l eve l  o f  about I I  wa t ts .  
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3,2,4 ANTENNA WIhlDING CONFIGURATION CONSIDERATIONS 

The gene r i c  c o n f i g u r a t i o n  o f  t h e  v e h i c u l a r  antenna w ind ing  i s  i I  l u s t r a t s d  
i n  F igu re  7 Th i s  shows bo th  t h e  w ind ing  and t h e  e l e c t r o s t a t i c  s h i e l d .  
The w i nd i ng c rossec t  i on has two i rnportant aspects;  t h e  w i  r s  connect ion  
arrangement and t h e  symmetry o f  t h e  c i  r c u  l  a r l y  arranged spaced t u r n s  f o r  
balanced e x c i t a t i o n ,  The o v e r a l l  w ind ing  a c t s  as a  near -per fec t  t rans fo rmer ,  
t r a n s f o r m i n g  t h e  c u r r e n t  i n  each w ind ing  t u r n  i n t o  c u r r e n t  f l o w i n g  on t h e  
o u t s i d e  o f  t h e  e l e c t r o s t a t i c  s h i s l d  considered as a  s i n s l e  t u r n  when 
t r a n s m i t t i n g .  The n e t  c u r r e n t  f l o w i n g  i n  t h e  spaced t u r n s  e x c i t s s  a  
c u r r e n t  f low i ng on t h e  i n s i d e  o f  t h e  e l  e c t r o s t a t  l c  s h i e l d  wh l ch f lows 
"around t h e  co rne r "  a t  t h e  feed gap and on t h e  o u t s i d e  o f  t h e  sh l  e l d  as 
a  s i n g l e  t u r n ,  Th i s  i s  t r u l y  low-irpedance c u r r e n t  coup l i ng .  On rece i v i ng ,  
t h e  converse happens; however, t h e  open c i r c u i t  v o l t a g e  induced across 
t h e  gap due t o  an i n c i d e n t  e l e c t r i c  f i e l d  does n o t  e x c i t e  c u r r e n t  : f low 
i n  t h e  i n t e r n a l  windings. 

The connec t ion  o f  t h e  w ind ing  t u r n s  i n  r e l a t i o n  t o  one another  i s  made i s  
a  manner which d i s t r i b u t e s  t h e  t u r n - t u r n  c a ~ a c i t a n c e  so t h a t  nc ad jacen t  
t u r n s  a r e  connected t o g s t h e r  consecut ive l \ {  and t h e  ad jacen t  t u r n  i s  
severa l  t u r n s  away c a p a c i t l v e l y .  Also, ++e e n t i r e  w ind lna  po t?n+ ia l  i s  
never across two c l o s e l y  spaced t u r n s  5 u t  i s  across t u r n s  sp?ccd e t  l a a s f  
a  t h i  r d  of t h e  way around t h e  c i  r c u  l a r  arrangenent.  The c o n n s c + i ~ n  
a r r a n g e m n t  shown i n  t h e  f i s u r e  i s  t h e  one used f o r  t h e  p ro to t ype  
v e h i c u l a r  antennas t o  be descr ibed  i n  t h e  nex t  sec t ion .  The balance i s  
1 I l u s t r a t e d  by t h e  + and - s i a n s  a t tached t o  t h e  t u rns .  For balanced 
e x c i t a t i o n ,  t h e r e  a r e  as many + t u r n s  as - t u r n s  w l t h  symmetric p o t e n t i a l  
so t h e  d i s t r i b u t e d  d i f f e r e n t i a l  mode c o u p l i n g  t o  t h e  i n s i d e  o f  t h e  
e l e c t r o s t a t i c  s h i e l d  as appeard across t h e  w i n d i n q  conce ls  ou t .  There 
i s ,  thus, no inc rease  i n  distributed capac i tance  due t o  t h e  e l e c t r o s t a t i c  
sh ie ld .  

The gene r i c  c o n f i g u r a t i o n  o f  t h e  man-carried antenna i s  shown I n  F i g u r e  2 
T h i s  i s  a  f l a t  spaced t u r n  antenna o f  f i x e d  t o t a l  w i d t h  so t h a t  an 
l ncrease i n  t h e  number o f  t u r n s  decreases t h e  t u r n - t u r n  spacing. Severa l 
connec t ion  arrangements o f  t h e  w ind ins  t u r n s  a r e  poss ib le .  As a  f i n a l  
matched and eva lua ted  antenna was n o t  delivered t o  t h e  Bureau f o r  t h e  
man-carr i ed con f  i g u r a t  ion, no p r e f e r r e d  conf  i g u r a t  i o n  arrangement f o r  
t h e  t u r n s  has been es tab l i shed .  
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3.3 SELECTION OF DESIGN PARAMETERS 

T h i s  s e c t i o n  covers t h e  use o f  t h e  antenna design a l g o r i t h m  t o  i n v e s t i g a t e  
parameters f o r  t h e  v e h i c u l a r  antenna, w i t h  t h e  subsequent s e l e c t i o n  o f  a 
p a r t  i c u  l  a t  s e t  o f  parameters f o r  t h e  p ro to types .  

