
A.R.F. PRODUCTS, INC. 
ENGINEERS AND MANUFACTURERS OF PRECISION ELECTRONIC EQUIPMENT 

. -, 

HOME OFFICE AND MANUFACTURINO PLANT - RATON, NEW MEXICO 

RESEARCH AND DNELOPMENT LABORATORY - BOULDER, COLORADO 



s o m  - to1 

REPORT DOCUMENTATION 2 3 Reclplent'r Arcesr~on NO 

PAGE 
I 

___ -__ __ _ .  _ - -  2 iI. *. - .  --- 
4. Tttle and Subt~tle 

A Medium Frequency W i r e l e s s  Communication -- 1983 (Submi: - 
System For  Underground Mines 

-- -- 
7. Author(3 I. Padormlng Or8an1zat1on Rcgt. No 

D r .  L a r r y _ G . S t o l a r c z y k  
9. Pertormtng Organ~zat~on Name and Address 

A.R.F. P r o d u c t s ,  I n c .  
Gzrdner  Road 
Ra ton ,  New Mexico 87740 

- -- - - - -- - 
11. Contract(C) or Cranl(C) No. 

12. !$ponuxing Or anizalion Name and Address 

J n l t e d  5?tates Department o f  I n t e r i o r  
Bureau o f  Mlnes 
4800 Forbes  Avenue 

13. Typ. of Report L Period Covered 

F i n a l  28 Dec 7 9  . 

. . 

31 Jan 83 , - - - - - -- - - - - -. . 

P i t t s b u r g h ,  Pennsy lvan i a  15213 - -- 
1% Supplementary N o t ~  

An underground medium f r e q u e n c y  r a d i o  communicat ions sys tem ha 
been deve loped  and demons t r a t ed  i n  bo th  c o a l  and meta l /non  met 
mines .  

I The p r i n c i p a l  advan tage  o f  t h e  sy s t em a r e  i t s  low c o s t ,  e a s e  c 
i n s t a l l a t i o n  and t h e  a b i l i t y  t o  p r o v i d e  r a d i o  communicat ions t 
any v e h i c l e  o r  r o v i n g  miner  i n  t h e  underground mine.  The s y s t e  
p r o v i d e s  h i g h  q u a l i t y  r a d i o  cove rage  i n  work a r e a s  and a l o n g  
manways w i t h  e x i s t i n g  " w i r e p l a n t "  c o n d u c t o r s .  The c o n d u c t o r s  
i n c l u d e  AC power c a b l e ,  t e l e p h o n e  c a b l e ,  m e t a l  w a t e r  and h i g h  
p r e s s u r e  a i r  p i p e s ,  e t c .  The measured communicat ions r ange  
f rom t h e  ba se  s t a t i o n  t o  mobi le  t r a n s c e i v e ~  exceeded 12,500 f t  
w i t h o u t  t h e  u s e  o f  r e p e a t e r s .  A c o s t / b e n e f i t  a n a l y s i s  shows 
t h a t  t h e  i n - i t i a l  c o s t  o f  t h e  equipment  can be r e t u r n e d  2 - 6  
t i m e s  i n  t h e  f i r s t  y e a r .  The mine p r o d u c t i v i t y  i n c r e a s e s  by 
approx .  1 3  p e r c e n t .  

5 
17.. Document k u l r l s  t!. h u r i p t o r r  

Mlnes ; r a d l o  communicat ions ; communicat ions ; c o a l  mines ; m e t a l ,  
lnon m e t a l  mines ;  r a d i o  p r o p a g a t i o n ;  t u n n e l  mode, c o a l  seam mode 

I wave p ropaga t  i o n  ; underground mine ; mine r e s c u e  r a d i o  ; t r a p p e d  
m i n e r s  ; r a d i o  v e s t  t r a n s c e i v e r .  

c COSAft Field/Group 

1L AwilabilrTy %atemen( 1 19. Secur~ty Class Cfh~s ReoorO 1 21. No. of Pages 

I u n c l a s s i f  i e d  
Re l ea se  Unl imi ted  20. !hcur~ty class C T ~ T S .  ~ ~ ~ r )  22. Pncm 

U n c l a s s i f  l e d  
(See ANSCZ39.18) Sea Instruct~ons on R.v~rse 

--i -- 

OPTIONAL FORM 272 (4-7 
(Formerly N T 1 5 3 5 )  
Department of Comrnwme 

i on  

1 



USBM H0308004 

FINAL REPORT 

A M E D I U M  FREQUENCY WIRELESS C O M M U N I C A T I O N  
SYSTEM FOR UNDERGROUND MINES 

HARDWARE DESIGN AND PRELIMINARY 
PERFORMANCE TESTS 

INSTALLATION AND PERFORMANCE 
I N  UNDERGROUND MINES 

D r .  La r ry  G .  S to larczyk--Program Manager 
Mike Sep i ch ,  Kurt  Smoker 

A.R.F. PRODUCTS, I N C .  
RATON, NEW M E X I C O  87740 

The views and c o n c l u s i o n s  c o n t a i n e d  i n  t h i s  document 
a r e  t h o s e  o f  t h e  a u t h o r  and shou ld  n o t  be i n t e r p r e t e d  
as n e c e s s a r i l y  r e p r e s e n t i n g  t h e  o f f i c i a l  p o l i c i e s  o r  
recommendations o f  t h e  I n t e r i o r  Depa r tmen t ' s  Bureau 
o f  Nines  o r  o f  t h e  U.S. Government. 

JANUARY 1 9  8 3 

UNITED STATES 

DEPARTMENT OF THE INTERIOR 

BUREAU OF MINES 



FOREWARD 

This  r e p o r t  w a s  p repared  by A.R.F. P roduc t s ,  I n c . ,  Raton,  

N e w  Mexico, under  c o n t r a c t  H0308004. The c o n t r a c t  w a s  

i n i t i a t e d  under  t h e  Mine Hea l th  and S a f e t y  Program. I t  w a s  

admin i s t e r ed  under t h e  t e c h n i c a l  d i r e c t i o n  of t h e  P i t t s b u r g h  

Research Cente r  w i t h  M r .  Harry Dobroski  a c t i n g  as t h e  

Techn ica l  P r o j e c t  O f f i c e r .  M r .  P a t r i c k  Neary w a s  t h e  Con t r ac t  

Admin i s t r a to r  f o r  t h e  Bureau o f  Mines. 

This  r e p o r t  i s  a summary o f  work r e c e n t l y  completed as p a r t  

of  t h e  c o n t r a c t  d u r i n g  t h e  pe r iod  January  1980 th rough  

January  1 9 8 3 .  T h i s  r e p o r t  w a s  submi t ted  by t h e  a u t h o r  on 

2 4  January  1983.. 

A p p l i c a t i o n s  f o r  i n v e n t i o n s  developed i n  t h e  c o u r s e  of t h e  

work have been f i l e d  w i t h  t h e  P a t e n t  O f f i c e  under  P u b l i c  L a w  

96-517. 
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I N T R O D U C T I O N  AND PROGRAM SUMMARY 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work w a s  t o  d e s i g n ,  deve lop  and 

c o n s t r u c t  Medium Frequency (MF) communications equ ipmen t ' s  

f o r  d e m o n s t r a t i o n  i n  o p e r a t i n g  underground mines .  

Recent  t h e o r e t i c a l  and e x p e r i m e n t a l  r a d i o  wave pro-  

p a g a t i o n  work conducted  under  t h e  s p o n s o r s h i p  o f  t h e  U.S. 

Bureau o f  Mines (USBM) de te rmined  t h a t  low l o s s  e l e c t r o -  

magne t ic  wave p r o p a g a t i o n  modes e x i s t  i n  MF f r equency  band 

(300 t o  1000 kHz).  Using t h e s e  modes, ce l l s  o f  r a d i o  cove rage  

can  be p rov ided  a l o n g  t h e  e n t r i e s  and i n  t h e  working areas of  

a n  underground mine.  S ince  t h e  wave p r o p a g a t i o n  modes t a k e  

p l a c e  because  o f  t h e  n a t u r a l  p h y s i c a l  c o n f i g u r a t i o n  of  t h e  

mine,  t h e  t r a n s m i s s i o n  medium i s  a l r e a d y  i n  p l a c e  i n  t h e  

n a t i o n ' s  underground mines.  

I n  p r e v i o u s  work t h e  USBM de t e rmined  t h a t  commercia l ly  

a v a i l a b l e  VHF and UHF r a d i o  communicat icns equipment e i t h e r  

was l i m i t e d  i n  coverage  o r  r e q u i r e d  t h e  i n s t a l l a t i o n  o f  

l e a k i n g  f e e d e r  c a b l e  and r e p e a t e r s .  Although t h e  l e a k y  

f e e d e r  communicat ions sys tem prov ided  a c c e p t a b l e  coverage  

a l o n g  t h e  e n t r i e s  ( w i t h  l e a k y  f e e d e r  c a b l e ) ,  it f a i l e d  

a round  c o r n e r s ,  t h rough  b a r r a c k s ,  r o c k  f a l l s ,  e t c .  



The p r i n c i p a l  advan tage  s een  by t h e  USBM f o r  t h e  MF 

sys tem was i t s  low c o s t ,  ease o f  i n s t a l l a t i o n  and t h e  a b i l i t y  

t o  p r o v i d e  r a d i o  communications t o  any  v e h i c l e  o r  r o v i n g  

miner  i n  t h e  underground mine. 

Because t h e  n e c e s s a r y  MF r a d i o  equipments  needed t o  

c o n s t r u c t  a whole mine communication sys tem were n o t  a v a i l a b l e  

on t h e  marke t ,  t h e  USBM i n i t i a t e d  t h i s  program. 

B e  APPROACH 

F i r s t ,  r a d i o  communication needs  o f  c o a l  and m e t a l /  

non-metal  (M/NM) mining o r g a n i z a t i o n s  were de te rmined  by 

s y s t e m a t i c a l l y  a n a l y z i n g  t h e  s t r u c t u r e ,  f u n c t i o n i n g ,  pe r -  

formance o f  o r g a n i z a t i o n s  and t h e  b e h a v i o r  o f  g roups  and 

i n d i v i d u a l s  w i t h i n  them. Drawing t o g e t h e r  t h i s  background 

i n f o r m a t i o n  and s y n t h e s i z i n g  t h e  c o n c l u s i o n s  as t o  how t h e  

o r g a n i z a t i o n  e f f i c i e n c y  cou ld  be improved w i t h  r a d i o  cornrnuni- 

c a t i o n s ,  a sys tem d e s i g n  p l a n  mee t ing  t h e  p r e s e n t  and f u t u r e  

needs  was f o r m u l a t e d .  T h i s  p l a n  was used  i n  deve lop ing  b lock  

d iagrams  and s p e c i f i c a t i o n s  f o r  each  equipment needed i n  

t h e  sys tem.  

Upon comple t ion  o f  t h e  sys tem d e s i g n  p l a n ,  t h e  e f f o r t  

w a s  d i r e c t e d  i n  two r e l a t e d  a r e a s .  F i r s t ,  t h e  work focused  

on s o l v i n g  problems r e l a t e d  t o  env i ronmen ta l  and human f a c t o r s  

and i n v o l v i n g  t h e  u se  o f  e l e c t r o n i c  equipment i n  min ing .  



S i n c e  t h e  environmenta1,human f a c t o r s  and communicat ions 

problems a r e  s o  unique i n  m in ing ,  new t h i n k i n g  was r e q u i r e d  

i n  t h e  equipment d e s i g n  approach  t o  r e a l i z e  an  a c c e p t a b l e  

sy s t em.  Lessons  l e a r n e d  i n  d e v e l o p i n g  r a d i o  equipment f o r  

m i l i t a r y  a p p l i c a t i o n s  were sought  o u t ,  e v a l u a t e d  and a p p l i e d ,  

where p r a c t i c a l  i n  t h e  d e s i g n  o f  t h e  equipment .  Secondly ,  

b r eadboa rds  f o r  e ach  MF equipment were de s igned  and b u i l t .  

A s  an  e x t e n s i o n  o f  o u r  l a b o r a t o r y  e v a l u a t i o n ,  b r eadboa rds  

were e v a l u a t e d  i n  nea rby  mines .  Weak p o i n t s  i n  t h e  d e s i g n  
. 

were r e s o l v e d ,  r e s u l t i n g  i n  a  f i n a l  d e s i g n  s p e c i f i c a t i o n .  

Nex t ,  p r o t o t y p e  equipments  were manufac tu red  and l a b -  

o r a t o r y  t e s t e d  f o r  compl iance  w i t h  t h e  s p e c i f i c a t i o n s .  

