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TYPED 

HECKED 

1'I:OGRESS A:;D S T r l  l"S (Pl,ASE I )  - 
Tile s i g n a l  l e v e l s  a p p e n r i n g  a t  t i le  r e c e i v e r  f :+I) i n p u t  t e r m i n a l  linve 

been  d e t e r m i n e d  f o r  ti le f o l l o w i n g  s i g n a l  t ransrn j  s s  i o n  n e d i r m s :  

Tr nnsmis s i o n  n~ed  i urn - 

' : r o l l c y  w i r e  

T r a n s r l i s s  i o n  mode 

Trnnsc : i s s  i o n  l i n c  ( t r o l l e y  w i r e  t o  

t r a c k  s e p a r a t i o n  o f  3 m e t e r s )  

'C power d i s  t r  i5rtt i on  c n b l e  T r a ~ l s n i s s  ion  1  i n e  ( c o n d u c t o r  s e p a r a -  
t i o n  o f  0.(1& m e t e r )  

;'elep!ionc l i n e s  
?.. 

~ r n n s r ~ i s s i ~ m  1  i n e  ( c o n d i l c t o r  s e p a r a -  

t i o n  o f  G.04 i ; ~ e t e r )  

Ccl  l r t l a r  C o a l   sea:.^ :lode 

.., :tie s ignc : l  l e v e i s  ii:.;.e 'wen  d e t e r ~ . r i n t d  f o r  l o o p  t o  l o o p  v i a  t i le  l i n e  

(LLI,) conn \ ln i c ; l t  i a n s ,  :. w e l l  ns f o r  1 I I c t > , ~ r ? . ~ : ~ i ~ a t i o n s  l i n k s  t h a t  rise 

pnssagewpy r e p e n t e r  s . Z n s s a ~ c w a \  r e p e a t e r s  a r e  d i r e c t l y  conncc  t e d  t o  

t!le tr ,?ns::liss i on  1 i n e  t o  e: l ! ia~~cc? t . ~ e  c a l l  i n , ;  r a n g e  by s i g i i f i c a n t l y  

i n c r e a s i n g  t h e  s i g n n l  c . : r r e n t  on t i le  t r n r i s z i s s  i o n  l i n e .  

. i ~ e  c e l  l r l l ~ r  c a m n u n l c a t  l o x  s y s  t e n  s i g n a l  lc:.els !lave been  d c  terrnined 

by i ~ s i n g  tile measured  f i e l d  s t r e n z t h  tfotn fro[;; tile I1.S.B '.'. C o l l i n s  

(110 36602d)  and ADL iiiO j4: 0 6 ~ )  r e p o r  t s  

S e a r  i n  mind tlirrt t!ie s i g n a l  l e v e l  e s t i i n t i o n s  have  been  made on  tlie 

b a s i s  o f  a w e l l  beilavcd transmission l i n e  s t r u c t ~ r r e ,  I n  p r a c t i c e ,  

i n s e r t i o n  and n i s s r ; ~ n t c h  l o s s  w i l l  d e g r a d e  t:!e e x p e c t a t i o n .  
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I T h i s  r e p o r t  adds  t o  t h e  c u r r e n t  body o f  under,rorincl c o m u n i c a t i o n  s y s t e m  
I 
I 

I d z s i g n  knowledge  b y :  

I 

NO. .?91s,.(r. . . . . . 

PACE . . 2 .  . . . . . . 0: 

DATE )V  . ScR ... .1::4( 

* a c c u r a t e l y  d e f i n i n g  ( x e a s t ~ r  i n s )  t!;e 12 dn  S I!;PD s e n s i t i v i t y  

of t h e  s y s  ter.1 r e c c  i v c r s  and t ! ~ e n  s  t n  t i n %  tile e q u i v a l e n t  rnagne t i c  

f i e l d  s t r e n g t h  ( i f s )  i n  uAlm; 

* showing t l ~ a t  when a passageway r e p e a t e r  i s  used  i n  l o o p  t o  l o o p  
v i a  t h e  l i n e  communica t i on  l i n k  t l i a t  t i le  r c c e i v e d  s i g n a l  l e v e l  

d e p e n d e n c e  on  l i n e  c u r r e n t  i s  o n l ? ~ ~ t i l e  f i r s t  power o f  d i s t a n c e ;  and 

* maximiz ing  t!le t r a n s i n i t  mar,net i c  -:o:.a,,:lt : i )  i s  e x t r e n e l y  i !?port-  

a n t  i n  tlle d e s i z n  o f  t i le t r a n s r : i t  nn te ; lna  ne twork .  

S i n c e  t!:e 1 2  dB SI';AD s e n s i t i v i t y  o f  t ~c r e c c i v c r  i s  known t o  be 

one  (1) m i c r o v o l t ,  t ' l e  r . .pgne t ic  f i e l d  ( ; i s )  r 2 q l t i r c d  t o  p roduce  t : ie  1 2  d 3  

SI!:AD s i g n a l  c a n  b e  a c c t ~ r a t e l y  d e t c r i . ~ i ~ : e ~ I  ,:lils t i le  H s  d a t a  c a n  be used  

I 
I 

t o  c o r r e c t  t i le C o l l i ~ i s  seam node r a n g e  e::pec t a t i o n .  A t  COO k! iz ,  !is ilas 

1 rt v n l ~ ~ c  of  -20  d 7  re 1 u F / m ,  and dc-rac!c.s tc, - 1  dii r e  l u f i l m  a t  60 k : , t  
1 

' i lw r e c e i v e d  s i g n a l  l e v e l  ( l V 1 )  i n  a  l o o p  tc, l o L ) p  \!is t!le l i n c  corlmunica- 

\ 
t i o n  1  i n k  h a s  3 t ; l  i r J  power dependence  or1 .i i s  t:,ilce t 2 )  a s  s e e n  i n  t!lc 

f o l l o w i n g  n a t l ~ e , : ; n t i c n l  r e p r e s e n t  a t  i o n :  

5 i s  t h e  s e p n r n t i o n  d i s t a n c e  o f  cond!lc t d r s  i n  t11c t r a n s n i s s i o n  l i n c ,  

I I and  ARXR a r c  t!ie r e c e i v i n g  l o o p  a n t e q n a  : ! ~ s  i;n : a r a i i e t c r s .  