The f i r s t  w ind ing  parameter t o  be se lec ted  was t h e  w i r e  s i z e  w i t h i n  t h e '  
c o n s t r a i n t  o f  p r o v i d i n g  a v a r i a b l e  number o f  t u r n s  t o  f i t  w i t h i n  a 
nominal I$ - inch  copper e l e c t r o s t a t i c  s h i e l d  ( ID = 1.265 inch  ) a l l o w i n g  
f o r  a smal l  spac ing between t h e  w i r e s  and t h e  i n s i d e  wal 1 o f  t h e  s h i e l d  
tube. The e f f e c t i v e  maximum d iameter  o f  t h e  antenna w ind ins  c rossec t ion ,  
cen te r -cen te r ,  was chosen t o  be I - inch .  The t u b i n g  s i z e  i t s e l f  was 
chosen as a compromise t o  p r o v i d e  a reasonableanount o f  antenna area f o r  
a maximum antenna h e i g h t  o f  about 8 inches when i n  t h e  v e r t i c a l  p o s i t i o n .  
The r e s u l t  was t h e  s e l e c t i o n  o f  6- inches cen ter -cen te r  i n  v e r t i c a l  h e i g h t  
between t h e  w ind ing  c r o s s e c t i o n a l  c e n t e r s  w i t h  a s tandard t u b i n g  d iameter  
o f  13 inch  es. Based on t h e  Track less  Haulase eng inee r i ng  p r o t o t y p e  data, 
t h e  number o f  t u r n s  was expected t o  be l ess  than  20 w i t h  a Guess o f  
rough ly  12 t u r n s  a t  maximum diameter  as be ing  nominal, The w i re -w i re  
spac ing  range was bounded t o  be w i t h i n  0.125 - 0.50 Inches; governed 
by t h e  number o f  e q u a l l y  spaced t u r n s  I n  c i rcumference  around a I - inch  
c i r c l e .  

With t h e  nominal spac ing  range chosen, t h e  w i r e  s i z e  range was bounded 
t o  l i e  r ough l y  between $- inch as a maximum and a q u a r t e r  o f  t h a t  as t h e  
m i  nirnum. Paramet r i c  data f o r  t h e  r a t i o  o f  t h e  r e s i s t a n c e  o f  L l t z  w i  r e  
t o  so l  i d  w i r e  was run  f o r  a range o f  L i t z  s t rand  diameters;  keeping 
t h e  r e s i s t a n c e  r a t i o  less  than  u n i t y  up t o  a t  l e a s t  I  !!Hz. The bounding 
range o f  s t r a n d  d iameters was p laced t o  be f rom #46 t o  636 wire. Th l s  
pa rame t r i c  da ta  i s  g i ven  i n  t h e  p rev ious  subsec t ion  as F igures  3, 4 ,  and 
5 .  The w i r e  s i z e  was chosen as be ing  0.115-inch i n  d iameter  c o r r e s ~ o n d i n g  
t o  6800 c l r c u l a r  m i l s  and c o n s i s t i n g  o f  1700 s t rands  o f  if44 wi re .  

The remain ing  major  antenna parameters t o  be chosen were t h e  antsnna 
leng th  and t h e  number o f  t u r n s  ( which a l s o  d i c t a t e s  t h e  w i re -w i re  
spacing 1. These parameters were i n v e s t i a g t e d  i n  terms o f  antenna NIA 
and bandwidth, assuming I amp i n t o  a 50 ohm antenna as a re fe rence  
( 50 w a t t s  1. The bandwidth range f o r  boundlng purposes was taken t g  

l i e  between 3 KHz as an a b s o l u t e  minimum f o r  SSB modu la t ion  and 12 KHz 
as a minimum f o r  FM modulat ion.  I t  was recognized t h a t  t hese  bandwidths 
c o u l d  be used f o r  a n a l y s i s  evaluation purposes even though t h e  a c h i w a b l e  
"loaded" bandwidth I n  a practical des ign  was, as  yet ,  unknown. 

Paramet r i c  d a t a  was run  o v e r  a range o f  t u r n s  f rom 6 t o  20 f o r  antenna 
l en ths  f rom 2 t o  4 f e e t . a t  a frequency o f  1000 KHz ( t h e  optimum frequency 
as determi  ned f rom t h e  p rev ious  m f  measurements f o r  coup I  i ng i n t o  
e x i s t i n g  mine w i r i n g  1. T h i s  d a t a  i s  shown p l o t t e d  I n  F igures  8 and 9 .  
These curves  c l e a r l y  show t h a t  f l l A  i s  f a i r l y  c o n s t a n t  o v e r  a range o f  
t u r n s  f o r  a cons t ra ined  antenna c r o s s e c t i o n  ( w i re -w i re  spac lng  decreases 
l i n e a r l y  w i t h  inc rease  i n  t u r n s  and then  r a p l d l y  drops o f f  as t h e  
antenna resonant  f requency i s  approached, A t  t h i s  p o i n t  i n  t h e  ana l ys i s ,  
an antenna l eng th  o f  3 f e e t  was chosen. 