F i n a l l y ,  t h e  MF equipment w a s  i n s t a l l e d  and made ope r -  

a t i o n a l  i n  f o u r  (4) mines .  The f o u r  Western mines t h a t  ag r eed  

t o  p a r t i c i p a t e  i n  t h e  sys tem d e m o n s t r a t i o n  program were:  

Ranchers  E x p l o r a t i o n  and Development C o r p . ,  Redco S i l v e r  

Mine, E n t e r p r i s e ,  Utah;  K a i s e r  S t e e l  Corp. , York Canyon Coal 

Mine, Raton,  New Mexico; G e t t y  O i l  Company, P l a t e a u  Coal 

Mine, P r i c e ,  Utah;  and t h e  Magma Copper Company, San Manuel 

D i v i s i o n ,  San Manuel, Ar izona .  The s i z e  o f  t h e  mines ranged 

from s m a l l  ( 5 0 0  t o n s / d a y )  t o  l a r g e  ( 6 7 , 0 0 0  t o n s / d a y )  and 

r e p r e s e n t e d  mining methods i n  common u s e  i n  t h e  U.S. mining 

i n d u s t r y .  The performance o f  t h e  whole mine communicat ions 

sy s t em w a s  e v a l u a t e d  i n  e a c h  o f  t h e  mines d u r i n g  many months 

o f  f i e l d  t e s t i n g .  



C .  FINDINGS AND CONCLUSIONS 

The MF communication sys tems t h a t  were i n s t a l l e d  i n  t h e  

d e m o n s t r a t i o n  mines p rov ided  h i g h  q u a l i t y  r a d i o  coverage  i n  

work a r e a s  and a long  manways w i t h  e x i s t i n g  " w i r e p l a n t "  con- 

d u c t o r s .  The conduc to r s  i n c l u d e  AC power c a b l e ,  t e l e p h o n e  

c a b l e ,  m e t a l  w a t e r  p i p e  and h i g h  p r e s s u r e  a i r  p i p e ,  e t c .  

E x c e l l e n t  sys tem performance w a s  due i n  p a r t  t o  t e c h -  

n o l o g i c a l  improvements ach i eved  i n  t h e  d e s i g n  o f  r a d i o  equ ip-  

ment f o r  u se  i n  underground mining env i ronment .  F i e l d  t e s t i n g  

l e a d  t o  new d i s c o v e r i e s  abou t  t h e  c h a r a c t e r i s t i c s  and u se  of  

r a d i o  cornrnunications i n  mining.  The d i s c o v e r i e s  w i l l  i n -  

c r e a s e  p r o d u c t i v i t y ,  improve management performance and 

o r g a n i z a t i o n a l  team work, and r e d u c e  maintenance c o s t .  Use 

o f  r a d i o  w i l l  make t h e  mine a s a f e r  p l a c e  t o  work. Radio 

w i l l  a l s o  r e v o l u t i o n i z e  mine s e a r c h  ( t r a p p e d  miner  l o c a t i o n ) ,  

and r e s c u e  team methods. 

Many i m p o r t a n t  t e c h n o l o g i c a l  c o n t r i b u t i o n s  t o  under-  

ground r a d i o  t e chno logy  o c c u r r e d  i n  t h i s  work. F i r s t ,  h i g h l y  

e f f i c i e n t  a n t e n n a s  and e l e c t r i c a l  conduc to r  c o u p l i n g  d e v i c e s  

were developed and e v a l u a t e d  i n  each  mine. A un ique  an t enna  

d e s i g n  f e a t u r i n g  a  t w i n - c o i l  p l a n a r  an t enna  s t r u c t u r e  ach i eved  

h i g h  magne t ic  moment, a fundernental  r equ i r emen t  f o r  i nduc ing  

h i g h  l e v e l  car r ier  c u r r e n t s  i n  nea rby  e l e c t r i c a l  conduc to r s .  

The op t imized  a n t e n n a  d e s i g n  was a l s o  shown t o  be a h i g h l y  

s e n s i t i v e  d e v i c e  f o r  r e c e i v i n g  weak underground r a d i o  s i g n a l s .  



The a i r - c o r e  t o r o i d a l  RF l i n e  coup le -  a c h i e v e d  h i g h  c o u p l i n g  

e f f i c i e n c y  t o  t h e  e x i s t i n g  mine c o n d u c t o r s .  The e f f i c i e n t  

a n t e n n a  and c o u p l e r  d e s i g n s  a r e  p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  

e x c e l l e n t  performance of t h e  communicat ions sys tems  i n  t h e  

mines .  Secondly ,  t h e  u se  o f  h i g h  s e n s i t i v i t y  supe rhe t rodyne  

r e c e i v e r  d e s i g n ,  t h a t  performed w e l l  i n  t h e  h i g h  a c o u s t i c a l  

and e l e c t r i c a l  n o i s e  environment  o f  t h e  mine ,  w a s  a major  

f a c t o r  i n  r e c e i v i n g  MF s i g n a l s  a t  g r e a t  r a n g e  from a base  

s t a t i o n  l o c a t i o n .  F i n a l l y ,  t h e  development o f  a s m a l l  l i g h t  

we igh t  t r a n s c e i v e r  t h a t  can  be sewn i n t o  t h e  m i n e r s '  work 

c l o t h i n g  s o l v e d  an  impor t an t  human f a c t o r  problem . a s s o c i a t e d  

w i t h  t h e  u s e  o f  p e r s o n n e l  c a r r i e d  t r a n s c e i v e r s  i n  mining.  

From t h e  p o i n t  o f  view of comfor t  and conven i ence ,  t h e  

t r a n s c e i v e r  w a s  sewn i n t o  a v e s t  ga rment .  The t r a n s c e i v e r  

modules were d i s t r i b u t e d  on t h e  v e s t  t o  r educe  bu lkynes s .  

The v e s t  d i d  n o t  i n  anyway r e s t r i c t  t h e  m i n e r ' s  movement i n  

t i g h t  q u a r t e r s .  The v e s t  d e s i g n  f e a t u r e s  un ique  c i r c u i t  t o  

e n a b l e  u s e  i n  hazardous  a tmosphere  encoun t e r ed  i n  b o t h  c o a l  

and some m e t a l h o n - m e t a l  mines .  The v e s t  d e s i g n  h a s  been 

approved by t h e  Mine S a f e t y  and H e a l t h  A d m i n i s t r a t i o n .  

The r a d i o  communication sys tems  were i n s t a l l e d  i n  mines 

w i t h  t h e  p r i n c i p a l  g o a l  o f  s o l v i n g  a wide v a r i e t y  o f  comm- 

u n i c a t i o n s  r e l a t e d  problems.  The problem r a n g e s  from t h o s e  

a s s o c i a t e d  w i t h  equipment i n s t a l l a t i o n  and s u r v i v a b i l i t y  



i n  t h e  mine environment t o  p r o v i d i n g  r a d i o  coverage  i n  

v a r y i n g  s i t u a t i o n s  l i k e l y  t o  be found i n  mining p r a c t i c e .  

Another  g o a l  was t o  de t e rmine  t h e  b e n e f i t  o f  r a d i o  i n  t h e  

mining p r o c e s s .  

The communications r ange  f rom t h e  base  s t a t i o n  l o c a t i o n  

( u s u a l l y  a t  t h e  mine p o r t a l )  t o  mobi le  t r a n s c e i v e r s  i n  t h e  

manways ( w i t h  conduc to r s )  was measured i n  m i l e s .  The same 

r a n g e  was found t o  e x i s t  between mobi le  t r a n s c e i v e r s .  A 

remarkab le  d i s c o v e r y  w a s  observed  i n  t h e  " l i s t i n g "  ( r e c e i v i n g )  

r a n g e  o f  a t r a n s c e i v e r .  MF s i g n a l s  can be r e c e i v e d  every-  

w h e ~ e  conduc to r s  e x i s t  i n  t h e  mining complex. T r a n s c e i v e r s  

i n  t h e  s u r f a c e  o f f i c e  complex can l i s t e n  t o  MF r a d i o  t r a n s -  

m i s s i o n s  o c c u r r i n g  i n  t h e  underground mine. Th i s  o c c u r r e d  

even when t h e  conduc to r s  were n o t  i n t e n t i o n a l l y  " i l l u m i n a t e d "  

by t h e  a n t e n n a s  and c o u p l e r s .  Thus ,  MF s i g n a l s  a r e  d i s t r i -  

bu t ed  by n a t u r a l  c o u p l i n g  e x i s t i n g  between conduc to r s  i n  t h e  

mine w i r i n g .  T h i s  d i s c o v e r y  w i l l  have broad i m p l i c a t i o n s  i n  

t r a p p e d  miner  and r e s c u e  t e chno logy .  I n  a l a y a r e d  fo rma t ion  

l i k e  c o a l ,  t h e  t a lk -back  ( t r a n s m i t t i n g )  r ange  i n c l u d e d  a d j a -  

c e n t  conduc to r  l e s s  manways. I t  i s  d i f f i c u l t  t o  make accu- 

r a t e  r a d i o  s i g n a l  p ropaga t i on  measurements i n  any mine,  

none t h e  less measurements were made i n  e v e r y  mine. The MF 

s i g n a l  t o  n o i s e  r a t i o  w a s  measured a t  t h e  ba se  s t a t i o n  

l o c a t i o n .  The measured r a t i o  f r e q u e n t l y  exceeded 5 0  dB 



when a mobi le  t r a n s c e i v e r  w a s  a m i l e  o r  more from t h e  b a s e .  

S i n c e  a 2 0  dB  r a t i o  p r o v i d e s  good i n t e l l i g i b i l i t y ,  v o i c e  

q u a l i t y  w a s  r emarkab l e .  The a t t e n u a t i o n  r a t e  measured a l o n g  

t h e  AC power c a b l e  and t e l e p h o n e  c a b l e  was l e s s  t h a n  

4 dB/1000 f e e t .  Cons ide r i ng  t h e  r a t i o  and t h e  MF s i g n a l  

a t t e n u a t i o n  r a t e ,  o p e r a t i n g  r a n g e  from a ba se  w i l l  be g r e a t e r  

t h a n  12,500 f e e t .  AC power t r a n s f o r m e r s  add app rox ima te ly  

1 0  dB t o  t h e  t r a n s m i s s i o n  l css .  AC s w i t c h e s  and t r a n s f o r m e r  

l o s s  makes AC power c a b l e  a lower  q u a l i t y  and l e s s  r e l i a b l e  

MF s i g n a l  d i s t r i b u t i o n  network.  

High q u a l i t y  and r e l i a b l e  MF s i g n a l  d i s t r i b u t i o n  can be 

p rov ided  by i n s t a l l i n g  low c o s t  tw in - l e ad  c a b l e  i n  conduc tor -  

l e s s  o r  AC power c a b l e  manways. Communications r a n g e  w i l l  

exceed  15,000 f e e t  a l o n g  t h e  c a b l e .  Another  ex t r eme ly  i m -  

p o r t a n t  a s p e c t  o f  t h e  MF sy s t em i s  i t s  e a s e  o f  i n s t a l l a t i o n .  

P r e l i m i n a r y  d e m o n s t r a t i o n s  t o  mining companies r e q u i r e d  l e s s  

t h a n  5  minu t e s  o f  i n s t a l l a t i o n  t i m e .  Permanent i n s t a l l a t i o n  

o f  a l l  equipment and any tw in - l ead  c a b l e  can be accompl ished 

i n  a few h o u r s .  

I n  e v e r y  mine ,  un ique  communication problems were en-  

c o u n t e r e d  and e a s i l y  s o l v e d  w i t h  t h e  MF equipment.  The 

m u l t i p l e  l e v e l  Magma Copper Mine u s e s  t h e  b l o c k  cav ing  mining 

p r o c e s s .  Mucking o c c u r s  on t h e  g r i z z l y  l e v e l .  T r a i n s  are 

l oaded  on t h e  p r o d u c t i o n  l e v e l .  Radio communications were 



ex tended  t o  b a t t e r y  powered s e r v i c e  v e h i c l e s  and o f f - t r a i n  

men. Roving mine r s  w i t h  v e s t  t r a n s c e i v e r s  were a b l e  t o  

communicate from t h e  g r i z z l y  and p r o d u c t i o n  l e v e l s  t o  t h e  

s u r f a c e  c o n t r o l  c e n t e r .  The u se  o f  r a d i o  enab l ed  f r o n t  l i n e  

p roduc t i on  foreman t o  b e t t e r  c o o r d i n a t e  mucking a c t i v i t i e s .  

H o i s t  communications were a l s o  e v a l u a t e d .  I n s t e a d  o f  

" i l l u m i n a t i n g "  t h e  h o i s t  w i r e  r o p e  a t  t h e  sheave wheel 

l o c a t i o n ,  as i s  common p r a c t i c e  w i t h  t h e  commercally 

a v a i l a b l e  equ ipment ,  t h e  h i g h l y  e f f i c i e n t  v e h i c u l a r  a n t e n n a  

was used t o  " i l l u m i n a t e "  t h e  w i r e  r o p e  a t  t h e  c o l l a r .  The 

RF c o u p l e r  w a s  clamped ( l i k e  a c u r r e n t  p robe )  around t h e  

w i r e  r o p e  j u s t  above t h e  c a g e .  The s i g n a l  t o  n o i s e  r a t i o  

w a s  measured as t h e  cage  t r a v e l e d  i n  t h e  s h a f t .  The s i g n a l  

t o  n o i s e  r a t i o  exceeded 100 dB. 