The s i g n a l  l e v e l  dependence  on l i n c  s:!rrc?nt and d i s t a n c e  i k )  is  

TYPED 
g i v e n  by 

PPROVED 
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S i n c e  a passageway r e p e a t e r  c a n  greatl : :  i n c r e a s e  l i n e  c u r r e n t ,  and t h e  

d i s t a n t  r e c e i v e r  s i g n a l  l e v e l  (VL) ! ias  o n l y  a f i r s t  power dependence on 

1 d i s t a n c e  ( R )  , t!ie " c a l l e d "  t r a n s c e  i v e r  pat11 d i s t a n c e  is g r e a t l y  i n c r e a s e d .  

The r e p e a t e r  w i l l  i n c r e a s e  t h e  " c a l l e d "  t r a n s c e i v c r  d i s t a n c e  from t h e  

t r a n s m i s s i o n  l i n e  by a f a c t o r  o f  2" over  tile LLI. communication t e c h n i q i ~ e !  

;Ile passageway r e p e a t e r  a l s o  i n c r e a s e s  t!ie " c a l l i n g "  t r a n s c e i v e r  d i s t a n c e  

from t h e  t r a n s m i s s i o n  l i n e .  Tile r e p e a t e r  r e c e i v e r  s i g n a l  l e v e l  h a s  a 

second power dependence on d i s t a n c e .  T ius  till? " c n l l i n g "  range w i l l  n o t  

I 

I show t!ie d r a m a t i c  iriprovement a s  s e e n  i n  tile " c a l l e d "  range .  

TYPED 

HECKED 

'PROVED 

The s i g n 2 1  l e v e l  d a t a  p r e s e n t e d  i n  t i l i s  r e p o r t  iras been noralal izcd by - 
a u n i t  rna3net i c  nioinent t 1 ampere - r : .eter2).  Simply mu1 t i p l y  t!le s i g n a l  

l e v e l  d a t a  by tile a c t u a l  t r a n s m i t  rioTllti>t ( " )  t o  o b t a i n  (denormal ize )  

t h e  a c t u a l  s i ~ n a l  l e v e l  e s t i m a t i o n .  

'i'he n o r l n a l i z a t i o n  met!~oci focuses  a t t e n t  i o n  on t!ic i a p o r t a n c e  o f  the  

magnet ic  moment (:'). 11 s t r o n g  f a c t o r  i n  tile opt i : - : i za t ion  o f  sys tem p e r -  

formance is t h e  ~ a x i ~ i i z a t i o n  of f o r  a q i v e n  t r a n s i ~ i i t t e r  o u t p u t  power. 

'i'lte dependence o f  rnagnc t ic moment it:) on t ransrni  t  power ( P o )  and t!le 

s e r i e s  r e s i s t a n c e  I F  ) of tile tuned loop  a n t e n n a  ( Z L  = Lj I>jQCk;T) i s  
L 

3 ivcn  by - 
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I 

I t  i s  c l e a r  from the  above e q u a t i o n  t l in t  i n c r e a s i n g  power from 1 w a t t  

t o  4 w a t t s  on ly  i n c r e a s e s  t!te magnet ic  mor:~ent by a f a c t o r  o f  two w i t 1 1  

RL h e l d  c o n s t a n t .  ?: can  be i n c r e a s e d  a t  any  t r a n s n i t  power l e v e l  by 

d e c r e a s i n g  RL. However, t!iis o p t i m i z a t i o n  approacll i s  d i f f i c u l t  because 

Q C K T  i s  c o n s t r a i n e d  by t h e  occup ied  bandwidt!~ o f  the  narrow band F?i 

s i g n a l .  

S i n g l e  tuned loop  an tenna  s t r u c t u r e s  cannot  be opt imized t o  i n c r e a s e  

magnet ic  moment above 1 . 6  ampere - r e t e r '  (Po = 4 w a t t s ) .  However, a 

n i u l t i p l e  p o l e - z e r o  loop an tenna  can  be used t o  i n c r e a s e  ?: above 1.6.  

Yl~ere  e x i s t s  a conccrrl t::at :.T s i g n a l s  i n  t!ic v i c i n i t y  of  a  b l a s t i n g  

a r e a  w i l l  c r e a t e  ' razar i lo i~s  s i t u a t i o n s .  l"le induced c c ~ r r e n t  i n  b l a s t i n g  

c a b l e  is e s t i m a t e d  t o  be n c4axir.lm of  50b m i c r o a ~ p e r e s -  
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t h e  

i 

comiun ica t  i o n  media 

TYPED 

HECKED 

I n  t h i s  s e c t i o n ,  t h e  s i g n a l  l e v e l  indtlced on t h e  t r o l l e y  wire and i n  

t!le i n p u t  c i r c u i t s  o f  a  d i s t a n t  r e c e i v e r  by B f i r s t  nan-pack t r a n s m i t t e r  

w i l l  be d e t e r m i n e d .  

The work o f  A l b e r t  '1. Sr:lith Jr. and t h e  ! ' . S .  R.E.1, Arthur  D. L i t t l e ,  I n c .  

r e p o r t  ( C o n t r a c t  So. 346045 - -  S e c t i o n  i'i') w i l l  be used t o  de te rmine  

t!ie s i g n a l  l e v e l s .  