Figures  8 and a l s o  show bandwidth c o n d i t l o n s  f o r  t h e  raw antenna. For 
t h e  3 - foo t  antenna, t h e  use o f  12 t u r n s  ( f o r  example p rov ides  J u s t  over  
a 3 KHz bandwidth f o r  L i t z  w i r e  compared t o  a 12 KHz bandwidth f o r  s o l i d  
w i re.  A ca l cu l a t  i on  was made t o  determl ne i f t h e  NI A were h i  gher f o r  a 
12 KHz bandwidth antenna l i m i  t e d  by na tu ra  I  w i  r e  r e s i  s tance ( L i t ?  ) o r  
l i m i t e d  by f i x e d  r e s i s t a n c e  padding o f  t h e  above lower bandwidth design. 
For t h i s  c a l c u l a t i o n ,  t o  lnc rease  t h e  n a t u r a l  bandwidth t o  12 KHz, t k e  
nominal I - i nch  d iameter  o f  t h e  spaced t u r n s  w ind ing  was decreased t o  
&- inch w i t h  t h e  nominal w i re -w i re  spac lng  decreas ing  from 0.250 i n c ?  t o  
0.125 inch. F igu re  9 shows t h a t  t h e  padded YIA I s  always h igher .  

Recognl z i  ng t h e  need t o  use as many t u r n s  as p o s s i b l e  t o  keg? t h e  
irrpedance l e v e l  h i  ah i n o r d e r  t o  coun te rac t  losses i n  t h e  antenna matchi n o  
c i r c u i t r y ,  t h e  number o f  t u r n s  was chosen t o  be 12. T h i s  i s  t h e  number 
o f  t u r n s  f o r  which a 3 - foo t  antenna and a 4 - foo t  antenna d e l i v e r  equal 
performance. 

With these  parameters chosen, NIA and bandwidth f o r  t h e  raw antenna 
were computed as a f u n c t i o n  o f  f requency f rom 100 KHz t o  2000 KHz. These 
resu  l t s  a r e  g i ven i n F i  uures I  1 and 12. F i  gure I i shows t h e  e f f e c t  o f  
u s i n g  f i x e d  r e s i s t a n c e  padding t o  achieve t h e  bounding minlmum bandwidths 
o f  3 and 12 KHz. Using t h i s  padding, t h e  NIA I s  seen t o  be e s s e n t i s l l y  
f requency independent. T h i s  i s  an i nhe ren t  p r o p e r t y  o f  an i n d u c t i v e  
c i  r c u i  t. 

These raw ( unmatched 1 antenna r e s u l t s  w i  l l  serve as a b a s i s  o f  compari son 
f o r  t h e  p r o t o t y p e  performance a c t u a l l y  achieved as d iscussed i n  Sec t i on  4.0. 
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FIGURE 10 
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FIGURE 12 

UNPADDED BANDW I DTH VS FREQUENCY FOR 6- I NCH 

BY 3-FOOT VEH l CULAR ANTENNA OF I 2  TURNS 1 N 

I &  INCH ELECTROSTATIC SHIELD - WITH AND 

WITHOUT L I T 2  WIRE 

FREQUENCY - WZ 



4 - 0  VEHICULAR ANTENNA PERFORMANCE 

T h i s  s e c t i o n  p resents  se lec ted  des lgn d e t ? t l s  o f  t h e  v e h i c u l a r  antenna 
p ro to t ypes  and measured performance c h a r a c t e r i s t i c s ,  Conclus ions a r e  
a l s o  drawn between t h e  measured r e s u l t s  ob ta ined  w i t h  t h e  p r o t o t y p s s  
and increased performance ach ievab le  w i t h  a d d i t i o n a l  des ign e f f o r t  i n  
t h e  i mpedance match i ng area. 

Two v e h i c u l a r  antenna p ro to t ypes  were b u i l t ,  O r i g i n a l l y ,  t hese  p r o t o t y ~ e s  
were t o  d i f f s r  i n  bandwidth; one t o  be as near 3 KHz as p o s s i b l e  a n d  +he 
o t h e r  t o  be as near 12 KHz as poss ib le .  L a t e r  i n  t h e  program, i t  was 
decided t o  b u i l d  them i n  an e s s e n t f a l l y  i d e n t i c a l  manner' t u n i n g  them 
t o  d i f f e r e n t  f requenc ies  o f  nomina l l y  520 and 920 KHz. 