The medium s i z e d  York Canyon c o a l  mine employs con- 

v e n t i o n a l  as w e i l  a s  l o n g w a l l  mining t e chno logy .  The P l a t e a u  

Coal Mine u s e s  c o n v e n t i o n a l  mining methods .  Both mines u se  

conveyor b e l t  hau l age .  Veh icu l a r  t r a n s c e i v e r s  were i n s t a l l e d  

on d i e s e l  and b a t t e r y  powered s e r v i c e  v e h i c l e s .  Maintenance 

p e r s o n n e l  and bel tmen were a s s i g n e d  v e s t  t r a n s c e i v e r s .  

Radio coverage  i n c l u d e d  a l l  manways and t h e  e n t i r e  l ongwa l l  

i n  t h e  York Canyon Mine. The b a s e  was l o c a t e d  a t  t h e  p o r t a l .  

The t a l k - b a c k  ( t r a n s m i t t i n g )  r ange  w a s  l i m i t e d  t o  manways 



w i t h  t e l e p h o n e  c a b l e  o r  AC power c a b l e .  The r a n g e  exceeded 

15,000 f e e t .  I n  some i n s t a n c e s ,  t h e  t a l k - b a c k  r a n g e  e x t -  

ended t o  d r i f t s  a d j a c e n t  t o  t h e  manways. The l i s t e n i n g  

( r e c e i v i n g )  r ange  i n c l u d e d  a l l  manways w i t h  c o n d u c t o r s .  

R e p e a t e r s  were n o t  r e q u i r e d  i n  t h e  mine. The P l a t e a u  Mine 

working f a c e s  a r e  more t h a n  t h r e e  m i l e s  from t h e  p o r t a l .  The 

b a s e  s t a t i o n  was l o c a t e d  a t  t h e  one m i l e  p o i n t  and r e p e a t e r  

t r a n s c e i v e r s  were i n s t a l l e d  n e a r  t h e  working f a c e s .  I n  

t h i s  mine,  t h e  p r imary  MF d i s t r i b u t i o n  s i g n a l  ne twork w a s  

AC power c a b l e .  Some o f  t h e  manways d i d  n o t  i n c l u d e  AC 

c a b l e .  Radio coverage  i n  manways w i t h  c a b l e  w a s  e x c e l l e n t  

( exceeded  50 dB) .  However, t w i n - l i n e  c a b l e  w a s  r e q u i r e d  i n  

t h e  c o n d u c t o r l e s s  manways. 

The Redco S i l v e r  Xine u s e s  a mod i f i ed  v e r t i c a l  c r a t e r  

r e t r e a t  ( V C R )  mining method deve loped  i n  Cana ia .  A r t i c u l a t e d  

r u b b e r  t i r e d  v e h i c l e s  t r a n s p o r t  muck o u t  o f  t h e  mine. Radio 

communicat ions t o  t h e  motormen w a s  e x c e l l e n t .  

The p r imary  c o n c l u s i o n  t o  be drawn from t h i s  work i s  

t h a t  t h e  MF r a d i o  communicat ions sys tem i s  a p r o d u c t i v i t y  

and s a f e t y  m u l t i p l i e r .  A c t u a l  e x p e r i e n c e  w i t h  t h e  sys tem 

i n  t h e s e  mines shows t h a t  t h e  keyman " r each"  t i m e  h a s  been 

r educed  from an ave rage  of  35  m inu t e s  t o  s econds .  



Keymen r e c e i v e  f i r s t  hand i n f o r m a t i o n  i n s t e a d  o f  second 

hand i n f o r m a t i o n .  More i m p o r t a n t l y ,  r a d i o  s i g n i f i c a n t l y  

improves  team work, a f a c t o r  o f  s i g n i f i c a n t  impor tance  i n  

improving p r o d u c t i v i t y  and s a f e t y .  Our s t u d i e s  show t h a t  

t h e  e x i s t i n g  t e l e p h o n e  sys tem,  by i t s  i n h e r e n t  l i m i t a t i o n ,  

i s o l a t e s  keymen from t h e  main mine communicat ions r e s o u r c e  

most o f  t h e  t i m e .  By b e i n g  i s o l a t e d ,  r o v i n g  mine r s  r e t a i n  

t h e i r  independence .  The p r i c e  p a i d  f o r  independence  by t h e  

mining company i s  low p r o d u c t i v i t y .  Things  do n o t  have  t o  

be  as t h e y  a r e  i n  underground min ing .  Expe r i ence  i n  t h e  

f i e l d  t e s t s  show t h a t  r a d i o  improves  i n f o r m a t i o n  f l ow  r a t e ,  

r e p l a c i n g  independence  w i t h  team work i n  t h e  working g roup .  

The a v a i l a b i l i t y  o f  v i t a l  i n f o r m a t i o n ,  t h r o u g h  t h e  r a d i o  

communicat ions r e s o u r c e ,  w i l l  e n a b l e  m ine r s  t o  b e t t e r  co- 

o r d i n a t e  t h e i r  a c t i v i t i e s  and i n s t a n t l y  r e o r d e r  work 

p r i o r i t i e s  when r e q u i r e d  d u r i n g  a working s h i f t .  An ex-  

c e e d i n g l y  i m p o r t a n t  o r g a n i z a t i o n a l  b e n e f i t  i s  t h a t  t h e  u se  

o f  r a d i o  c r e a t e s  a d e f i n i t e  s e n s e  o f  " b e l o n g i n g n e s s u  i n  t h e  

working g roups  and i n  t h e  mine o r g a n i z a t i o n .  Because o f  

" b e l o n g i n g n e s s M ,  miners  a f f i l i a t e  more c l o s e l y  w i t h  t h e  

o r g a n i z a t i o n  - t h i s  permotes  team work. 

C o s t / b e n e f i t  a n a l y s i s  shows t h a t  t h e  i n i t i a l  c o s t  o f  

equipment  can  be  r e t u r n e d  2 . 6  t i m e s  i n  t h e  f i r s t  y e a r .  T o t a l  

mine p r o d u c t i v i t y  w i l l  i n c r e a s e  by a p p r o x i m a t e l y  1 3  p e r c e n t .  



t h e  

Mines w i sh ing  t o  i n s t a l l  and u se  r a d i o  can f o l l o w i n g  

s t e p  s t e p  p l ann ing  gu ide  g iven  Chapte r  S e c t i o n  

D ,  o f  t h i s  r e p o r t .  Lessons l e a r n e d  i n  t h e  demons t r a t i ons  

i n c l u d e d  t h e  f a c t  t h a t  management must be a c t i v e  i n  t h e  

i n i t i a l  p l ann ing  of  t h e  sys tem and must i n s u r e  i t s  i n i t i a l  

u s e .  Bear i n  mind t h a t  miners  a r e  accustomed t o  working i n -  

dependen t ly .  They w i l l  p r e f e r  t o  keep it t h a t  way. Tra ined  

maintenance p e r s o n n e l  a r e  r e q u i r e d  t o  keep t h e  sys tem i n  

t o p  working o r d e r .  The equipment used i n  t h e  sys tem has  been 

des igned  f o r  h i g h  r e l i a b i l i t y  and e a s e  o f  t r o u b l e s h o o t i n g  by 

anyone w i t h  p r e v i o u s  r a d i o  e x p e r i e n c e .  The r a d i o  equipment 

was des igned  around a s t a n d a r d  s e t  o f  p lug - in  modules. Trouble-  

s h o o t i n g  s k i l l  l e v e l  o n l y  t h e  board  l e v e l .  



11. SYSTEM DESIGN PLAN 

A ,  SUMMARY 

The s y s t e m  d e s i g n  p l a n  w a s  f o r m u l a t e d  d u r i n g  Phase  I 

t i m e  p e r i o d  o f  t h i s  p r o j e c t .  The d e s i g n  p l a n  i n c l u d e d  a 

d e f i n i t i o n  o f  t h e  s y s t e m  a r c h i t e c t u r e ,  o p e r a t i n g  f e a t u r e s  

and pe r fo rmance  s p e c i f i c a t i o n s .  The p l a n  w a s  f o r m u l a t e d  

by a n  i t e r a t i v e  p r o c e s s  o f  m a r k e t  and s y s t e m  r e s e a r c h ,  

The p r o c e s s  i s  i l l u s t r a t e d  i n  F i g u r e  1. 

PRELIMINARY 

I I 
DRAFT 

FIGURE 1 FORMULATION OF THE SYSTEM DESIGN 
SPECIFICATIONS (1) 



The f i r s t  s t e p  i n  t h e  i t e r a t i v e  T roces s  w a s  t h e  f o r -  

mu la t i on  o f  a p r e l i m i n a r y  d r a f t  o f  t h e  sys tem d e s i g n  p l a n  

by t h e  program Research and Eng inee r i ng  ( R  and E )  g roup .  

R and E g roup  developed seminar  m a t e r i a l s  (35rnrn s l i d e s  o f  t h e  

sys tem c o n c e p t ,  mock-up models o f  p e r s o n a l  t r a n s c e i v e r s ,  e t c . )  

f o r  p r e s e n t a t i o n  t o  d i f f e r e n t  l e v e l s  o f  management and oper -  

a t i n g  p e r s o n n e l  i n  b o t h  small and l a r g e  c o a l  and M/NN mining 

o r g a n i z a t i o n s .  I n  a l l ,  twe lve  s emina r s  were conducted  a t  

mines a c r o s s  t h e  Uni ted  S t a t e s .  The seminars  succeeded i n  

c o r r e c t l y  d e f i n i n g  t h e  communicat ions n e e d s ,  equipment i n -  

s t a l l a t i o n  c o n s t r a i n t s ,  human f a c t o r  problems,  and t h e  h o s t i l e  

mine environment  c o n d i t i o n s .  During each  s emina r ,  f o r e c a s t  

o f  t h e  economic b e n e f i t  o f  u s i n g  r a d i o  were made w i t h  t h e  

c o o p e r a t i o n  o f  mine p e r s o n n e l .  P r o d u c t i o n  r a t e s  ( t o n s / h o u r )  

were de t e rmined  f o r  e ach  component o f  t h e  mining p r o c e s s .  

Components t h a t  e x h i b i t e d  s i g n i f i c a n t  d i f f e r e n c e s  i n  maximum 

t o  a c t u a l  ( p r i o r  1 2  month a v e r a g e )  r a t e  were examined t o  

d e t e r m i n e  how r a d i o  cou ld  be used t o  improve t h e  a c t u a l  r a t e  

and r e d u c e  mining c o s t .  With t h i s  v i t a l  i n f o r m a t i o n ,  t h e  

R and E group was a b l e  t o  t a i l o r  t h e  sys tem d e s i g n  t o  maximize 

b e n e f i t .  

F i n a l l y ,  as an  e x t e n s i o n  o f  t h e  l a b o r a t o r y  a s p e c t  of  

t h e  R and E work, b readboard  models o f  t h e  r a d i o  equipments  

were e v a l u a t e d  i n  nearby  mines .  



Users  i n d i c a t e d  t h a t  t h e  communication needs  i n  c o a l  

and meta l /non-meta l  ( M / N M )  mining o r g a n i z a t i o n s  are d i f f e r e n t .  

However, t h e r e  a l s o  e x i s t  many common needs .  The most i m p o r t a n t  

common communicat ions need w a s  t o  c r e a t e  a r a d i o  comrnunications 

l i n k  between t h e  maintenance  foreman and h i s  crew. Radio 

communicat ions must be  p rov ided  t o  t h e  p o i n t  o f  equipment 

break-down and t o  s e r v i c e  v e h i c l e s  t h a t  t r a n s p o r t  v i t a l  r e p a i r  

p a r t s .  The second most i m p o r t a n t  need w a s  t o  improve communi- 

c a t i o n s  between keymen t o  b e t t e r  c o o r d i n a t e  t h e  p r o d u c t i o n  

t a s k .  P roduc t i on  s u p e r v i s o r s  must have  t h e  c a p a b i l i t y  of 

a l t e r i n g  work p r i o r i t i e s  as c o n d i t i o n s  change i n  t h e  mining 

p r o c e s s  d u r i n g  t h e  working s h i f t  and t o  communicate w i t h  t h e  

main tenance  foreman.  Radio l i n k s  must e x i s t  between t h e  supe r -  

i n t e n d e n t ,  f r o n t  l i n e  foremen and o t h e r  keymen. Maintenance 

and p r o d u c t i o n  comrnunications ne tworks  are r e q u i r e d  i n  e v e r y  

mine.  I t  w a s  found t h a t  t h e s e  ne tworks  shou ld  e x h i b i t  a p a r t y  

l i n e  c h a r a c t e r i s t i c  s o  t h a t  a l l  members o f  t h e  working group 

have t h e  same i n f o r m a t i o n .  S e p a r a t e  ne tworks  are r e q u i r e d  

f o r  c o o r d i n a t i n g  and d i r e c t i n g  h a u l a g e  t r a f f i c  and h o i s t  

o p e r a t i o n s .  

The communication ne tworks  must be d i s t r i b u t e d  i n  t h e  

s e n s e  t h a t  e a c h  network can  be  o p e r a t e d  i n d e p e n d e n t l y  of  t h e  

o t h e r  ne tworks .  The d e s i g n  o f  r a d i o  equipment must w i t h s t a n d  

t h e  h o s t i l e  mine environment  and n o t  be one rous  t o  r o v i n g  

mine r s .  