Y11e t r o l l e y  w i r e  s  i g ~ a l  t r a n s n i s s  ion medium ( two w i r e  1 i n e  a p p r o x i n ~ a t  ton)  

I w i l l  be e x c i t e d  by a c i r c u l a r  loop w i t l i  t!:e g e o m e t r i c a l  a l i g m e r ~ t  s!~own 

I i n  F i g u r e  1.0, 

F i g u r e  1.0 The Al igned Geonetry  
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The pllysical distairce between the trolley wire and track is b in meters 

and the dfstance beltween the loop and t ? ~ e  l Lne is R in meters, 

A.R.F. PRODUCTS, INC. I 
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The inducea voltage source (emf) in the tua wire line is given by 

TYPED 

HECKED ' 

PPRQ~~ED 

I 

appears in Figure 1.1. 

5 *:,+ 
- + 

. . . . . . .  NO. 30151 :y . .  
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 DATE^ . $ e p ~ ,  -1980. . 

Figure 1.1 EQL'IZ'N,E::T T?J.:!S?:ISSI(I?: LINE CIRCUIT 
FOP. I?"JIl:CED VOLTAGES A h i  C I;W:;TS 

The induced transmission l i n e  current is given by 
0.1, volt 
----. . = 250 uk 

The magnet LC f i e l d  at the location of the receiving l o o p  may be 

I calculated as the vectarfally resultant f i e l d  (same geometry as the 

I transmitting s i d e )  of contribution of the hm conductors. The geometry 
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I The rna~ne t i c  f i e l d  conponcnt from each current  nay be c a l c u l a t e d  from 

om Far; 

tenna i Ls give  

then 

tase sou rcc ( I  emf) i r  eceiving loop 

3 
where AR is CIIE (meters-) of  the rcce iv inz  l o o p  antenna, 

NR is the number of turns in  rhe rcce iving loop antenna, and 

H is the rnngnc t l c  f i e l d  s treng ti] f a ~ p c r c , ' m  tcr) computed .from 

E q ~ ~ a t  ion ( 3 )  

1 

Table A sd~ows the  v a l u e  of the timed loop ontentla voltage source (emf) 

for d i f f e r e n t  operating frequcncics for c ~ c ! ~  uni t  of magnetic moment (H), 

Table d 
Rcccivinr: Antenna 1.oap Voltage l V t )  

7 T 

?I = 1 ampere-net~~r'; b = 3 m t c r s ;  N 7 turns; A = 0.2 meters'; 

Fscquenc y 

kliz 
60 
300 
600 

h 
meters 
roo0 
1eoo 
500 

For coapleteness , T a b l c  S shows the magnetic tiomnt fur dif ferent  trans- 

mitter o u t p u t  power l c v c l s .  
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TYPED 

Table  B 

T r a n s m i t t e r  Flagnc t i c  ?lament (,'.I) 

N = 7 t u r n s ;  BW ; 10 kllz; RL = 4.7 ohms 

o u t p u t  P W ~  Transmit  Loop C u r r e n t  Magnetic Ft 
w a t t s  ampere 

omclnt ampere -meter 

1 0.46 0,81 
4 0.92 1 , 6 1  

Tile s i g n a l  v o l t a s e  (VR) a v a i l a b l e  a t  r e c e i v e r  i n p u t  t e r m i n a l s  i a  dependent 

upon t he  v o l t a g e  t r a n s f e r  f u n c t i o n  

o f  t h e  tuned loop  antcnna.  

1 The tuned loop  an tenna  network is shown i n  F i g u r e  1.2. 

K T : - C , , F *  . 
- .  

I f",. 
. . 1 ,  \. 

F i g u r e  1.2 TUNED LOCP AX'L'ESSA NETWORK 

Assuming t h a t  the an tenna  is  tuned and matc!~ed, t h e  c u r r e n t  f lowing  i n  

t h e  loop antenna is g i v e n  by 2 

VL (emf) 
i = - - - - - - - - - - -  

where the  inpu t  impedance o f  t h e  network ( 3 )  is r e a l  and e q u a l  t o  t h e  

tuned r e s i s t a n c e  (RL : WL/QCKT) o f  t h e  loop  an tenna .  

* Bear i n  mind t h a t  m a x h i z i n ~  t!le t r a n s m i t t e r  l o o p  antenna n a g n e t i c  
rnoment rcd:ices t l ~ c  v a l u e  o f  PI,. 
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The s i g n a l  power d c l i v ~ r c d  t o  t h e  i n p u t  of the network (N) is 

For a matched 

:he recelver I 

s igna l  p m r  

Lnput C 

dal ive 

!sa network ( I  

c a l  t o  

' the n~ 

plnnc 1 

IC ident 

INII _ 

and 
1 u 

: power 

hence 

The receiver s igna l  voltage ( V  ) can bc de ternfncd from Eqrtations (4) 
R 

fie receiver i n p u t  s i g n a l  voltage produccd by t ! ~ c  s igna l s  in Table A 

are sltown in TaSLc C. 
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Table C 
Receiver Input  S igna l  ( V  ) 

R 

: 1 For each u n i t  of magnetic moment, b = 3 meters  

r I Frequency 
I kllz 

6 0 
300 
600 

Receiver  vo l tage  

PV 
2 7 
134 
270 

I I t  is i n t e r e s t i n g  t o  note  t h a t  the  A.R,F. FX r e c e i v e r  achiever  a S I N ~  

of 12 dB when the  input  s i g n a l  vo l t age  is 1 ul:. A t  60 ktiz the  communi- 

c a t i o n  system woald have a fade na rg in  of 29 dB. 

I Most of  t h e  U.S.B.M. measured d a t a  is given in  terms of magnetic f i e l d  

s t r e n g t h  H. Equation (11) can be used to determine r ece ive r  s i g n a l  l e v e l s  

from the  measure d a t a .  

I The magnetic f i e l d  requi red  t o  a c i ~ i e v e  t ! : e  12 dB SINAD s e n s i t i v i t y  i s  

s iven i n  the  t a b l e  below. 