These antennas were wound w i t h  t h e  connec t ion  arrangement i l l u s t r a t e d  
i n  F igu re  7, The t u r n s  were l a i d  o u t  and a t tached t o  a t h i n  p i e c e  c f  
styrofoarn as i n d i v i d u a l  w i res  ( broken between t u r n s  I  and 4 1  then  
fo l ded  i n t o  a c i r c l e  and p u l l e d  th rough t h e  t ub ing ,  The connec t ion  
arrangement p rov ided  f o r  a  s l  i g h t  ove r l ap  between t u r n s  66 1 and 4&7 
when pu l  led th rough "corners"  o f  t h e  t u b  i ng hav i ng r e s t r i c t e d  d i m e t e r .  
The w ind ing  t u r n s  were then connected t o s e t h e r  i n  t h e  j u n c t i o n  box 
a t tached t o  t h e  t u n i n g  ( see F igu re  I  1. Un fo r tuna te l y ,  one o f  t h e  
antennas was i n a d v e r t e n t l y  connected i n  a reverse  arrannercent t o  t e a t  
shown i n  F i ~ u r e  7 which r e s u l t e d  i n  h i g h e r  d i s t r i b u t e d  capaci tance.  I t  
was decided t o  make t h i s  t h e  520 KHz u n i t  where t h e  lower frequency 
minimized the  e f f e c t  o f  t h i s  i n a d v e r t s n t  mistake, The raw a n t m n ?  r q x t a n c e  
i s  shown p l o t t e d  i n  F igu re  13 a long  w i t h  t h e  computed rsactance. 

The antenna matching was accomplished u s i n g  a balanced c a p a c i t i v e  L-sect ion; 
t r a n s f o r m i  ng t h e  antenna i mpedance t o  200 ~ h m s  ba l  3nced. A f e r r i  t e  l4 : I 
ba lun  t r ans fo rmer  ( p rov ided  by t h e  Bureau was used t o  d o w n - t r ~ r s f o r m  
f rom 200 ohms balanced t o  50 ohms unbalanced f o r  t h e  c o a x i a l  i npu t ,  The 
c a p a c i t i v e  L -sec t ion  schematics a r e  g iven  i n  F igu re  14. The f e r r f t ~  b d u n  
i s  i l l u s t r a t e d  i n  F i g u r e  15, The L-sec t lon  components were Sraedbo3rdgd 
on a smal l  p i ece  o f  p r i n t e d  c i r c u i t  board, The L-sect ion components were 
chosen f rom those l o c a l l y  a v a i l a b l e .  The l i m i t i n g  component t y p e  f r g m  3 

power hand l i ng  s tandpo in t  was +he t r immer  capac i t o r ,  These a r e  r e f e r r e d  
t o  i n  t h e  f i g u r e s  as a i r  va r i ab le ;  a c t u a l l y ,  t hey  were o f  t h e  layered  
t y p e  hav ing  s t r i p s  o f  mica between metal p l a t e s  and a i r ,  I nc reas ing  
screw pressure  p rov ldes  increased capac l tance  w i t h  decreased spaclng 
between t h e  layers ,  The power hand l i ng  p r o p e r t i e s  cou ld  have been 
improved i f  vaccuum v a r i a b l e s  had been a v a i l a b l e ,  The L-sect ions ~ r o v i d e  
f o r  v a r i a b l e  t u n i n g  v i a  one o f  t h e  s e r i e s  t r immer c a p a c i t o r s  which i s  
outboarded and a v a i l a b l e  f o r  e x t e r n a l  ad justment  by r e m v i n g  t h e  screw 
cap on t h e  t o p  j u n c t i o n  box po r t .  Wider ad justment  range I s  p o s s i b l e  by 
opening t h e  t u n i n g  enc l osu re  and a d j u s t i n g  t h e  o t h e r  s e r l e s  and shunt 
t r immers, No spec ia l  p r o v i s i o n s  were made i n  t h e  p ro to t ypes  f o r  i n t r i n s i c  
s a f e t y  . 



Tuning curves f o r  t h e  p r o t o t y p e  antennas were ob ta ined  f o r  bo th  
d i e l e c t r i c  and f e r r o u s  metal  su r face  mountlnos. Also, spo t  f requency 
s h i f t  da ta  was gathered a t  t h e  nominal t une  f requenc ies  f o r  each an+enna 
when t h e  loop o r i e n t a t i o n  was chanced from v e r t i c a l  t o  t h e  45-degres 
p o s i t i o n ,  The t u n i n g  curves  a r e  presented as F igu re  16 and 17, The 
de tun i  ng da ta  and t h e  " loaded antenna bandwidths o f  14 KHz @ 520 KHz 
and 20 KHz @ 920 KHz a r e  summarized i n  Sec t i on  2.1.2. 