INTRODUCTION 

Mine managers and e n g i n e e r s  a r e  d r i v e n  i n  t h e i r  t h i n k i n g  

by p r o d u c t i o n  and s a f e t y  c o n c e r n s .  They know t h a t  a s a f e  

mine i s  a p r o d u c t i v e  mine. A t t i t u d e s  are f o r g e d  by t h e  

r e a l i z a t i o n  t h a t  more must be a t t e m p t e d  t h a n  can be  done w i t h  

e x i s t i n g  methods i n  any e i g h t  ( 8 )  h o u r  s h i f t .  F u r t h e r ,  t h e y  

p e r c e i v e  t h a t  p r o d u c t i v i t y  and s a f e t y  a r e  g r e a t l y  i n f l u e n c e d  

by t h e  geology o f  t h e  f o r m a t i o n ,  t h e  mining p r o c e s s ,  t y p e  and 

m a i n t a i n a b i l i t y  o f  t h e  mining equ ipment ,  t h e  a t t i t u d e s  o f  t h e  

work f o r c e ,  e f f e c t i v e n e s s  o f  t h e  communication r e s o u r c e s  used 

i n  t h e  mining o r g a n i z a t i o n ,  e t c .  Wi th in  t h e i r  i n d i v i d u a l  

t r a i n i n g  e x p e r i e n c e  and o r g a n i z a t i o n a l  c o n s t r a i n t s ,  managers 

do a l l  t h a t  t h e y  can  do t o  minimize mining c o s t .  

Methods o f  enhanc ing  p r o d u c t i v i t y  i n  modern day  i n d u s t r y  

have  been e x ~ e n s i v e l y  s t u d i e d  and e v a l u a t e d  by r e s e a r c h e r s  

i n  many d i f f e r e n t  d i s c i p l i n e s .  R e s e a r c h e r s  i n  t h e  f i e l d  o f  

o r g a n i z a t i o n  t h e o r y  a r e  concerned  w i t h  s t r u c t u r e ,  f u n c t i o n i n g ,  

and performance o f  o r g a n i z a t i o n  and t h e  behav io r  o f  g roups  

and i n d i v i d u a l s  w i t h i n  them (2). S u c c e s s f u l  managers t e n d  

t o  e q u a l l y  c o n c e n t r a t e  t h e i r  a t t e n t i o n  on t h r e e  ( 3 )  pro-  

d u c t i v i t y  f a c t o r s :  

1. The a p p l i c a t i o n  o f  advanced t e chno logy  and improvement 

s k i l l s .  



2 .  The s y s t e m a t i c  o r d e r i n g  of  o p e r a t i o n s  t o  minimize 

o v e r a l l  p roduc t i on  c o s t .  

3 .  The o r g a n i z a t i o n  of  team work. 

The f i r s t  f a c t o r  t e n d s  t o  c a p t u r e  t h e  i n t e r e s t  o f  most 

managers. Managers and e n g i n e e r s  by t r a i n i n g  and e x p e r i e n c e  

a r e  a b l e  t o  r e l a t e  t e chno logy  improvements t o  improved 

p r o d u c t i v i t y .  I n  o r d e r  t o  be informed of  l a t e s t  t e c h n o l o g i c a l  

advances ,  t h e y  e a g e r l y  a t t e n d  shows o f  mining equipment and 

r e a d  t r a d e  p u b l i c a t i o n s .  They spend a g r e a t  d e a l  o f  t ime  

e v a l u a t i n g  improvements i n  t h e i r  mining p r o c e s s .  The second 

f a c t o r  i s  w e l l  developed i n  a l m o s t  e v e r y  o r g a n i z a t i o n .  I n  

g e n e r a l ,  managers a r e  a b l e  t o  o r g a n i z e  t h e  p h y s i c a l  p l a n t  

and p r o c e s s e s  f o r  n e a r  optimum o p e r a t i o n s .  The t h i r d  ( t e am 

work ) ,  by comparison w i t h  t h e  o t h e r  two,  i s  a lmos t  whol ly  

n e g l e c t e d .  Yet it remains  t r u e  t h a t  i f  t h e  t h r e e  key f a c t o r s  

are o u t  o f  b a l a n c e ,  t h e  o r g a n i z a t i o n  as a whole w i l l  n o t  be 

s u c c e s s f u l .  The f i r s t  two o p e r a t e  t o  make an  o r g a n i z a t i o n  

e f f e c t i v e ,  t h e  team work makes it e f f i c i e n t .  

The o r g a n i z a t i o n  o f  team work and i t s  e f f e c t  on pro- 

d u c t i v i t y  w a s  s t u d i e d  by Mayo (4) i n  t h e  now famous Hawthorne 

Case.  T h i s  s t u d y  showed t h a t  a c l o s e  r e l a t i o n s h i p  o f  t h e  

working group w i t h  management w a s  a key f a c t o r  i n  improving 

p r o d u c t i v i t y .  A s  management worked more c l o s e l y  w i t h  members 

o f  t h e  working group ,  p r o d u c t i v i t y  i n c r e a s e d .  I n  1 9 4 8 ,  

Bavelas  ( 5 )  c o n s i d e r e d  t h e  r e l a t i o n s h i p  between t h e  b e h a v i o r  



of  s m a l l  working groups  w i t h i n  an o r g a n i z a t i o n  and t h e  

p a t t e r n s  o f  communications ( 6 ) .  The group s t r u c t u r e  con- 

s i s t e d  o f  c e l l s  connected one t o  t h e  o t h e r .  What d e f i n e s  a 

p a t t e r n  i s  t h e  way c e l l s  a r e  connec ted .  The purpose  of  t h e  

work w a s  t o  c o n s i d e r  t h e  p s y c h o l o g i c a l  c o n d i t i o n s  t h a t  a r e  

imposed upon t h e  group members by v a r i o u s  communication 

p a t t e r n s  and t h e  e f f e c t s  of t h e s e  c o n d i t i o n s  on t h e  o r g a n i -  

z a t i o n  and t h e  behav io r  o f  i t s  members ( 7 )  . The concep t  o f  

c e n t r a l i t y  became t h e  c h i e f  d e t e r m i n a n t  o f  b e h a v i o r a l  d i f f -  

e r e n c e s  because  c e n t r a l i t y  r e f l e c t s  t h e  e x t e n t  t o  which a 

miner  i s  s t r a t e g i c a l l y  l o c a t e d  r e l a t i v e  t o  h i s  s o u r c e  of  

i n f o r m a t i o n  i n  t h e  p a t t e r n .  C e n t r a l i t y  d e r i v e s  from t h e  

b e l i e f  t h a t  t h e  a v a i l a b i l i t y  o f  i n f o r m a t i o n  n e c e s s a r y  f o r  t h e  

s o l u t i o n  o f  t h e  problem w i l l  be o f  prime importance  i n  

a f f e c t i n g  t h e  m i n e r ' s  behav io r .  C e n t r a l i t y  i s  a measure of  

a p e r s o n ' s  c l o s e n e s s  t o  a l l  o t h e r  group members, and hence i s  

a measure o f  t h e  a v a i l a b i l i t y  o f  i n f o r m a t i o n  n e c e s s a r y  f o r  

s o l v i n g  problems.  I t  i s  q u i t e  e a s y  t o  s e e  how t h e  a v a i l -  

a b i l i t y  o f  i n f o r m a t i o n  a f f e c t s  behav io r  w i t h i n  a working 

group.  An i n d i v i d u a l  who can  r a 2 i d l y  c o l l e c t  i n f o r m a t i o n  

w i l l  be seen  by o t h e r s  i n  a d i f f e r e n t  way from an  i n d i v i d u a l  

t o  whom v i t a l  i n f o r m a t i o n  i s  n o t  a c c e s s i b l e  i n  a r e a s o n a b l e  

t i m e  p e r i o d .  



The s t u d y  o f  how i n f o r m a t i o n  f l ows  t h rough  a mining 

o r g a n i z a t i o n  i s  i n t e r e s t i n g  s i n c e  it a f f e c t s  t h e  de s ign  of 

a whole mine r a d i o  communications sys tem.  F u r t h e r ,  t h e  s t udy  

w i l l  show how t h e  sys tem i s  t o  be  de s igned  t o  improve cen-  

t r a l i t y  i n  t h e  mining o r g a n i z a t i o n .  

C .  TYPICAL ORGANIZATIONAL STRUCTURE 

Through t h e  y e a r s ,  mining companies have o r g a n i z e d  

i n t o  pyramida l  t y p e  o f  o r g a n i z a t i o n a l  s t r u c t u r e s .  The 

s t r u c t u r e  i s  s i m i l a r  i n  many ways t o  o r g a n i z a t i o n a l  c h a r t s  

found i n  i n d u s t r i a l  f i r m s  produc ing  a c o n s t a n t  p roduc t  o v e r  

a l o n g  p e r i o d  o f  t i m e .  

I GENERAL MANAGER I 

MAINTENANCE 
SUPERINTENDANT 

MECHANICAL 

1 CREW I 

FIGURE 2 .  'L'YYlCHL U K b H l U ~ ~ t n l l u n  ~ n n n l  



Underground miners  a r e  o r g a n i z e d  i n t o  sma l l  semi- 

autonomous working g roups  ( c r e w s )  ( 4 ) .  The groups  accompl i sh  

s p e c i f i c  t a s k s  n e c e s s a r y  i n  t h e  mining p r o c e s s .  The l o c a t i o n  

o f  t h e  crews i n  t h e  mining complex depends  upon t h e  t a s k .  

For example,  p r o d u c t i o n  crew members spend most o f  t h e i r  t i m e  

i n  t h e  working s e c t i o n  ( f a c e ,  s t o p e ,  e t c . ) .  By way o f  con- 

t r a s t ,  main tenance  crew members may be anywhere i n  t h e  mining 

complex. 

Keymen a r e  r e s p o n s i b l e  f o r  a smooth runn ing  mine. The 

s u p e r i n t e n d e n t  c o o r d i n a t e s  and d i r e c t s  mining a c t i v i t y  

t h rough  h i s  foremen.  The foreman d i r e c t s  t h e  working g roup .  

The e f f i c i e n c y  o f  o r g a n i z a t i o n  i s  measured i n  t e rms  o f  

p r oduc t  t o n a g e  produced p e r  m a n - s h i f t .  

D . INFOR?WTION FLOW 

I t  i s  w e l l  known t h a t  t h e  communication r e s o u r c e s  

employed i n  t h e  N a t i o n ' s  underground mines have  remained 

r e l a t i v e l y  unchanged o v e r  t h e  p a s t  two decades .  I t  i s  

i n t e r e s t i n g  t o  obse rve  t h a t  t h i s  o c c u r r e d  d u r i n g  a p e r i o d  o f  

h i g h  r a t e  o f  t e c h n o l o g i c a l  change i n  new e x t r a c t i v e  t e c h -  

no logy  and equipment .  The r e a s o n  f c r  t h i s  i s  t h r e e f o l d .  

F i r s t ,  management and mine equipment manu fac tu r e r s  under-  

s t a n d  t h a t  b igge r -be t t e r - au toma ted  mining equipment improves 

t h e  machine component o f  p r o d u c t i v i t y .  Secondly ,  managers 

percei -ve  g h a t  the)! have  maximized t h e  human component o f  

p r o d u c t i v i t y  ( i n  some c a s e s ,  " b e a t  t h e  un ion  h o r s e  t o  



d e a t h " ) .  F i n a l l y ,  most managers are n o t  r a d i o  communications 

s p e c i a l i s t s .  They f a i l  t o  p e r c e i v e  how r a d i o  can be a - pro-  

d u c t i v i t y  m u l t i p l i e r .  

I n  t h e  p r e s e n t  day mining o r g a n i z a t i o n s ,  i n f o r m a t i o n  

f l ows  by s e v e r a l  communication methods.  A t  t h e  beg inn ing  of  

e ach  s h i f t ,  t h e  s u p e r i n t e n d e n t  and foremen meet t o  o u t l i n e  t h e  

work t a s k ,  o b j e c t i v e s  and p r i o r i t i e s .  Foremen r e l a y  v i t a l  

i n f o r m a t i o n  t o  members o f  t h e i r  crews. During t h e  working 

s h i f t ,  t h e  pager  t e l e p h o n e  sys tem becomes t h e  pr imary comm- 

u n i c a t i o n s  r e s o u r c e .  