Table D 
> ! a p e t i c  F i e ld  S t rength  (HS) requi red  f o r  12 dB SIXAD 

Frequency 
kHz 
60 

. 300 
600 

I t  should be noted t h a t  t!re C o l l i n s  r e p o r t ,  "Propaqation of F?I Signals  

i n  Lhderground ?linesw (Contract  HO 366026). de f ines  the Co l l i n s  mine 

I w i r e l e s s  r a d i o  s e n s i t i v i t y  as  .013 u A / ? '  a t  520 k h .  In  view of Table 

D ,  t he  C o l l i n s  s e n s i t i v i t y  specu la t ion  is suspect .  Appendix C (page 169) 
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I 
of the  Co l l i n s  r e p o r t  develops equat ions  i d e n t i c a l  t o  Equation (11).  

I I 
: 1 Because t he  A.R.F. r e c e i v e r  s e n s i t i v i t y  (1' ) is ol rcady  known t o  bc 

I R S 

1 uV f o r  a 1 2  dB SINAD, the  c a l c u l a t i o n  of llS is s t r a i g h t  forward. I 
I n  the  Co l l i n s  c a s e ,  12 dB S I W  s e n s i t i v i t l .  had t o  be c a l c u l a t e d .  

Apparently an e r r o r  has  been made in  t l i e i r  Equntion (6) .  

I I n  summarizing the r e s u l t s  of  t h i s  s e c t i o n ,  i t  is ev iden t  t h a t  vo ice  

q u a l i t y  communications can be e s  t ah l i shed  i n  l oop - l ine - loop  s i g n a l  

pa ths  ( s e e  Tables C and D ) .  The fol lowing r e l a t i o n s h i p  is use fu l  i n  

I es t ima t ing  changes i n  loop- 1 ine  - loop sy s tern performance. 
f 2  

Eq:~at  ion (12) provides tile fol lowing &use£  u l  i n f o m a t  ion: 

* the d i s t a n t  r e c e i v e r  s i g n a l  l e v c l  increases  by VR p V  (270 uY 
a t  600 kllz) f o r  cat!) u n i t  increase  i n  t ransmi t  magnetic nonent (!!); 

+: the t r a n s n i s s i o n  l i n e  c u r r e n t  increases  by 250 uA ( a t  60 kHz) 

fo r  each t ini t  i nc rease  i n  t r a n s z i t  . - . a g e t i c  norrent ('1). From 
Eqrlations (1 )  and ( 3 )  t ! ~ e  l i n e  c t i r re l? t  increases  wi th  ttie f i r s t  
power of f r e q ~ ~ e n c y  ; 

* tile s ignn l  l e v c l  (1.' ) increases  w i t i i  t ! ~ c  second power of the r, 
opera t ing  frequency,  

* tho s i g n a l  l e v c l  (VR)  increases  wit11 tile t r o l l e y  wire  t rack 
separa t ion  d i s t a n c e  (b) ; and 

;k the s i g n a l  l e v e l  dec reases  wit:;  ti.e t ' l i rd  power of tlie d i s t ance  
( R )  between t!lc t r o l l e y  wire  and ti le loop antennas. 

I Bear in  mind t h a t  the above a n a l y s i s  app l i e s  t o  a na tc !~ed  l o s s l e s s  

t ransmission l i n e .  
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Eqilation (4 )  can  be used t o  de f ine  the  tumid loop antenna vol tage  (emf) i 
: I t o  l i n e  c u r r e n t  t r a n s f e r  funct ion a s  

: I The r ece ived  s i g n a l  l eve l  increases  with t!ie f i r s t  power of frequency - - 
and d e c r e a s e s  w i t h  the f i r s t  power of  d i s t a n c e  ( R ) .  Kotlce t ! ~ a t  i n  the 

loop- l ine - loop  s i gne l  pat!) the s i g n a l  l e v e l  (VR) decreased with the 

t h i r d  power o f  d i s t a n c e .  

A passageway r e p e a t e r  can be used t o  i nc rease  the  c a l l i n s  d i s t a n c e  from 

t ransmiss ion  1 ine  t o  the ~ x h i l e  t ransce  i v c r .  Tlic passageway r epea t e r  i s  

s!lown i n  F igu re  1.3. 
. - 

Figure 1.3 PASSACEiXY REPEATER 

T!:e passageway r e p e a t e r  w i l l  increase  the l i n e  c u r r e n t  t o  
'20 ̂ W a s  

i = - - - - - - .  . = .447 anperes.  
= 100 ohms 

I'YPED 

Ylus the  passageway repea ter  w i l l  enable cormunicat ions over s i g n i f i c a n t l y  

g r e a t e r  d i s t a n c e s  from the t r o l l e y  wire  l i n e ,  
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I 

HECKED 

The passageway r e p e a t e r  i n c r e a s e d  tlie l i n e  c u r r e n t  above t h e  l o o p - l f n e -  

loop  c o m u n i c a t i o n  c a s e  by 
0.447 ampere 

System Gain = -.-- - - . . . . . 

250 u Ampere 

Equa t ion  (13) sl\ows t h a t  t h e  a n t e n n a  v o l t a g e  d e c r e a s e s  by 6 dB f o r  each 

doubl ing  of range.  *e l i s t e n i n g  range  would i n c r e a s e  by a f a c t o r  of 21i. 

As a t ransmiss  i o n  1 i n e  r e c e i v e r ,  t h e  passageway r e p e a t e r  c a n  be modeled 
,; cL, 

'. . 
a s  fol lows:  

l* .. 
2- ' 

71.- J..y 

" ; \ '3 8-I  v l; 

F i g u r e  1.4 PASSAGEWAY EEi'EATER 

Tlie 1ine:current  con be es t i n a t e d  t o  be 

The rece ived  s i g n a l  l e v e l  (VR) i s  given  b:: 

where T is t h e  c a t c h i n g  network t r a n s f e r  func t ion .  