The a n a l y s i s  o f  t h e  p r o t o t y p e  antenna performance i s  presented i n  Tab ls  I 
where t h e  va r i ous  antenna losses a r e  p a r t i t i o n e d .  The p r o t o t y p s  
antenna bandwidths a r e  l i r i t e d  by t h e  f e r r i t e  t r ans fo rmer  and t u n i n g  
c a p a c i t o r  losses. These losses cou ld  be minlrnized by a d d i t i o n a l  des ign 
s e l e c t i o n  o f  h i g h e r  Q c a p a c i t o r s  and th rough t h e  use o f  h i e h e r  f requency 
f e r r i t e  i n  t h e  t rans fo rmer .  I t  i s  es t imated  t h a t  p roper  des ign s e l e c t i o n  
c o u l d  r e s u l t  i n  antenna Q T s  i n  t h e  100-150 range which would g i v e  
unpadded bandwidths i n  t h e  3 - 5 KHz range u s i n g  t h e  same p r o t o t y p e  
antenna windings. T h i s  would p e r m i t  t h e  use o f  f i x e d  paddins r e s i s t a n c e  
t o  a d j u s t  t h e  bandwidth t o  t h e  des i red  l eve l  t o  accomdate  de tun ing  
and t y p e  o f  modulat ion. The inc rease  I n  measured bandwidth w i t h  o p e r a t i n g  
frequency was due t o  t h e  frequency dependence o f  t h e  matching c i r c u i ?  
losses. M i n i m i z i n g  these  losses and p r o v i d i n g  f i x e d  r e s i s t l v e  padding 
would p r o v i d e  near-constant  bandwidth o v e r  t h e  500 W z  - l00Q KHz ranse. 

Eventua l l y ,  a two-frequency matching scheme w i l l  be r e q u i r e d  f o r  these 
antennas, A p o s s l b l 2  m a n s  f o r  acconp l i sh ina  t h i s  would be t o  s e p a r s t ~ l v  
t r a n s f o r m  t h e  s e r i e s  resonant  r e s i s t a n c e  o f  t 5 e  antenna ( o c c u r r i n c  a t  
a  lower frequency s e l e c t a b l e  by a d j u s t i n g  t h e  50-ohmd t rans fo rmer  p r i r a r y  
impedance l e v e l  f o r  t h e  L -sec t ion  match w i t h  a convent iona l  t rans fo rmer .  
Sw i t ch ing  between t h e  t r ans fo rmer  I n p u t s  may be r e q u i r e d  when changing 
f requencies,  T h i s  would c i rcumvent  t h e  p robab le  h igh  c l r c u l a t i n g  c u r r e n t  
o f  a  m u l t i - p o l e  network t o  p rov ide  two f requenc ies  on a s t r i c t l y  pass ive  
match i ng bas i s. 





FIGURE 14 

BALANCED TUNING CIRCUITS USED I N  VEHICULAR ANTENNA PROTOTYPE MATCHING 

TO A MATCHED I WEDANCE LEVEL OF 200 OHMS 

520 KHz C l RCU l T 

BALANCED 

BALANCED TRANS FORMER OUTPUT ( B 1 100 PF (C)  BALANCED ANTENVIA 1 NPUT 

( A )  t f 3 5 - 6 8 0 P F A I R V A R l A B L E T R l M M E R  359VDC FlOMINALRATING 

(6) 70 - 480 PF A I R VARIABLE TRI MFAER 350 VDC NOMI NAL RAT1 NG 

(C)  S 1 LVERED MI  CA F I XED CAPAC l TORS 1000 VDC NOMINAL RATING 
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TABLE I 

PERFORMANCE D l AGNOS l S FOR VEH l CULAR PROTOTYPE 

ANTENNA ( WOUND PER SECTION 3,2,4 AS OBTAINED 

DUR l NG PREL l MI NARY TEST l NG @ 476 KHZ 

ANTENNA TUNED AND TRANSFORMED 
WITH TUN1 NG CWiT I N  ENCLOSURE 

- - -  
ANTENNA TUNED AND TRANS FORMED 
W l TH TUN l NG CKRT NOT ENCLOSED 

ANTENNA TUNED BUT P4OT TRANSFORMED 
WITH TUNING CKRT NOT ENCLOSED 

ANTENNA NOT TUNED( RAW ANTENNA) 

TUN l NG CAPAC I TORS ( 100 VOLT 
SILVERED MICA) 

TRANS FORMER 

ENCLOSURE 

110 3.63 OHMS OF LOSS 

4.23 GHMS OF LOSS 

2.42 OHblS OF LOSS 



5,0 ANTENNA COUPLl NG TO f,?I NE W l Rl NG 

5,l GENERAL CONS I  DE!?AT I ONS 

Antenna c o u p l i n g  t o  mine w i r i n g  i s  a  f unc t i on  o f  antenna range away 
from t h e  conductors,  t h e  antenna deslgn parameters, and d e t a l l s  o f  
t h e  n i n e  topo logy  i n c l u d i n g  l o c a t i o n  o f  conductors  r e l a t l v e  t o  t h e  
c r o s s e c t i o n a l  geometry o f  e n t r i e s  and c rosscu ts ,  