Based upon t h e  work o f  Bave l a s ,  c e n t r a l i t y  i s  e x p e c t e d  

t o  be a  measure o f  p r o d u c t i v i t y .  T h i s  h a s  been conf i rmed i n  

t h e  c o u r s e  o f  t h i s  work by o b s e r v i n g  g roup  management a c t i v i -  

t i e s  d u r i n g  s h i f t  changes  i n  s e v e r a l  c o a l  and M / N M  mines.  I n  

h i g h  p r o d u c t i v i t y  c o a l  mines ( g r e a t e r  t h a n  2 5  t o n / m a n - s h i f t ) ,  

mee t ings  were h e l d  a t  t h e  beg inn ing  o f  e ach  s h i f t .  The mee t ing  

i n c l u d e d  a l l  s u p e r i n t e n d e n t s  and foremen be long ing  t o  t h e  i n -  

and-out-going s h i f t s .  Some o f  t h e  crew members were a l s o  

p r e s e n t .  Members of t h e  management team f r e e l y  d i s c u s s e d  

problems encoun te r ed  on t h e  p r i o r  s h i f t .  The l i k e l i h o o d  o f  

t h e  problems emerging a g a i n  on t h e  n e x t  s h i f t  were a l s o  

d i s c u s s e d .  By t h e i r  p r e s e n c e ,  main tenance  crews were 

a p p r i z e d  o f  p o s s i b l e  problems.  Repa i r s  were schedu led  t o  

a v o i d  p r o d u c t i o n  down t i m e .  I n  one mine a "c r a sh"  v e h i c l e  

c o n t a i n i n g  emergency r e p a i r  p a r t s  w a s  s t a t i o n e d  underground 



and used  i n  emergenc ies  by t h e  main tenance  crew. I t  was 

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  f a c e  p r o d u c t i o n  crew on t h e  o u t -  

go ing  s h i f t  l e f t  t h e  mining equipment  i n  p o s i t i o n  t o  r educe  

s t a r t  up t ime  f o r  t h e  n e x t  crew. I n  lower  p r o d u c t i v i t y  mines ,  

t h e  mee t ings  a t  t h e  beg inn ing  o f  a s h i f t  were no tewor thy  i n  t h e  

s e n s e  t h a t  t h e y  t e n d  t o  be "by chance"  one-on-one e n c o u n t e r s  

between t h e  s u p e r i n t e n d e n t  and h i s  own foremen.  Thus,  lower  

c e n t r a l i t y  o c c u r s  i n  a low p r o d u c t i v i t y  mine.  

Al though management and o t h e r  mine p e r s o n n e l  have wished 

t o  u s e  r a d i o  t o  improve p r o d u c t i o n  r a t e ,  t h e  page r  t e l e p h o n e  

sy s t em remained t h e  o n l y  a v a i l a b l e  communicat ions r e s o u r c e .  

Lack o f  cove rage  i n  t h e  mining complex w a s  management's most 

f r e q u e n t  c r i t i c i s m  o f  t h e  sys tem.  Timely  messages needed f o r  

a d e q u a t e  c o o r d i n a t i o n  f a i l  t o  r e a c h  keymen. The l a c k  o f  good 

communications i n  t h e  d e v e l o p i n g  y e a r s  o f  modern mining pro-  

c e s s e s ,  h a s  c o n t r i b u t e d  t o  many unsound mine management 

p r a c t i c e s .  I n t e r v i e w s  w i t h  mine s u p e r v i s o r y  p e r s o n n e l  

emphas izes  some of  t h e  problems.  One s u p e r i n t e n d e n t  s a i d  

"I d o n ' t  need r a d i o ,  I have t h e  B e l l  System - i f  my foreman 

d o e s n ' t  know what he i s  d o i n g ,  1'11 f i r e  him1'. Another  s a i d ,  

"We have g o t t e n  a l o n g  w i t h o u t  r a d i o  s o  f a r ,  we d o n ' t  need 

it. The r e a s o n  I work underground i s  t h a t  I a m  n o t  h a s t l e d  

by managementv. 



These  s t a t e m e n t s  a r e  n o t e w o r t h y  i n  s e v e r a l  r e s p e c t s .  F i r s t ,  

t h e y  c o n f i r m  t h e  f a c t  t h a t  e x p e r i e n c e d  m i n e r s  ( t h e  o n e s  t h a t  

have  n o t  been f i r e d ! )  know how t o  do  t h e i r  job  - t h e y  o n l y  

need  t o  communicate when u n e x p e c t e d  e v e n t s  o c c u r .  S e c o n d l y ,  

cornmunicat i o n  from t h e  s u p e r i n t e n d e n t  t o  t h e  foreman t e n d s  

t o  be a u t o c r a t i c .  "Go f i x .  . . I f ,  e t c .  S i n c e  no one  l i k e s  t o  

r e c e i v e  a u t o c r a t i c  messages ,  m i n e r s  i n  working g r o u p s  a r e  

" s a t i s f i e d "  w i t h  t h e  poor  t e l e p h o n e  c o v e r a g e .  By b e i n g  

i s o l a t e d  f rom t h e  i n f o r m a t i o n  s o u r c e  most o f  t h e  t i m e ,  r o v i n g  

m i n e r s  r e t a i n  t h e i r  i n d e p e n d e n c e .  The p r i c e  p a i d  f o r  i n d e -  

p e n d a n c e  i s  low c e n t r a l i t y  and p r o d u c t i v i t y .  Th ings  do n o t  

h a v e  t o  b e  as t h e y  a re  i n  underg round  min ing .  Radio c a n  be  

u s e d  t o  i n c r e a s e  c e n t r a l i t y ,  r e p l a c i n g  independence  w i t h  
( 1 )  

s y n e r g i s m  l n  t h e  working  g r o u p .  The a v a i l a b i l i t y  o f  v i t a l  

i n f c r m a t i ~ n ,  t h r o u g h  t h e  r a d i o  comrr~unicat ion r e s o u r c e ,  w i l l  

e n a b l e  t h e  m i n e r s  t o  c o o r d i n a t e  t h e i r  a c t i v i t y  and c r e a t e  a 

d e f i n i t e  s e n s e  o f  " b e l o n g i n g n e s s "  i n  t h e  working  g roup  and 

t h e  min ing  o r g a n i z a t i o n .  

(1) Synergism - C o o p e r a t i v e  a c t i o n  o f  i n d i v i d u a l  working  
g r o u p s  such  t h a t  t h e  t o t a l  e f f e c t  i s  g r e a t e r  t h a n  t h e  
sum o f  t h e  two e f f e c t s  t a k e n  i n d e p e n d e n t l y .  



E. BENEFIT ANALYSIS 

Users indicated that the communication needs in coal 

and M/NM mining organizations are quite different. However, 

there also exists many common needs. 

In coal, production depends strongly on the availability 

of face equipment. Potentially more coal can be mined than 

can be transported out of the mine. 

The Jet Propulsion Laboratory (JPL) and others have 

extensively studied the effects of equipment down time on 

productivity ( 8 )  ( 9 ) .  Their work shows that the down-time 

period tends to increase with the complexity of the mining 

equipment. Increased complexity also requires greater pro- 

ficiency on the part of the maintenance crew members. In 

some mines, the proficiency of new maintenance crew members 

is suspect and repair burdens have been found to be shifted to 

others (skilled repairmen and supervisors). The average 

availability time of 35 continuous miners studied in the JPL 

work was 73% of the face time (production shifts less travel 

time). The availability of the longwall section was found 

to be near 76%. These figures exclude time lost to travel, 

scheduled maintenance, moving equipment, etc. Hence the 

availability is often less than 50%. In metal/non-metal 

mining, productivity is also dependent upon the equipment 

breakdown factor. In this case, the factor is the avail- 

ability of the haulage system. The effect of mining equip- 

ment down-time on productivity is shown in the figure below. 
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FIGURE 3 .  TYPICAL PRODUCTION PROFILE 

P r o d u c t i v i t y  i s  n a t u r a l l y  l o s t  d u r i n g  s c h e d u l e d  s t a r t -  

u p s ,  l u n c h  b r e a k s  and s h i f t  change  a c t i v i t i e s .  A s  F i g u r e  

3 shows,  u n s c h e d u l e d  down t i m e  h a s  a s i g n i f i c z n t  e f f e c t  on 

p r o d u c t i v i t y .  The c o s t  o f  down t i m e  depends  upon t h e  

f a i l u r e  p o i n t  i n  t h e  min ing  p r o c e s s .  F a i l u r e  i n  a working  

s e c t i o n  may r a n g e  f rom a few t h o u s a n d  d o l l a r s  p e r  h o u r  t o  

t e n s  o f  t h o u s a n d s  o f  d o l l a r s  p e r  h o u r  on t h e  main haulageway 

sys tem.  Thus t h e  s y s t e m  c o s t  c a n  be  j u s t i f i e d  by s a v i n g  o n l y  

a  few p r o d u c t i o n  h o u r s .  

The u s e  o f  r a d i o  w i l l  enhance  p r o d u c t i v i t y  and  s a f e t y  

i n  t h e  f o l l o w i n g  ways: 



1. The ave rage  t ime  t o  r e a c h  a keyman w i t h  t h e  pager  

t e l e p h o n e  sys tem i n  b o t h  c o a l  and M/NM mines i s  35 minu t e s .  

T h i s  s t a t i s t i c  w a s  e s t a b l i s h e d  by p l a c i n g  a c a l l  ( p a g i n g )  

t o  b o t h  s u p e r i n t e n d e n t s  and foremen i n  t h e  mine and measur ing 

t h e  r e p l y  t i m e  i n t e r v a l .  

Breakdowns o c c u r r i n g  a t  t h e  f a c e  o r  on t h e  haulageway 

r e q u i r e  communicat ions between keymen t o  r e s o l v e  t h e  m a t t e r .  

A s  a r e s u l t ,  mining equipment down t i m e  depends upon t h e  

" r e a c h  time'! Assuming t h a t  a t  l e a s t  one  breakdown o c c u r s  p e r  

s h i f t ,  r a d i o  communicat ions between maintenance  and p roduc t i on  

keyrnen w i l l  r e d u c e  down t ime  by 35 minu t e s  p e r  s h i f t .  

2 .  Because o f  t h e ' b e a c h  time'; c r i t i c a l  t e l e p h o n e  messages 

must f r e q u e n t l y  be  r e l a y e d  by o t h e r s .  Thus keymen f r e q u e n t l y  

r e c e i v e  i n a c c u r a t e  i n f o r m a t i o n .  T h i s  c o s t s  more t h a n  most 

mine managers r e a l i z e .  

I n  one mine c lean-up  o p e r a t i o n ,  wayside l i t t e r  w a s  

g a t h e r e d  and sh ipped  o u t  o f  t h e  mine on two c o a l  c a r s .  

Seven ty - f i ve  p e r c e n t  o f  t h e  l i t t e r  w a s  i n  f a c t  v i t a l  r e p a i r  

p a r t s .  F r e q u e n t l y ,  a wrong p a r t  i s  o r d e r e d  from t h e  ware- 

house  and d e l i v e r e d  t o  t h e  p o i n t  o f  equipment breakdown. 

Sometimes t h e  p a r t  i s  d e l i v e r e d  t o  t h e  wrong l o c a t i o n .  

Thus,  t h e  u se  o f  r a d i o  w i l l  l ower  t h e  r e a l  c o s t  o f  r e p a i r s .  



3. The s i n g l e  channe l  aud io  pag ing  t e l e p h o n e  sys tem h a s  

been upgraded i n  r e c e n t  y e a r s .  D i r e c t  d i a l  m u l t i p l e  channe l  

( s t a r  and branch  ne tworks )  t e l e p h o n e  sys tems  have been i n -  

s t a l l e d  i n  mines t o  improve comrnunications. Maintenance crew 

members p r e f e r r e d  t h e  s i n g l e  channe l  p a r t y  l i n e  page r  t e l e -  

phone sys tem.  By l i s t e n i n g  t o  a u d i o  p a g i n g s ,  crew members 

were a b l e  t o  de t e rmine  s t a t u s  o f  breakdown problems i n  t h e  

e n t i r e  mine. Although t h i s  change i s  viewed by management t o  

be Hgoodv ,  it a c t u a l l y  d e c r e a s e d  c e n t r a l i t y  i n  t h e  maintenance 

g roup .  Radio w i l l  d r a m a t i c a l l y  i n c r e a s e  c e n t r a l i t y  i n  t h e  

maintenance group.  

4 .  S e r i o u s  a c c i d e n t s  and f a t a l i t i e s  o c c u r  i n  underground 

mining because  o f  poor  communications.  Radio l i n k s  must be  

e s t a b l i s h e d  between a l l  v e h i c u l a r  motormen and o f f - v e h i c l e  

p e r s o n n e l .  I n  t h e  seminar  a c t i v i t i e s ,  miners  r e l a t e d  how 

r a d i o  c o u l d  have been used t o  p r e v e n t  a c c i d e n t s :  

. The snapper  expec t ed  t h e  t r a i n  t o  p u l l  f o rward ,  i n s t e a d  

o f  backwards r e s u l t i n g  i n  s e r i o u s  i n j u r y  t o  t h e  snappe r .  