5c Estircated it111 wave r e c t i f i c a t i o n  noike ( i , O  L' p - p  on t r o l l e y  w i r e )  
360 ?iz s i g n a l  : 100 kl iz ,  248 ur'; 300 k i i z ,  27.4 uV; 506 kliz, 9 .9  u\'. 
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I = 8.25 mV 

I Equations (1)  and ( 2 )  can h e  used t o  e s t b a t e  tile induced cu r ren t  in  

A t  60  kl!z, t he  rece ived  s i g n a l  l e v e l  becomes 

tr 
0 

I b l a s t i n g  c a b l e s .  Eqtlation (1)  s!lows t h a t  t!ic induced cu r ren t  i n  a 

f o r  each  u n i t  o f  magnetic noment ( R  = 1.5 meters ,  b = 3 meters).  

I b l a s t i n g  c a b l e  is dependent upon the  c o n d ~ c t o r  spac ing ,  d i s t ance  t o  the  

t r a n s n i  t loop ,  nagne t i c  nonent and freq:~cncy. 

A s s t c l i n ~  t ! ~ e  worst  c a s e ,  tile indi~ced c u r r e n t  beconies 

= 502 microamperes. 

( I t  is bel ieved  t i ia t  t h i s  l e v e l  of induced l i n e  c ! ~ r r e n t  is below the 

b l a s t i n g  t i ~ r e s h o l d .  

1.3 COLTLI!:G TO AC PO\EI: LI!;ES A:n> Ol'IER S?'AI,L CO?X)'_lCTOR SPACING S'lR'XTLRES 

T ~ E D  I The loop- l ine - loop  s i g n a l  l eve l  f o r  b = 0.04 meters  conductor spacing 

i s  shown below. 
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Table E 
Receiver  Inpu t  S igna l  fVR) 

: I  For each u n i t  of magnetic moment b = .04 meter 

Frequency 
kHz 
60 
300 
600 

Receiver  Voltage 
uV 
0.36 

1.79 
3.6 

Above 300 kHz, AC power l i n e s  and o t h e r  smal l  conductor  spac ing  s t r u c t u r e s  
i I 

w i l l  provide a s u i t a b l e  t ransmiss ion  medium. A s  was t h e  case w i t h .  

t r o l l e y  w i r e ,  passageway r e p e a t e r s  w i l l  increase  t h e  system performance. 

1.4 FREE SPACE SPlERICAL PROPACATION 

Two geomet r ies  w i l l  be cons idered- the  "aligned ca se"  where on ly  4 
a 

(complex) e x i s t s  and the  "coplanar case"  f i e r e  on ly  lf,, e x i s t s .  

I n t e rmed ia t e  d i r e c t i o n s  c r e a t e  e l l i p t i c  p o l a r i z a t i o n  where both and 

- 
]Ie e x i s t .  Then tlie magnitude of  t he  major ax is  may be computed, w h i c h ,  

w i t h  s u i t a b l e  o r i e n t a t i o n  of t he  r e c e i v i n g  loop, w i l l  g i v e  t he  b e s t  emf 

i n  t h e  r e c e i v i n g  loop, This compl ica t ion  w i l l  not be cons idered  i n  t h i s  

'YPED 

~ECKED 

a n a l y s i s .  The loop geometry is  shown below. 
2 

S O Y G C E  
LGCP Figure 1.5 UjOP GEO?CETRY 

-1 

PROVED 
hc 
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I The vec to r  r ep re se r l t a t i on  of the magnetic  fields^^ a r e  given by 
I - 1 

...... 
1 ! 8 = 90' 

I 
i (19) 

p ( ~ r ) ~  ( ~ r ) ~ ]  s i n @ = l  

I and 
! - 

A 4 f i t  i j - - -- - .. 
1 7  8 = oO 

+ --.-3-" (20) * ( B r )  i c o s 8 = 1  
i 

*("ihese components a r e  c a l c u l a t e d  i n  t h e  r ece iv ing  s i t u a t i o n  shown 

w!~ere t h e i r  r e s p e c t i v e  maxima occur.) 

Values of  t h e  independent variable: have been de tern ined  f o r  t h e  communi- 

c a t i o n  system and a r e  shown i n  the  fol lowing t ab l e s .  

PAFA'E TEFG 

Frequency kHz 
60 
5 00 
700 

r R r  3 
meters r ad i ans  H r 

I 

FIELD C0FIPO:;ENTS 1:: uA/m 

" 
( A t  60 ki!z) 



r B r  - 2 

meters  r ad i ans  H r  k? P r I  liel 
(At 500 kl!z) 

10 . l o 5  157.2 + J 16.5 77.74 + j 8.25 158 78.1 
100 1.05 ,157 + j . I65 -.008 + j .083 .227 .083 
500 5.25 .001 + j .006 - . O l i  + j .03 .007 .017 

I 
I i A.R.F. PRODUCTS, I N C o  
i Raton, New Mexico 
! Boulder, Colorado 
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100 1466 . I59 + j .233 .09 + j .12 0.282 0.148 
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; I me v o l t a g e  source i n  tlle r e c e i v i n g  loop  can be eva lua ted  from 

I 

HECKED 

PPROVED 

F = ,  a p p l i c a b l e  

_ . *-___ . 
r 

dB 

I 2 

I where H a p p l i c a b l e  is tile component of 11 wilfch t l ~ r e a d s  t he  loop i n  a  

d i r e c t i o n  n o m a l  t o  i t s  plane ( t ime  magnitude). 

By us ing  Equations ( L C )  and (21) ,  t!le va lue  o f  r ece ive r  te rmina l  v o l t a s e s  

have been conputed and shown i n  t h e  fol lowing t ab l e .  