Prev ious es t imates  o f  c o u p l i n g  ( made by t h e  au tho r  have evolved 
from rnf p ropagat ion  s t u d i e s  w i t h  antennas loca ted  remote ly   fro^ t h e  
conductors  based on bo th  measurerents and computations, above ground 
measurements w i t h  a l a r s e  looa c l o s e  t o  conducfors  l y i n g  j us+  above 
ground l eve l ,  and c a l c u l a t e d  est l rnates l n  c l o s e  p r o x l ~ i t y  t o  conductors  
which n e g l e c t  geometry e f f e c t s ,  Whi le  t h e  remote es t imates  a r s  
p robab ly  s a t i s f a c t o r y  f o r  system design purposes, t h e  ~ r e v i o u s  conductor  
p r o x i m i t y  es t imates  have n o t  inc luded geometrical e f f e c t s  o r  a s e t  
o f  r e p r e s e n t a t i v e  antenna parameters, 

The c o u p l i n g  I s  de f ined  as t h e  r a t i o  o f  t h e  c u r r e n t  i n  t h e  an"?nne 
t o  t h e  n e t  m n o f  i l a r  c u r r e n t  i n  t h e  conductor  ensemb l e  ( o r  v i s a  versa, 
depending on which i s  assumed t o  be t h e  t r a n s m i t  c u r r e n t ,  

The p rev ious  conduc to r  p r o x i  m i  t y  coup l  i ng es t ima tes  p l a c e  tLle coup l i ng 
a t  -25 t o  -30 dB w l t h  t h e  suogest ion t h a t  t h e  c o u p l i n g  v a r i e s  ~ n l y  
s l o w l y  w l t h  range away f rom t h e  conductors  as l cng  es t h e  antenna i s  
i n  t h e  same e n t r y  as t h e  conductors.  

A n a l y t i c a l l y  de r i ved  c o u p l l n g  es t imates  a r e  d i f f i c u l t ,  i f  n o t  i r p r a c t i c a l ,  
t o  pe r fo rm  due t o  t h e  complex geometry o f  t h e  e n t r y  crosssct l r ,ns w i t h  
conductors  and because o f  t h e  number o f  geometry r e l a t e d  v a r l a b  I es 
involved.  As an a l t e r n a t i v e ,  t h e  c o u p l i n g  can be es t imated  us ing  g raph i ca l  
q u a s i - s t a t i c  f i e l d  mapping. Th l s  techn iaue  has been proven over  t h c  
years t o  y i e l d  r e s u l t s  o f  s u f f i c i e n t  accuracy f o r  eng inee r i ng  ourposes 
w h i l e  p e r m i t t i n g  t h e  i n c l u s i o n  o f  compl icated geometries. As example o f  
t h i s  i s  t h e  c o u p l i n g  when an antenna i s  v e h i c u l a r  mounted conpared t o  
t h e  c o u p l i n g  when t h e  antenna I s  i s o l a t e d  o r  man c a r r i e d .  

The g raph i ca l  f i e l d  mapping technique, t o  be descr ibed  more f u l l y  i n  t h s  
n e x t  subsect ion, p rov ides  a unique s o l u t i o n  o f  LaPlacers e q ~ a t l o n  f o r  t h f  
qeometry i nvo l ved  and depends o n l y  on  t h e  o r t h o g o n a l l t y  betwsen e l u i p o t e n t i a l  
and f l u x  I i nes  which a r e  p l o t t e d  so as t o  form "cu rv i  l i nea r  squares". The 
approach t o  be used i n  t h i s  work cons ide rs  t h e  s t a t i c  f i e l d  t o  be s e t  up 
by a  n e t  c o d l r e c t i o n a l  t r a n s m i t t e d  c u r r e n t  i n  t h e  l i n e  source conductor  
ensemble and t h e  r e c e i v i n g  antenna t o  be smal l  so as n o t  t o  d l s t u r b  t 5 e  
f i e l d  shape s i g n i f i c a n t l y ,  Us lng t h e  f i e l d  configuration f o r  +he conductor  
ensemble ( as opposed t o  t h a t  from t h e  an?-enna 3s a  t r a n s m i t t e r )  make 
t h e  problem a  two-dTmensional one as t h e  f i e l d  c o n f i g u r ? t i o n  1s presumed 
t o  be i n v a r i a n t  w l t h  i o n g l t u d i n a l  d i s t a n c e  down t h e  en t ry ,  



The computat ional technique invo lves  de termin ing  t h e  magnetlc f i s l d  s t r e n g t h  
a t  one o r  more des i red  l oca t i ons  on t h e  f i e l d  map p ropo r t i ona l  -to c u r r e n t  
i n  t h e  conductors, us1 ng t h e  f i e l d  s t reng th  and antenna geomstry t o  compute 
an open c i r c u i t  vo l t age  a t  t h e  antenna ( a l s o  p ropo r t i ona l  tc conductor 
c u r r e n t  1, and then t o  use t h e  antenna irnoedance In fo rma t ion  +o compute 
t h e  c u r r e n t  d r i v e n  i n  t h e  loop f o r  a  g iven open c i r c u i t  vo l tage.  The 
antenna impedance and bandwidth data used i n  t h e  computations t o  f o l l o w  
a r e  those determined from t h e  v e h i c u l a r  antenna pro to type development. 