. I n  a r a i l  hau l age  sys tem,  t h e  d i s p a t c h e r  cannot  e f f e c t -  

i v e l y  communicate w i t h  motormen o f  ba t t e ry -powered  

s e r v i c e  v e h i c l e s .  I n  one i n c i d e n t ,  a s e r v i c e  v e h i c l e  

w a s  o p e r a t i n g  on t h e  main haulageway immediate ly  ahead 

o f  a l oaded  t r a i n .  The s e r v i c e  v e h i c l e  motorman w a s  

under  p r e s s u r e  t o  c l e a r  t h e  main l i n e  s o  t h a t  t h e  

t r a i n  cou ld  proceed unimpeded t o  t h e  dump. The 



motorman e n t e r e d  a t u r n - o u t  t o  c l e a r  t h e  t r a c k ;  

however, he  f a i l e d  t o  s w i t c h  t h e  t r a c k  back s o  t h a t  

t h e  t r a i n  cou ld  c o n t i n u e  t o  t h e  dump. The l oaded  

t r a i n  e n t e r e d  t h e  t u r n - o u t  slamming i n t o  t h e  w a i t i n g  

s e r v i c e  v e h i c l e .  The s e r v i c e  v e h i c l e  motorman cou ld  

have used r a d i o  t o  i n f o r m  t h e  d i s p a t c h e r  t h a t  t h e  

s e r v i c e  v e h i c l e  w a s  on t h e  t r a c k  immedia te ly  ahead 

o f  t h e  t r a i n .  The d i s p a t c h e r  c o u l d  have slowed t h e  

t r a i n  t o  e n a b l e  t h e  t i m e l y  e x i t  o f  t h e  s e r v i c e  v e h i c l e  

from t h e  main l i n e .  I t  i s  a f a c t  t h a t  r a i l  t r a f f i c  

s a f e t y  p rocedu re s  c a n n o t  be implemented w i thou t  t h e  

use  o f  r a d i o  l i n k s  t o  o f f -  t r a i nmen  and notormen of  

b a t t e r y  powered s e r v i c e  v e h i c l e s .  

. When a s e r i o u s  a c c i d e n t  o c c u r s ,  a g r e a t  d e a l  o f  t ime  

i s  r e q u i r e d  t o  i n fo rm  management and sumon h e l p .  

Many a c c i d e n t s  r e q u i r e  one t o  two h o u r s  b e f o r e  t h e  

i n j u r e d  miner  can be  removed from t h e  mine.  The u s e  of 

r a d i o  w i l l  s i g n i f i c a n t l y  r e d u c e  t h i s  t i m e .  

. Haulage communicat ions must be  r e s t r i c t e d  t o  o n l y  

t r a f f i c  m a t t e r s .  Dur ing a f i e l d  t e s t ,  t h e  hau l age  

communications sy s t em w a s  used  d u r i n g  an  o p e r a t i n g  

s h i f t  t o  e v a l u a t e  v o i c e  t r a n s m i s s i o n  q u a l i t y  o f  t h e  

new r a d i o  equipment .  The t e s t  t r a n s m i s s i o n s  confused  

t h e  t r a i n  motormen. 



5 .  The communications t e chno logy  used i n  h o i s t  sys tems i s  

i n  u r g e n t  need o f  improvement. 

I n  deep s h a f t s ,  e l e c t r o n i c  equipments  i n s t a l l e d  i n  cages  

a r e  s u b j e c t e d  t o  r a p i d  changes  i n  env i ronmen ta l  c o n d i t i o n s .  

High v i b r a t i o n s ,  r a p i d  changes  i n  t e m p e r a t u r e  and condensa t i on  

forming i n s i d e  o f  e n c l o s u r e s  d e g r a d e s  t h e  r e l i a b i l i t y  o f  t h e  

a v a i l a b l e  r a d i o  equipment .  Antennas coup l ing  t h e  s i g n a l s  t o  

t h e  w i r e  rope  a r e  l o c a t e d  on t h e  head frame n e a r  t h e  sheave  

wheel .  S i m i l a r  a n t e n n a s  a r e  l o c a t e d  on t o p  o f  t h e  cage .  

S h a f t  i n s p e c t i o n  i s  performed w i t h o u t  t h e  b e n e f i t  o f  r a d i o .  

Maintenance exposes  t h e  crew members t o  e x c e s s i v e  r i s k .  

E f f i c i e n t  a n t e n n a s  and c o u p l e r s  a r e  needed.  The an t enna  

must be c a p a b l e  of  i l l u m i n a t i n g  t h e  w i r e  r o p e  a t  t h e  c o l l a r  

o r  i n  t h e  h o i s t  room. T h i s  w i l l  p e rmi t  maintenance t o  be  

performed a t  ground l e v e l .  

Radio equipment must be s p e c i f i c a l l y  de s igned  f o r  t h i s  

a p p l i c a t i o n  and i n c l u d e  means f o r  r e l i a b l e  e l e c t r o n i c  

s i g n a l l i n g .  



6 .  I n  t h e  e v e n t  o f  a mine d i s a s t e r  such  as a n  e x p l o s i o n ,  

c a v e - i n ,  f i r e ,  e t c . ,  where m i n e r s  may be t r a p p e d  underg round ,  

e f f i c i e n t  r e s c u e  e f f o r t s  a r e  e s s e n t i a l .  Rapid and  e f f i c i e n t  

o p e r a t i o n s  n o t  o n l y  enhanee  t h e  p o s s i b i l i t y  o f  a c h i e v i n g  a 

s u c c e s s f u l  r e s c u e ,  b u t  a l s o  r e d u c e  t h e  r i s k  t o  t h e  r e s c u e  

t e a m .  

Teams equ ipped  w i t h  p e r s o n a l  r a d i o s  w i l l  r e v o l u t i o n i z e  

mine r e s c u e .  I n  p r a c t i c e ,  r e s c u e  teams f rom s u r r o u n d i n g  mines 

c o o p e r a t e  d u r i n g  a d i s a s t e r .  To i n s u r e  communica t ions  com- 

p a t a b i l i t y  among r e s c u e  teams, a common n a t i o n a l  r e s c u e  

f r e q u e n c y  ( 4 0 0  kHz) w i l l  be  a s s i g n e d .  To i n s u r e  t h a t  t h e  

r e s c u e  r a d i o  equipment  w i l l  be  p r o p e r l y  m a i n t a i n e d ,  t h e  r e s c u e  

r a d i o s  w i l l  a l s o  be  u s e d  i n  t h e  ma in tenance  n e t .  

7 .  P r o d u c t i o n  foremen need t o  c o o r d i n a t e  t h e  underground 

mining  a c t i v i t y .  

I n  c o a l  m i n i n g ,  t r a n s p o r t a t i o n  o f  s u p p l i e s  must  b e  co-  

o r d i n a t e d  w i t h  p r o d u c t i o n  n e e d s .  The foreman n e e d s  t o  c o m -  

u n i c a t e  w i t h  s e r v i c e  v e h i c l e  motormen t o  i n s u r e  t i m e l y  de-  

l i v e r y  o f  s u p p l i e s .  F r e q u e n t l y ,  t h e  foreman must  a d j u s t  t h e  

p r o d u c t i o n  r a t e  t o  match  t h e  b e l t  h a u l a g e  r a t e  t o  a v o i d  p r o d u c t  

s p i l l s  a l o n g  t h e  b e l t  l i n e .  



I n  v e r t i c a l  c r a t e r  r e t r e a t  ( V C R )  and b lockcav ing  mining 

p r o c e s s e s ,  it i s  n e c e s s a r y  t o  c o o r d i n a t e  hau l age  and mucking 

o p e r a t i o n s .  These o p e r a t i o n s  occu r  on d i f f e r e n t  l e v e l s  o f  

t h e  mine. I f  t h e  p r o d u c t i o n  foreman can be made aware o f  

" f u l l "  t r a n s f e r  r a i s e s  draw po i n t  s mucking can  e f f  i c i -  

e n t l y  d i r e c t e d .  

A s  a p r a c t i c a l  m a t t e r ,  r o v i n g  mucking and p r o d u c t i o n  

foremen canno t  u se  t h e  t e l e p h o n e s  t o  e f f i c i e n t l y  c o o r d i n a t e  

hau l age .  Use o f  p e r s o n a l  r a d i o  i s  expec ted  t o  i n c r e a s e  

hau l age  by f i v e  p e r c e n t .  

The r a d i o  p r o d u c t i v i t y  m u l t i p l i e r  f o r  any mining o r g a n i -  

z a t i o n  can  be de te rmined  by c o n s i d e r i n g  t h e  above f a c t o r s .  

Tab le  A i l l u s t r a t e s  t h e  expec ted  p r o d u c t i o n  improvement i n  a 

medium s i z e d  c o a l  mine. Line  I t em B shows t h e  ave rage  f a c e  

p r o d u c t i o n  and b e l t  hau l age  i n  a  t y p i c a l  one m i l l i o n  t o n  p e r  

y e a r  (1MTPY) mine. The d a t a  f o l l o w s  from t h e  a c t u a l  pro-  

d u c t i o n  s t a t i s t i c s  ( p r i o r  1 2  mo. ) .  L ine  I t em C shows t h e  

downtime c o s t  i n  t o n s / h o u r .  I n  c o a l  and M/NM min ing ,  hau lage-  

way d i s r u p t i o n  i s  e x c e e d i n g l y  e x p e n s i v e .  The expec t ed  pro-  

d u c t i o n  i n c r e a s e  due t o  t h e  u se  o f  r a d i o  i s  shown i n  Line  

I t em D d a t a .  I t  i s  assumed t h a t  equipment breakdowns w i l l  

o ccu r  i n  a t  l e a s t  one  s e c t i o n  du r ing .  a  s h i f t .  P roduc t  f l o w  

a long  t h e  haulageway w i l l  be d i s r u p t e d .  Radio w i l l  e l i m i n a t e  

t h e  keymanttreach t i m e t t ( 3 5  minu t e s )  a s s o c i a t e d  w i t h  each  

p r o d u c t i o n  d i s r u p t i o n .  



TABLE A 
PRODUCTIVITk MULTIPLIER 

WORK SHEET 

Example 

A .  A c t u a l  P roduc t i on  S t a t i s t i c s  

Annual P roduc t i on  (Tons)  

P roduc t i on  Days 

S h i f t s  Pe r  Day 

Ope ra t i ng  S e c t i o n s  

B .  P r o d u c t i o n  Tonage Per  S h i f t  

Each Face 

Haul ageway 

Feeder  

Main 

C .  Down Time Cost  Pe r  Hour (Tons/Hour)  

Face 

Haulageway 

Feeder  

Main 250 

D .  I n c r e a s e  I n  P roduc t i on  Pe r  S h i f t  ( ~ o n s / S h i f t )  

Reduced Breakdown Time 

Face 

Haulage 

B e t t e r  Coo rd ina t i on  

T o t a l  

E .  I n c r e a s e  I n  P roduc t i on  
( P e r  Year 

Mine 
F o r e c a s t  



Face and hau l age  sys tem p r o d u c t i o n  r a t e  w i l l  i n c r e a s e  

as shown. Use o f  r a d i o  by s u p e r v i s o r s  i s  expec t ed  t o  i n -  

c r e a s e  mining e f f i c i e n c y  by f i v e  p e r c e n t .  The r a d i o  p roduc t -  

i v i t y  m u l t i p l i e r  f o r  an  empty c o a l  mine s i g n i f i c a n t l y  i n -  

c r e a s e s  p r o d u c t i v i t y  by 1 3 . 5  p e r c e n t  (135,000 t o n / y e a r ) .  

The expec t ed  r e t u r n  on i nves tmen t  i s  remarkab le .  The 

c o s t  o f  t h e  r a d i o  equipment i n c l u d i n g  maintenance and r e p l a c e -  

ment c o s t  i s  $53,900.  Assuming a $ 3 5 / t o n  revenue  w i t h  a  3 

p e r c e n t  o p e r a t i n g  margin ,  t h e  f i r s t  y e a r  r e t u r n  on inves tment  

R O I  = $141,800 2 . 6 3  
53,900 

The c o s t  of t h e  equipment can  be r e c o v e r e d  2 . 6 3  t i m e s  i n  one 

y e a r .  The p r e s e n t  v a l u e  (PVi=12%)  o f  t h e  5 y e a r  p r o d u c t i o n  

i n c r e a s e s  a r e  

( 3 . 9 1 )  x  $141,800 = $511,900 

The above p r o d u c t i v i t y  and f i n a n c i a l  a n a l y s i s  a r e  con- 

s e r v a t i v e  i n  t h e  s e n s e  t h a t  s a f e t y  enhancement e x p e c t a t i o n s  

were n o t  i n c l u d e d .  Poor cornmunications i s  a f a c t o r  i n  many 

a c c i d e n t s .  Cost  i n c l u d e s  damaged equipment ,  d i s r u p t i o n  i n  t h e  

mining p r o c e s s ,  and most o f  a l l ,  t h e  l o s s  o f  a n  i n j u r e d  

employee ' s  s e r v i c e s  (minimum c o s t  o f  $60,000 p e r  y e a r ) .  I t  

i s  n o t  un rea sonab l e  t o  e x p e c t  an  even g r e a t e r  R O I .  



SYSTEM ARCHITECTURE 

Fol lowing recommendations o f  Bave l a s ,  c e l l s  o f  r a d i o  

coverage  a r e  c r e a t e d  e n a b l i n g  r o v i n g  miners  w i t h i n  a working 

g roup  t o  communicate i n  a  p a r t y  l i n e  s e n s e .  Every miner  

w i t h i n  t h e  g roup  r e c e i v e s  t h e  same i n f o r m a t i o n .  C e l l s  a r e  

i n t e r c o n n e c t e d  p e r m i t t i n g  i n f o r m a t i o n  f low i n  t h e  o r g a n i z a t i o n .  

The a r c h i t e c t u r e  o f  t h e  whole mine r a d i o  communications sys tem 

i s  shown i n  F igu re  4 .  