Table F 
Receiver  Input  S igna l  (ITR) 

For each u n i t  of magnetic moment RL = 4.7 ohms 

Dis tance  Frcqilenc y 

meters k!lz 

Input  S i g n a l  Voltage (uV) 
A 1  igned Coplanar 

Tile t a b l e  i nd i ca t e s  t h a t  loop-loop comun ica t  ions may exceed LOO meters. 
F u r t h e r ,  ( a l l  system parameters  being equa1)the range inc reases  with 
o p e r a t i n g  frequency. 
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1 
1.5 COFMLNICATION SYSTE?I PERFORMANCE . 

By us ing  p r i o r  U. S. R , M .  mine c o m u n i c a t i o n s  r e s e a r c h  d a t a ,  t h e  o p e r a t i n g  

range and f a d e  marg ins  a long  t h e  s i g n a l l i n g  pa ths  c a n  be determined. 

The maximum t h e o r e t i c a l  communication range  (rm) a t  a g i v e n  o p e r a t i n g  

f requency can be de te rmined  by comparing t h e  expec ted  o r  measured s i g n a l  

l e v e l  w i t h  e i t h e r  t h e  measured o r  t h e o r e t i c a l  n o i s e  l e v e l .  

1 f o r  the  d e t e r m i n a t i o n  o f  t h e  n o i s e  f l o o r  i n  a  c o m u n i c a t i o n  system. The 

d a t a  a p p l i e s  i n  t h e  " v i c i n i t y  o f  s e v e r a l  d i f f e r e n t  l o c a t i o n s  i n  the  mine." 

I A t  o t h e r  l o c a t i o n s ,  t h e  n o i s e  s i g n a l s  a r e  a t t e n u a t e d  by tile a p p r o p r i a t e  

propagat i o n  mechanism. I - - - 
- . . -. 

. -- 
- - 

The 12 dB SIWD s e n s i t i v i t y  (Hs i n  dB r e  1 d,n) c i i a r o c t e r i s i i c  of the  

3 I A 1  r e c e i v e r  (N=7. A = O .  2 m-) has  been inc luded  on t h e  measured no i se  d a t a  

(ADL HO 3 4 6 0 4 5 )  sllown on F igure  7 3 .  F i g u r e  7 3  shows t h a t  i n  t h e  v i c i n i t y  

of the  n o i s e  s o u r c e s ,  the  ~ i n e  genera ted  n o i s e  w i l l  dominate t h e  r e c e i v e r  
1 

s i g n a l  p r o c e s s i n g  networks.  Assuming t h a t  t r a n s n i s s i o n  l i n e  s i g n a l  

I propagat ion a l s o  e x i s t s  i n  the  v i c i n i t y .  t h e  expec ted  s i g n a l  l e v e l  has 

a l s o  been i n c l u d e d  (;.1=1). The d a t a  shows t!lat LLI. communications w i l l  

g r e a t e r  t h a n  100 kFz. Tile d a t a  shows t!lat a  n o i s e  o p e r a t e d  squelch 

. . 
TYPED 

;HEcKED 

r e c e i v e r  d e s i g n  would be troublesome i n  many mine l o c a t  i o n s .  The average 

mine n o i s e  r e p r e s e n t a t i o n  provided by ADL (N-4-20  I.og10 ( f i l G ) )  has bccn 
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Soure: r\iatior;at Bureau of S;andards (Ae?on NaSIR 74-389, June 1974) 
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The s i g n a l  l e v e l s  appearing a t  o t h e r  l o c a t i o n s  in  t he  mine appear i n  

the  Coll i r is  r e p o r t  (110 366028). 
1 

included t o  sl~ow t h a t  t he  P!cElroy noise  d a t a  is about 10 dB l e s s  t5an 

i 

Representa t ive  d a t a  from the  C o l l i n s  r e p o r t  has  been included f o r  
a 
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range a n a l y s i s  purposes. By including the  A1 r e c e i v e r  s e n s i t i v i t y  (Hs) 

poin t  on t h e  app ropr i a t e  s i g n a l  c h a r a c t e r  is t i c  , the  ope ra t ing  range can 

1 be determined (H=2.5). The appended F i g r ~ r e  26 shows t h a t  the range a t  

I 
485 kHz w i l l  exceed 300 meters  i n  the  Robinson Run mine. Also, the A 1  

r ece ive r  s e n s i t i v i t y  may be b e t t e r  than the  s e n s i t i v i t y  of the "survey" 

r ece ive r .  That d a t a  may show t h a t  mine generated noise  dominated the 

I 
survey r e c e i v e r .  Figure 2-10 seems t o  i n d i c a t e  t h a t  the survey r ece ive r  

I has a s l i g h t l y  b e t t e r  s e n s i t i v i t y .  The d ~ t 3  a l s o  sliows t h a t  the mine 

generated n o i s e  i s  q u i t e  low i n  t ! ~ c  measuring loca t ion .  

The measured s i g n a l  d a t a  (T.Cory) i n d i c a t e s  t h a t  the minimum opera t ing  

ranse  of a c e l l u l a r  r e p e a t e r  w i l l  exceed 100 meters i n  a conductor-free 

I area. By coupl ing  t o  t r a i l i n g  cab le s  and o t h e r  conductors,  the expected 

comnunication ranse  w i l l  cover  the working a reas  of the mine. 
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The magnetic moment i s  defined as (Fi) 

x 
M = N A I -  

i 
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where Po is t h e  t r ansmi t t e r  o u t p u t  pa re r  i n  w a t t s ,  and 
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% is t he  s e r i e s  r e s i s t a n c e  o f  a s i n g l e  tuned loop antenna. 

I 

; 1.6 ZlAGNETIC ?IOF!ENT 

The problem of  maximizing the magnetic moment f o r  a given t r a n s m i t t e r  

o u t p u t  p m r  (Po) i s  ca r r i ed  o u t  by inc reas ing  N and decreasing RL. 