5.2 DESCRIPTION OF THE TECHNIQUE 

The magnetlc f l u x  pe r  u n i t  length  i n  a two-dimensional problem i s  r e l a t ~ d  
t o  t h e  conductor curren+ as 

so t h a t  t h e  magnetic f i e  l  d  s t reng th  i s  g l  ven by 

I I  A 6  

w h e r e ~ e i s  t h e  angular  w id tn  o f  t h ?  f l u x  f u 5 e  
A r  I s  t h e  d i f f e r e n t i a l  rans3 o f  t 3 e  

c u r v i  l  Inear  square 
I ,  i s  t h e  n e t  m n o f i l s r  ccnductor  cu r ren t .  

T h i s  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F igure  showing t h e  maoping o f  t h e  f l u x  
and equ ipo ten t l a  l  l  lnes away from t h e  fami l i a r  i s o l a t e d  l  i n e  source. I n  
t h i s  p a r t i c u l a r  case, as ~ e a n d  At become van ish ing l y  small, t h e  s r i d  shape 
becomes a p e r f e c t  square and 

Ar+a$, t h e  a r c  length  subtended by A+ 

a 0  = A e  I 
L - then - = - - 

A 1 A r r 

so t h a t  H = - , t h e  known r e s u l t  
2 K r  
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For each case, t h e  f l u x  and equ ipo ten t ia l  l i n e s  are  drawn t o  form 
" c u r v i l i n e a r  squares" and are  subdivided w i t h  s u f f i c i e n t  granularity t o  
de f ine  t h e  f i e l d  a t  one o r  more des i red  points.  The f l u x  l i n e s  represent  
equal 1 y spaced angular  d l  v l  s ions  c lose  t o  the  conductor ensenb l s, so 
t h a t  

a e  = 
number o f  l Ines/360 deg r o t a t l o n  around t h e  conductor 

A r  i s  read i n  meters o f f  t h e  scaled mapping graph. 

The loop open c i r c u i t  vo l tage I s  given by 

)Vocl= UU(NA)H 

where (NAI  i s  the  loop area-turns product  

Assuming matched cond i t ions ,  

lvoc l -= 1 1  , I ,  t h e  loop cur rent ,  = lvocI 'A 

where, R i s  t he  loop tuned res is tance 
L 

X I s  the  loop reactance 
L 

QA i s  t h e  antenna Q 

so t h a t  t he  complete expression f o r  t ha  coup l l na  r a t i o  i s  



5.3 EEITRY CROSSECTIONAL GEOMETRY 

Fkny geometries a r e  poss lb le .  General ly,  i f  t h e  conductors z r s  c lose  t o  
t h e  antenna and a n t  obscured by a v e h l c l e  t h e  coup l i ng  toss w i l t  5 9  mini~urn.  
The wors t  cases a r e  those w i t h  the  conductor ensembles loca4ed e l+%r  
aga ins t  t he  r i b  ( on r o o f  o r  f l o o r  o r  near a v e h l c l e  w i t h  an antenna 
on it such t h a t  t he  v e h l c l  e "masks1' t he  d l  r e c t  pa th  f rom t h s  cnnductor(s)  
t o  t h e  antenna. These worst  cases a r e  n o t  pa the log i ca l  worst  cases, b u t  
a re  those commonly o c c u r r i n g  and, so, a r e  those which w i l l  b 3  used I n  
t h e  a n a l y s i s  t o  fo l low.  

Four cases were deQermined t o  be rep resen ta t i ve  o f  these s 1 4 u ~ t i ~ n s ;  
p a r t i c u l a r l y  I f  more than one a n t ~ n n a  l o c a t i o n  were chosen f o r  s v a l u ~ + l o n  
per  s i t u a t i o n .  