SURFACE 

FIGURE 4 .  SYSTEM ARCHITECTURE 



Each c e l l  o f  r a d i o  cove rage  p r o v i d e s  coverage  i n  t h e  

working g r o u p ' s  a r e a .  I n  t h e  c a s e  o f  t h e  main tenance  g roup ,  

t h e  work a r e a  e x t e n d s  t h r o u g h o u t  t h e  e n t r y  d r i f t s  and t h e  

f a c e  a r e a .  A communication p a t h  e x t e n d s  from t h e  p o i n t  o f  

equipment breakdown t o  t h e  s u r f a c e  shop and supp ly  a r e a s .  

P r o d u c t i o n  cove rage  i n c l u d e s  t h e  work a r e a  as w e l l  as e n t r y  

d r i f t s .  T h i s  e n a b l e s  key p r o d u c t i o n  p e r s o n n e l  t o  c o o r d i n a t e  

h a u l a g e  o f  c r i t i c a l  s u p p l i e s  and p r o d u c t i o n  p roduc t  (muck, 

c o a l ,  e t c . ) .  Haulage cove rage  i n c l u d e s  t h e  l o a d i n g  and 

dumping a r e a s  as w e l l  as a l o n g  t h e  haulageway cove rage .  

Motormen ( d r i v e r s )  can  communicate w i t h  t h e  d i s p a t c h e r  and 

o f f - t r a i n  men. 

I n  most mines ,  t h e  main tenance  and p r o d u c t i o n  n e t s  can be 

merged i n t o  a s i n g l e  n e t .  P r o d u c t i o n  s u p e r v i s o r s  can  

communicate w i t h  main tenance  s u p e r v i s o r s .  

The c e l l s  o f  r a d i o  cove rage  w i l l  o v e r l a y  each  o t h e r .  

Messages i n  one c e l l  a r e  n o t  h e a r d  i n  o t h e r  c e l l s .  The c e l l s  

a r e  c r e a t e d  by a s s i g n i n g  a  s p e c i f i c  o p e r a t i n g  f r equency  t o  

t h e  r a d i o  equipment a s s i g n e d  t o  t h e  working g roup .  A t y p i c a l  

o p e r a t i n g  f r equency  p l a n  i s  shown i n  Tab l e  B below. 



TABLE B 

OVERLAY FREQUENCY PLAN 
MAGMA COPPER COMPANY 
SAN MANUEL D I V I S I O N  
SAN MANUEL, A Z .  

CELL 

H a u l a g e  N e t  ( F 3 )  

2 0 7 5  L e v e l  

2 3 7 5  L e v e l  

2 6 0 0  L e v e l  

L o a d i n g  

M a i n t e n a n c e / P r o d u c t i o n  N e t  

F 1  

F 2  ( A q u i s i t i o n  of R e p e a t e r )  

H o i s t  N e t  

S h a f t  1 

S h a f t  2 

S h a f t  3 

FREQUENCY (kHz) 



111. DESCRIPTION OF THE WHOLE MINE RADIO COMMUNICATIONS 
SYSTEM 

A .  SUMMARY 

The f e a t u r e s  and p r i n c i p l e s  o f  o p e r a t i o n  o f  t h e  whole mine 

r a d i o  sys tem are d e s c r i b e d  i n  t h i s  s e c t i o n .  The sys tem p e r -  

m i t s  underground p e r s o n n e l  t o  m a i n t a i n  communications a lmos t  

anywhere i n  t h e  mine,  and w i t h  t h e  s u r f a c e  complex. A s  a 

consequence,  i n  c a s e  of  a breakdown of  mining equipment comm- 

u n i c a t i o n  w i t h  t h e  l o c a t i o n  of breakdown i s  p o s s i b l e .  Th i s  i s  

a s i g n i f i c a n t  f e a t u r e ,  i n  t h a t  it improves p r o d u c t i v i t y  by 

r e d u c i n g  down t i m e .  

Random i n d u c t i v e  c o u p l i n g  i n t o  e x i s t i n g  mine conduc to r s  

p roves  t o  be  d e s i r a b l e  and i n s u r e s  e x t e n s i v e  coverage .  No 

s p e c i a l  communications c a b l e  need be i n s t a l l e d .  Base s t a t i o n s  

and r e p e a t e r s  c an  be i n s t a l l e d  i n  minu tes  i n  l o c a t i o n s  o f  

prime mine power. Backup b a t t e r i e s  a r e  i n c l u d e d  f o r  a d d i t i o n a l  

r e l i a b i l i t y .  

Mobile t r a n s c e i v e r s  c o n s i s t  o f  v e h i c u l a r  and p e r s o n n e l  

t r a n s c e i v e r s .  The v e h i c u l a r  t r a n s c e i v e r s  u t i l i z e  a newly 

de s igned  an t enna  o f  e x c e p t i o n a l  e f f i c i e n c y  and d u r a b i l i t y .  

The pe r sonne l  t r a n s c e i v e r s  u t i l i z e  a unique v e s t  concep t  t h a t  

p e r m i t s  a low p r o f i l e  and a f f o r d s  e x c e l l e n t  u s e r  conven ience .  

B . INTRODUCTION 

The r a d i o  coverage  c e l l s  c r e a t e d  by t h e  sys tem i n  a 

t y p i c a l  c o a l  mine are i l l u s t r a t e d  i n  F igu re  5 .  
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The maintenance cell (maintenance network; F-4~400 kHz) 

extends from the shop throughout the passageways. The haulage 

cell (haulageway network F-3) covers the entire haulageways 

and loading/unloading areas. 

Roving miners communicate by coupling electromagnetic 

signals to the existing electrical conductors in the passage- 

ways as illustrated in Figure 6. 

'INDUCED 
LINE CURRENT 

TUNED LOOP 
ANTENNA 

BASE 
STATION 

. T R F  LINE COUPLER 

FIGURE 6. THE "NEAR" MAGNETIC FIELD RADIO COMMUNICATIONS 
SYSTEM 



E l e c t r i c a l  c o n d u c t o r s  i n  t h e  passageways p r o v i d e  a 

means o f  d i s t r i b u t i n g  r a d i o  s i g n a l s  i n  t h e  mine.  Research  

and f i e l d  d e m o n s t r a t i o n s  have shown t h a t  medium f r equency  

(MF) s i g n a l s  (300 kHz t o  1 . 0  NHz) can coup l e  t o  and from 

nea rby  c o n d u c t o r s  i n  t h e  mine t u n n e l s .  These c o n d u c t o r s  

( c a l l e d  a " w i r e p l a n t f t )  i n c l u d e  e l e c t r i c a l  power w i r i n g ,  

c o n t r o l  l i n e s ,  t e l e p h o n e  c a b l e ,  m e t a l  water and a i r  p i p e s ,  

and I-beams. S i n c e  mines i n c l u d e  t h e s e  e l e c t r i c a l  c o n d u c t o r s ,  

MF s i g n a l  d i s t r i b u t i o n  ne tworks  a r e  a l r e a d y  i n  p l a c e  i n  most 

mines i n  t h e  U .  S. The communication r ange  between r o v i n g  

miners  i s  measured i n  m i l e s .  

S i g n a l  c o u p l i n g  t o  t h e  " w i r e p l a n t "  o c c u r s  when t h e  t uned  

l o o p  a n t e n n a  ( t r a n s c e i v e r  A )  produces  a  "near"  magne t ic  f i e l d  

( H l )  , s i g n a l  t h a t  i l l u m i n a t e s  t h e  " w i r e p l a n t " .  I n  e f f e c t ,  t h e  

s i g n a l  m a g n e t i c a l l y  c o u p l e s  t o  t h e  " w i r e p l a n t "  c r e a t i n g  i n -  

duced l i n e  c u r r e n t  f l ow  i n  t h e  e l e c t r i c a l  c o n d u c t o r s .  The 

c u r r e n t  f l ows  a l o n g  t h e  " w i r e p l a n t "  p roduc ing  a l o c a l  magne t ic  

f i e l d  (H2) as it t r a v e l s  ( p r o p a g a t e s )  on t h e  " w i r e p l a n t " .  A t  

a d i s t a n t  l o c a t i o n ,  t h e  l o c a l  f i e l d  i n d u c t i v e l y  c o u p l e s  t h e  

MF s i g n a l  t o  t h e  t uned  l o o p  an t enna  a s s o c i a t e d  w i t h  t r a n s c e i v e r  

B .  



The emf s i g n a l  produced i n  t h e  a n t e n n a  i s  a p p l i e d  t o  

t h e  i n p u t  c i r c u i t  o f  t h e  "9"  t r a n s c e i v e r -  r e c e i v e r .  Thus ,  

p e r s o n n e l  w i t h  " n e a ~ ~ '  m a g n e t i c  f i e l d  equipment  c a n  communi- 

c a t e  when i n  n e a r  p r o x i m i t y  t o  t h e  " w i r e p i a n t " .  

The u s e  o f  b a s e  s t a t i o n s  and  r e p e a t e r s  i s  i l l u s t r a t e d  

i n  F i g u r e  7 .  The b a s e  s t a t i o n  e n a b l e s  t h e  r o v i n g  m i n e r s  w i t h  

m o b i l e  t r a n s c e i v e r s  t o  communicate w i t h  t h e  shop  o r  d i s p a t c h e r s  

o f f i c e .  The g l o b a l  r e p e a t e r  e x t e n d s  t h e  o p e r a t i n g  r a n g e  o f  

t h e  s y s t e m  i n  two ways. F i r s t ,  by t r a n s m i t t i n g  on t h e  f r e q -  

uency ( F 2 ) ,  t h e  b a s e  i s  a b l e  t o  a c q u i r e  t h e  g l o b a l  r e p e a t e r  

and  r e a c h  a d i s t a n t  m o b i l e  t r a n s c e i v e r  . S e c o n d l y ,  by t r a n s -  

m i t t i n g  on  t h e  f r e q u e n c y  ( F 2 ) ,  a m o b i l e  t r a n s c e i v e r  c a n  a c q u i r e  

t h e  r e p e a t e r  and  r e a c h  a d i s t a n t  m o b i l e  t r a n s c e i v e r .  
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FIGURE 7 .  USE OF BASE STATIOFJ AND REPEATZR 



The b a s e  c a n  be  c o n t r o l l e d  r e m o t e l y  by a s i n g l e  p a i r  o f  l i n e s .  

The c o n t r o l  c o n s o l e  can  be  p l a c e d  i n  a s u r f a c e  b u i l d i n g  f o r  

c o n v e n i e n c e ,  w h i l e  t h e  a c t u a l  b a s e  t r a n s c e i v e r  i s  p l a c e d  i n  

t h e  mine where it c a n  more e f f i c i e n t l y  c o u p l e  s i g n a l s  t o  t h e  

" w i r e p l a n t " .  

I n  a d d i t i o n  t o  t h e  t u n e d  l o o p  a n t e n n a  i l l u s t r a t e d  i n  

F i g u r e s  6 and 7 ,  RF l i n e  c o u p l e r s  a r e  used  t o  c o u p l e  s i g n a l s  

t o  t h e  t l w i r e p l a n t "  c o n d u c t o r s .  L i k e  a c u r r e n t  p r o b e ,  t h e  RF 

l i n e  c o u p l e r s  have  been  d e s i g n e d  t o  be  e a s i l y  clamped a r o u n d  

" w i r e p l a n t "  c o n d u c t o r s .  The l e v e l  o f  l i n e  c u r r e n t  i n d u c e d  by 

a c o u p l e r  i s  g r e a t e r  t h a n  t h a t  p roduced  by t h e  i l l u m i n a t i o n  

o f  t h e  " w i r e p l a n t "  by  a n  a n t e n n a .  C o u p l e r s  i n c r e a s e  t h e  

o p e r a t i n g  r a n g e  by m i l e s .  

The s y s t e m  may u s e  r e p e a t e r s  t o  i n c r e a s e  t h e  r a n g e  be tween 

m o b i l e  t r a n s c e i v e r s .  The r a d i o  c o v e r a g e  c e l l  7  ( F i g u r e  5) i s  

c r e a t e d  w i t h  t h e  c e l l u l a r  r e p e a t e r  i l l u s t r a t e d  i n  F i g u r e  8 .  

I t  i s  known as  a " c e l l u l a r  r e p e a t e r "  b e c a u s e  it i l l u m i n a t e s  a 

" c e l l "  o r  a r e a  o f  t h e  m i n e ,  s u c h  as a working  s e c t i o n  o n l y .  



FIGURE 8. RADIO COVERAGE CELL AT THE FACE 

The c e l l u l a r  r e p e a t e r s  use  dua l - loop  an tennas  ( f o r  

t r a n s m i t t i n g  and r e c e i v i n g )  a t t a c h e d  t o  t h e  r i b  o r  p o s t s .  

The l l t r a n s m i t t i n g l t  an t enna  produces  a l a r g e  magnetic moment 

t h a t  p rov ides  t h e  s i g n a l  f o r  l o c a l  c e l l u l a r  coverage ,  w h i c h  

i s  u s u a l l y  a ided  by random i n d u c t i v e  coup l ing  e f f e c t s .  The 

l l r ece iv ing"  an tenna  i s  s i m i l a r .  