Thc geometry o f  the loop antenna (nan-pack) h a s  l imi ted  the loop a rea  

2 
{ A )  t o  range b e t w e n  0.2 and 0 . 2 5  meters  . An N tu rn  loop produces 

a loop inductance (I.) of 80 microhenrys (ADL HO 346045 page 5 8 ) .  The 

s e r i e s  r e s i s t a n c e  of a s ing le  tuned loop antenna is 

t 3 L  

RL = -- (23 )  
QCK T 

where QCi:T is the r a t i o  of c e n t e r  frequency t o  3 dB bandwidth (fo/BW). 

I n  a s i n g l e  tuned loop antenna network 

where QU f s  tlic ' un loaded  QU of  the  inductor  (L) .  

unloaded QU of  grea te r  than 80 can  be achieved wfth an N=8 antenna 

inductor .  A t  60 k;!z, the s e r i e s  r e s i s t a n c e  (Rt) is  0.38 ohm.  Using 

equat ion  ( 2 2 ) ,  t!ie magnetic monent (?I)  f o r  a four  (4 )  watt  t r a n s m i t t e r  is 

2 = 5.19 ampere-meter - *  

I *Note: This maximum magnetic moment i s  based upon the r e a l i z a b l e  QU of 

I 
the loop antenna s t r uc  t r ~ r e .  
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The 3 dB t ransmiss ion  bandwidth of the maximum magnetic moment loop i s  

60,000 
P , . . .  I 750 He.  

80 

This loop antenna would no t  be usefu l  because the  transrnitsion bandvidth 

I is too narrow to accomodate the  occupied bandwidth o f  t h e  modulated FM 

I i h e c u r r e n t d e s i g i p r a c t i c e t s t o d e g r a d e t h e  QU o f t h e s i n g l e t u n e d  

I loop by a r t i f i c i a l l y  adding d i s s i p a t i o n  l o s s ( r e s i s t a n c e )  to  the  loop 

c i r c u i t .  The QU must be degraded t o  prod~lce a 3 dB t ransmission 

bandwidth (A f )  of 10,000 Hz. 

60,000 Hz 
---- = 6 (maximum). 
10,000 112 

I A s  a r e s u l t  o f  t h e  F?f occupied bandwidth c o n s t r a i n t ,  RL must be increased 

t o  5.0 ohms thereby degrading M t o  

1 = 8 (.2)jT 
2 - 1.43  ampere-meter . 

A 
The minimum i n t r i n s i c a l l y  s a f e  r e s i s t a n c e  (RL) f o r  a 4 w a t t  t r ansmi t t e r  i s  

2 . 5  ) 4 = 1.638 ohms. 
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I 
The a r t i f i c i a l  i n c r e a s e  i n  r e s i s t a n c e  ( R  ) r equ i r e s  th ree  times a s  much 

L 

t r a n s m i t t e r  o u t p u t  power t o  achieve t he  maximum s a f e  magnetic moment. 

I o r d e r  (series tuned) f i l t e r  netuork 

. Irc 
0 

WL 

QU QCKT 
= -  (26) 

R~ 

Therefore ,  t h e r e  e x i s t s  no p o s s i b i l i t y  o f  maximizing H given BIJ, N 

A f e a s i b l e  s o l u t i o n  t o  t h e  magnetic moment op t imiza t ion  problem is t o  

use a second o r d e r  ( o r  h igher  order )  l oop  antenna network. I n  a f i r s t  

I and L ( i . e .  t o o  many c o n s t r a i n t s ) .  

I I n  a h ighe r  o r d e r  (n) l o s s l e s s  pure ly  r e a c t i v e  quadr ipo le  network 

I (n  2 2) ,  t h e  t ransmiss ion  bandwidth o f  t h e  network is independent of  t he  

unloaded QU of t h e  network elements.* As a r e s u l t ,  t he re  exists  a 1. 

f e a s i b l e  means of holding BW i n v a r i a n t  over  a reasonable  range o f  Rt, 
* 

The higher  o r d e r  loop antenna s t r u c t u r e s  can  be designed using t h e  

I i n s e r t i o n  l o s s  synthes  js procedure o f  Dar l ing ton .  I n  the  s y n t h e s i s  

* I n  p r a c t i c e ,  tile transoiission b a n M d t h  is  dependent on the unloaded QU.  
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de l ive red  t o  the  load  plane r e s i s t a n c e  ( \) . 31e network has the 

property of an impedance matching network. The qrtadripole network i s  

? b i l a t e r a l  and use fu l  as both a t r ansmi t t i ng  and r ece iv ing  antenna 

Boulder, Colorado 
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Quadripole  networks can  be designed wf t l r  d i f f e r e n t  te rmina t ion  r a t i o s  

( r  - RS/RL). L a t e r  i n  t h e  a c t u a l  des ign  of the second o rde r  loop antenna 

i t  w i l l  be obvious t h a t  

% - 1.63 ohms, 

RL = 50 ohms, and.  

r 1.63150 = 0.03 . 
In  the  f i l t e r  des ign  problem the  vol tage  socrce w i l l  r ep re sen t  the 

source vol tage  (VL) i n  the  tuned loop (see F i  su re  1.2). Tllus par t  of 

the second order  f i l t e r  must hCwe the usual  loop topology, 

DATE 30. Sept ,  .I981 
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I 

where the c i r c u l a t i n g  loop c u r r e n t  C flows i n  a resonant  c i r c u i t .  The 

8 

'In the in se r t fon  l o s s  method, power is sourced from the genera tor  ard 

energy s tored  i n  t he  inductor  is given by 

E = % L i ik and ( 2 7 )  

the energy d i s s i p a t e d  per c y c l e  is l o s t  i n  RL and given by 
* 
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The q u a l i t y  factor Q of t h i s  part of t l~c  network is 

E 

Q = -  
Pd 

I 
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If the nehwrk topology can be real ized as a second order passband f flter, 

.............. I ISSUE 

the 

! 

tsansf er cha: as s I ~ m  in the following figure. 
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I 
I n  the fol lowing s e c t i o n ,  a  mesh coupled r e sona to r  f i l t e r  w i l l  be used 

t o  des ign  the  second o r d e r  antenna network. 

bandwidth can be a s  wide as 10 t o  15 % of Fo. 