These s i t u a t i o n s  inc lude:  

( I  Conductor ensemble near r o o f  8 r i b  corner  w/o a ve+, ic Ie present  
Antennas assumed t o  be loca tsd  r e s p e c t i v e l y  I and 2 
meters away from t h e  opposi $e r l  b and ha l fway be$ween 
the  r o o f  and f l o o r  

Note: t h e  resu l  t s  a re  essent l a l l  y t h e  s a m  f o r  conductors 
located near t h e  f l o o r  & r i b  corner  

(2 )  Conductor ensemble near r o o f  & r i b  co rns r  w i t h  v ~ h i c l e  gr3sent  
Antennas located a l t e r n a t i v e l y  on t h e  near-side a r d  
f a r - s i d e  o f  t he  v e h l c l e  w i t h  respect  t o  t h e  conduc+or(s) 

( 3 )  Conductor ensemble near f l o o r  8 r i b  corner  wi4h vehicle oresent  
Antennas located per  ( 2 )  

( 4 )  Conductor ensemble on f l o o e  c lose  t o  the  v e h i c l s  
Antennas located per  (2)  

A standard sca le  was used f o r  t h e  enTry c rossec t l on  and f o r  t he  veb tc le  
dimensions and loca t ion .  The e n t r y  was chosen t o  be 2 meters h igh  and 5 meters 
wide. The v e h l c l e  he igh t  was taken t o  be 2/3 meter and the  v s k i c l e  w id th  was 
taken t o  be 2 meters. The v e h l c l e  was assumed t o  be located I mgter away from 
t h e  rl b oppos l t e  t h e  conductor(s) ,  

5,4 PRESENTATlON OF RESULTS 

The f o u r  above cases a long w i t h  t h e  graphical  f i e l d  mappings a re  a lvsn  i n  
F igures through . O n e a c h  f l ~ u r e a r e g i v e n t h e a p p r o ~ r i a t e c o m p u t s d  
coup l ings  and coup l i ng  comparisons @ I MHz, 

Antenna data used I n  t h e  a n a l y s i s  Included: 

2 
(NA) = 1,67 meter t u r n s  

B 500 KHz, XL = j456 ohms, QA = 41 

@ I MHz , XL = JlOOO ohms,QA = 55 



Q~ 

The c o u p l i n g  da ta  i s  g i ven  f o r  I MHz o n l y  as t h e  r a t i o  i s  n e a r l y  

x~ 
t h e  same ( 1.7 dB l  ess @ 50r) KHz than 8 1 P1lHz 1 f o r  f requencles between 
500 K H z  and I P,IHz. 

From these  r e s u l t s ,  t h e  f o l l o w i n g  conc lus lons  may be drawn: 

( I )  Based on t h e  antenna data, t h e  c o u p l i n g  i s  n e a r l y  f i a t  w i t h  
frequency i n  t h e  500 - 1000 KHz range ( l ess  than  2 dB 
d i f f e r e n c e  1. 

2 )  The antenna roun ted  Qn t h e  v e h i c l e  i s  w i t h l n  2 2 dE i n  
c o u p l i n g  compared t o  t h e  case w/o v e h i c l e  r rount lng 

( a )  v e h i c l e  presence increases t h e  coup l l n g  f o r  h i  g+-muntsd 
conductors.  

( b )  Veh ic l e  presence decreases t h e  c o u p l i n g  f o r  low-munted 
conductors  ( on f l o o r  1, 

( 3 )  Assuming t h e  antenna i s  mounted on t h e  b a t + w y  box m a r  one 
s i d e  o f  t h e  veh i c l e ,  t h e  antenna l f  mounted on f h e  conductor  
s i d e  produces 3-11 dB m r e  c o u p l l n g  than  I f  t h e  ant-nna were 
mounted on t h e  s i d e  oppos i t e  t h e  conduc to r ( s )  

( a )  3  dB f o r  conductor  on f l o c r  a g a i n s t  r i b  
( b )  8 dB f o r  conductor  near roo f  and a g a i n s t  r l  b 
( c )  I  I  dB f o r  conductor  on f l o o r  and 4 meter away from 

t h e  veh i c l e ,  

( 4 )  For veh i c l  u l a r  mounted antennas w/parameters o f  p ro to t \ j pe  
f o r  t h e  assumptlons o f  ( 3 )  

( a )  Coup l ing  i s  -16 t o  -20 dB when antenna I s  on conductor  
s i d e  o f  t h e  v e h i c l e  

( b )  Coup l ing  i s  approx imats ly  -25 dB when ar fsr lna I s  on 
oppos i t e  s l d e  o f  v e h i c l e  f rom c o n d u c t ~ r ( s )  

( c )  Coup l i ng  i s  approx imate ly  -30 dB when an te rns  i s  on 
o p p o s i t e  s l d e  o f  t h e  v e h i c l e  f rom conduc+or(s) b u t  
w i t h  conduc to r ( s )  on f l o o r  near  v e h i c l e  

(5 )  For man-carried antennas symmet r i ca l l y  l oca ted  bstweev roo f  
a  nd f l o o r ,  coup i l ng i s  approx imate ly  -25 t o  -2g d B  
r e s p e c t i  ve i  y  I t o  2 meters away f rom oppos i t e  r i  b  f o r  e i t h e r  
roof-mounted o r  f loor-mounted conduc to r (s ) .  
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