I n  a second o r d e r  tuned loop antenna, t h e  loop tuning w i l l  not  be c r i t i -  

- k  
' 0  

One advantage of  t h e  second o rde r  loop  antenna is tha t  the t ransmiss ion  

* r 

Scanning t r ansce ive r s  w i t h  8uf f i c i e n t l y  c l o s e  opera t ing  f requencies  w i l l  

% 
4 
PC 

n o t  r e q u i r e  automatic tun ing  antenna s t r u c t u r e s .  

c a l  as i n  t h e  f i r s t  o r d e r  loop case .  T!lc antenna w i l l  a l s o  provide more 

d i s c r i m i n a t i o n  l o s s  a g a i n s t  mine n o i s e ,  and out  of band s i g n a l .  

A disadvantage of t h i s  antenna is t h a t  i t  r equ i r e s  nore c i r c u i t  elements.  

When automatic tuning i s  r equ i r ed ,  a  rnininum of four c i r c u i t  elements 

I 

must be switched,  maximizing t h e  loop a n t e n n a  t ransmit  magnetic moment, 

also i nc reas ing  the pre forrnance of t h e  r e c e i v i n g  antenna. 
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1.6.1 Design of Cor~pled Resonator Loop Antenna Networks 

A coupled r e sona to r  antenna network can  be designed from the  low-pass - - ... . pro to type  model wi th  normalized element  va lues  (R L1, C2,  RL). 
s 

The pro to type  network is shown below. 

Figure 1.6 SECONI) OmER - LOW PASS PROTOTYPE NETWORK 
(Special Case w i t h  R, = 0) 

The synthes  ized lowpass prc  t p type  element  va lues  arc:  

- 
C 2  = 0.707, and 

This  p a r t i c u l a r  prototype network w i l l  match a vol tage source  ( ze ro  

source  r e s i s t a n c e )  t o  a ~ i v e n  va lue  of  load r e s i s t ance  (RL). The des ign  

approach assumes tha t  loop antenna is o p e r a t i n g  as a r e c e i v e r  wi th  an 

induced v o l t a g e  source V (emf). 

Ihe t ransformat ion  of the  pro to type  c i r c u i t  parameters t o  t he  mesh 

coupled r e sona to r  f i l t e r  c r e a t e s  a pass  band f i l t e r  shown below. 
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Figu re  1.7 MESH COUPLED RESONA'I'OR FILTER NE'IWORK 

The mesh coup l ing  c a p a c i t o r  is C12. 
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Coupled r e s o n a t o r s  a r c  popular i n  f i l t e r  d e s i g n  because t he  a c t u a l  f i l t e r  

element va lues  can  be chosen i n  the  design p roces s ,  By way o f  c o n t r a s t ,  

i n  the  s y n t h e s i s  o f  t!le low pass prototype,  tile e lement  va lues  a r e  the 

r e s u l t  o f  a  cont inued  f r a c t i o n  expansion; hence, a r e  no t  s e l e c t a b l e .  

. R 
0 

The p r i n c i p a l  d e s i g n  equa t ions  f o r  the mesi~ c a p a c i t o r  coupled s t r u c t u r e  

R\ cs\ L2 5, 

RN 

a r e  shown i n  t hc  t a b l e  below, 

Table CI 

Yesh Capac i t o r  Design Equat ions 

A u =  3 dB bandwidth 

L1 = antenna inductance (80 ull) 
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I Tlie value of C is 
. I 

s 2 1 

CT = - .I25 uf 
eel$ L* 

then 

. . . . . . . .  2 - PAGE d. C 

DATE 3 0  .SepF,. 19. 

The antenna network is shown i n  Figure 1 .a. 
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F i g u r e  1 . 8  !ZSlI COUPLED A\:YE:CiA XE'IWORK 
(BW = 10,000 Hz, fo = 60,000 Hz) 

The s e r i e s  resistance of the tuned loop c i r c u i t  is  . 5 
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Table  A - 1  
Loop Antenna Parame t e r s  

I Boulder, Colorado 
I 
r TITLE WIRELESS ?tF CO?DfUNICATION SYSTEM 
i 

I 

I $ 1  Frequency i n  kHz Q for  RW Turns L uH R ohms 
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0 
Asswnption: 

0 Loop area (bandolier) .25m x .8m = .2m2 

# 2 

i 
L %  2 . 5 A N  (ulf) 

1 
i 

APPE:mIX A 
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APPENDIX B 

DISCKT?IIMTION LOSS Ah?) BANDEDGE FREQLENCIES 
FOR A 

FIRST A:v9 SECOh?) ORDER TUNED LOOP ANlENNA 

4 

Table B-1 

Center Frequency (fo) 60 kHz 
B andw i d  t h ( BWCK T) 10 kHz 

Bandwidth 
. . 

Bandedge Frequency in  kHz . Discriminatfon loss 

BWD L %I n-1 n-2 

B I J ~ ~  T 55207 65207 3 3 
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Table B-2 

DISCRPII NATION LOSS Ahm BANDEDGE FMQUENCZES 

FOR A 
FIRST AND SECO?lIl ORDER TLWED LOOP ANTENllA 

Center Frcquqncy (f,) 600 klIz 
Bandwidth (BWCKT) 60 kliz 

Bandw id  t h Bandedge Frequency in  kHz Discr h i n a t i o n  loss 

n=l nu2 

3 3 

6 . 9  12.: 

9.9 19.: 

14.5 25.1 