W i r e l e s s  s i g n a l  p a t h s  e x i s t  be tween t h e  s e c t i o n  r e p e a t e r  and 

r o v i n g  m i n e r s .  Miners  ( p r o d u c t i o n  foremen and m a i n t e n a n c e  

crew) wear v e s t  t r a n s c e i v e r s  i n  o r d e r  t o  communicate w i t h  t h e  

c e l l u l a r  r e p e a t e r .  F i g u r e  8 i l l u s t r a t e s  t h e  m o b i l e  t e l e p h o n e  

n a t u r e  o f  t h e  working  s e c t i o n  communica t ions  s y s t e m .  
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FIGURE 9 .  F l / F 2  SIGNALLING 



The c e l l u l a r  r e p e a t e r  i s  connec t ed  t o  t h e  mine t e l e p h o n e  

sys tem th rough  t h e  page r  t e l e p h o n e .  The c e l l u l a r  r e p e a t e r  

r e l a y s  t h e  t e l e p h o n e  message t o  t h e  v e s t  t r a n s c e i v e r  u s i n g  

t h e  t r a n s m i s s i o n  f r e q u e n c y  ( F l ) .  The v e s t  t r a n s c e i v e r s  a r e  

a lways  t uned  t o  r e c e i v e  t h e  f r e q u e n c y  ( F l ) .  The v e s t  can  

t r a n s m i t  on ( F 2 )  t o  a c q u i r e  t h e  c e l l u l a r  r e p e a t e r  and comm- 

u n i c a t e  w i t h  t h e  h o s t  t e l e p h o n e  ne twork .  The c e l l u l a r  r e -  

p e a t e r  can  a l s o  o p e r a t e  i n  t h e  s i m p l e x / h a l f  d u p l e x  mode s o  

t h a t  a c a l l i n g  v e s t  t r a n s c e i v e r  ( u s i n g  F2) c an  r e a c h  a d i s t a n t  

v e s t  t r a n s c e i v e r  i n  t h e  working a r e a .  The v e s t  can  c r e a t e  a 

l o c a l  mobi le- to-mobi le  ne twork by t r a n s m i t t i n g  on ( P I ) .  A 

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

u s e s  l o o p  a n t e n n a s  t o  e x c i t e  t h e  c o a l  seam p r o p a g a t i o n  mode 

i n  t h e  working a r e a .  The e x i s t e n c e  o f  t h e  c o a l  seam mode w a s  

d i s c o v e r e d  and i n v e s t i g a t e d  i n  U.S.B.M. r e s e a r c h  ( 2 6 )  ( 2 7 ) .  

T h i s  mode e x i s t s  because  t h e  c o a l  seam i s  bounded above and 

below by r o c k  ( s h a l e )  t h a t  i s  s i g n i f i c a n t l y  more c o n d u c t i v e  

t h a n  t h e  c o a l .  I n  t h e  300 t o  7 0 0  kHz f r e q u e n c y  r a n g e ,  t h e  

s i g n a l  r a n g e  r e a c h e s  a maximum. F i e l d  t e s t i n g  i n  t h e  K a i s e r  

S t e e l  Corp. York Canyon Mine n e a r  Raton,  New Mexico, showed 

t h a t  v o i c e  q u a l i t y  communicat ions cou ld  be e s t a b l i s h e d  between 

t h e  s e c t i o n  power c e n t e r  and t h e  c o n t i n u o u s  miner  ( a p p r o x i -  

ma t e ly  500 f e e t  1.  



MF EQUIPMENT 

MF equipment de s igned  f o r  "near"  magne t ic  f i e l d  communi- 

c a t i o n s  a r e  shown i n  t h e  t a b l e  below: 

Mobile 

Vest  T r a n s c e i v e r  
Veh i cu l a r  T r a n s c e i v e r  

Fixed Loca t i on  

Base S t a t i o n  
Globa l  Repea t e r  

Coupl ing Devices  - 
RF Line  Coupler  
Antennas 
Remote C o n t r o l  Console 

Mobile T r a n s c e i v e r s  
- - 

Two d i f f e r e n t  t y p e s  o f  mobi le  t r a n s c e i v e r s  have been 

deve loped  f o r  u s e  i n  t h e  sys tem.  T r a n s c e i v e r s  c o n s i s t  o f  

v e s t  u n i t s  f o r  i n d i v i d u a l s  and a v e h i c u l a r  u n i t s  f o r  u s e  i n  

underground v e h i c l e s .  F u n c t i o n a l l y  t h e  two a r e  i d e n t i c a l ,  

d i f f e r i n g  o n l y  i n  o u t p u t  power l e v e l s  and p h y s i c a l  c o n f i g -  

u r a t  i o n .  

a .  Vest T r a n s c e i v e r  
-- . -  

The v e s t  t r a n s c e i v e r  h a s  been de s igned  f o r  o p e r a t i o n  i n  

a  g a s s y  a tmosphere  (CFR, T i t l e  30,  P a r t  23-Telephones and 

S i g n a l l i n g  Dev i ce s ) .  The v e s t  t r a n s c e i v e r  i s  shown i n  

F i g u r e  1 0 .  



FIGURE 1 0 .  VEST TRANSCEIVER 

The v e s t  t r a n s c e i v e r  f e a t u r e s  a s e t  of p lug- in  modules 

t h a t  a r e  sewn i n t o  v e s t  garment a l o n g  wi th  a loop  an t enna .  

An impor t an t  human f a c t o r  p r o b l e n  w a s  so lved  i n  t h e  v e s t  

des ign .  By d i s t r i b u t i n g  t h e  bu lk  and weight of  t h e  t r a n s -  

c e i v e r  o v e r  t h e  s u r f a c e  o f  t h e  v e s t ,  t h e  r a d i o  becomes an 

i n t e g r a l  p a r t  of  t h e  u s e r ' s  garmet ( 1 0 ) .  He i s  f r e e  t o  move 

i n  t i g h t  q u a r t e r s  and perform normal mining t a s k s  w i thou t  

c a t c h i n g  t h e  r a d i o  on o b s t r u c t i o n s .  Sound i s  d i r e c t e d  toward 

t h e  e a r s  from e p a u l e t  s p e a k e r s  on each  shou lde r .  A h inged 

c o n t r o l  head i s  c o n v e n i e n t l y  l o c a t e d  on t h e  f r o n t .  



FIGURE 11. VEST CONTROL HEAD 

The v e s t  t r a n s c e i v e r  can  communicate w i t h  o t h e r  mobi le  

u n i t s  as i l l u s t r a t e d  i n  F i g u r e  6 .  Dep re s s ing  t h e  push t o  

t a l k  (PTT) s w i t c h  keys  t h e  v e s t  t r a n s i n i t t e r  t o  produce  t h e  

c a r r i e r  s i g n a l  f r equency  ( F l ) .  By speak ing  i n t o  t h e  micro-  

phone,  v o i c e  message f r equency  modulate t h e  c a r r i e r  s i g n a l .  

Depress ing  t h e  s i g n a l l i n g  ( s i g n a l )  s w i t c h  c a u s e s  modula t ion  o f  

ca r r ie r  s i g n a l  w i t h  a 1000 Hz a u d i a b l e  t o n e .  T h i s  can  be used  

f o r  emergency s i g n a l l i n g  i n  t h e  e v e n t  t h a t  a miner  i s  unab l e  

t o  speak .  





The c e l l u l a r  r e p e a t e r  d e s i g n  i n c l u d e s  s w i t c h i n g  c i r c u i t r y  

t o  a l l o w  t h e  v e s t  t o  o p e r a t e  l i k e  a mobi le  t e l e p h o n e .  De- 

p r e s s i n g  t h e  pag ing  ( p a g e )  s w i t c h  keys  t h e  v e s t  t r a n s m i t t e r  

t o  t h e  c a r r i e r  f r equency  (F2). T h i s  s i g n a l  i s  modulated w i t h  

a 100 Hz s u b a u d i b l e  t o n e .  The t o n e  s i g n a l  i s  decoded i n  

t h e  c e l l u l a r  r e p e a t e r  c a u s i n g  t h e  v e s t  v o i c e  s i g n a l  t o  be 

sw i t ched  o n t o  t h e  h o s t  t e l e p h o n e  ne twork .  Telephone network 

messages key t h e  r e p e a t e r  t o  t h e  c a r r i e r  f r equency  (F1)  f o r  

r e t u r n  message t r a n s m i s s i o n s  i n t ~  t h e  r a d i o  cove rage  c e l l .  

The t uned  l o o p  a n t e n n a  i s  sewn o n t o  t h e  back o f  t h e  v e s t .  

T h i s  c o n s t r u c t i o n  r e t a i n s  t h e  l o o p  f i r m l y  keep ing  i t s  area 

c o n s t a n t  and a v o i d s  i t s  d e t u n i n g  d u r i n g  u s e .  

The v e s t  i s  s u p p l i e d  w i t h  nickel-cadmium b a t t e r y  packs .  

S u f f i c i e n t  c a p a c i t y  i s  p rov ided  i n  t h e  b a t t e r y  pack f o r  e i g h t  

h o u r s  o f  normal o p e r a t i o n  ( 9 0 %  o f  t i m e  i n  r e c e i v e  and 1 0 %  o f  

t h e  t i m e  i n  t r a n s m i t ) .  

b .  Veh i cu l a r  T r a n s c e i v e r  

The v e h i c u l a r  t r a n s c e i v e r  can  be  c o n v e n i e n t l y  p l aced  on 

any mine v e h i c l e .  I t  i s  used  i n  con j u n c t i o n  w i t h  a s p e c i a l  

l o o p  a n t e n n a  of advanced d e s i g n  t h a t  p roduces  h i g h  magnet ic  

moment. Mechan ica l ly ,  t h e  a n t e n n a  i s  e n c l o s e d  i n  h i g h  

s t r e n g t h  l e x a n  and i s  a t t a c h e d  t o  t h e  v e h i c l e  v i a  s p e c i a l  

b r a c k e t s .  



FIGURE 1 2 .  VEHICULAR TRANSCEIVER 

2 .  Fixed Locat ion-Repeater  

The g l o b a l  and c e l l u l a r  r e p e a t e r s  are i d e n t i c a l .  They 

are des igned  t o  i n t e r f a c e  with e i t h e r  RF l i n e  c o u p l e r s  o r  

an t ennas  as i l l u s t r a t e d  i n  F i g u r e s  7 and 8 .  

FIGURE 1 3 .  REPEATER TRANSCEIVER 





The r e p e a t e r  can  s t a n d  a l o n e ;  t h a t  i s ,  o p e r a t e  as 

i l l u s t r a t e d  i n  F i g u r e  7 .  The r e p e a t e r  can a l s o  be o p e r a t e d  

as p a r t  of  t h e  pager  t e l e p h o n e  sys tem as shown i n  F i g u r e s  

8 and 9 .  The r e c e i v e r  s e c t i o n  o f  t h e  r e p e a t e r  demodula tes  

t h e  r e c e i v e d  c a r r i e r  s i g n a l s  ( F 2 ) ,  r e c o v e r i n g  t h e  F2 message 

and t h e  1 0 0  Hz s u b a u d i b l e  t o n e .  The r ecove red  message s i g n a l s  

may be used f o r  two pu rposes .  F i r s t ,  t h e  message s i g n a l  keys  

t h e  t r a n s m i t t e r  s e c t i o n  o f  t h e  r e p e a t e r  p roduc ing  a h i g h  power 

r e t r a n s m i s s i o n  s i g n a l  a t  t h e  F1 f r equency .  The message a p p e a r s  

a s  FM modula t ion  on t h e  F1 s i g n a l .  Secondly ,  when t h e  sub- 

a u d i b l e  t o n e  i s  p r e s e n t  t h e  r e p e a t e r  decodes  t h e  10.0 Hz t o n e  

and s w i t c h e s  t h e  message t o  t h e  mine t e l e p h o n e  network en-  

a b l i n g  t e l e p h o n e  communications.  

The r e p e a t e r s  and t h e  ba se  s t a t i o n  can be o p e r a t e d  from 

remote  c o n t r o l  c o n s o l e ( s )  i n  t h e  mining complex. Conso les  

can be l o c a t e d  anywhere i n  t h e  mining complex. A p a i r  of 

w i r e s  c o n n e c t s  t h e  c o n s o l e  t o  t h e  r e p e a t e r  as shown i n  F i g u r e  

14 .  

The r e p e a t e r  d e s i g n  i n c l u d e s  f i l t e r  networks  t o  p r e v e n t  

r e c e i v e r  d e s e n s i t i z a t i o n .  ------- - 
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the RC cable is 5 miles. T h e  RCC unit i s  shown in Figure 15. 

FIGURE 15. R E M O T E  C O N T R O L  C C N S O L E  





3 .  Base S t a t i o n  

The v e h i c u l a r  t r a n s c e i v e r  i s  used  a s  t h e  b a s e  s t a t i o n  

i n  t h e  sys tem.  The t r a n s c e i v e r  i s  equ ipped  w i t h  c i r c u i t r y  

t o  e n a b l e  b a s e  s t a t i o n  c o n t r o l  w i t h  t h e  remote c o n t r o l  

c o n s o l e .  

An AC t o  DC c o n v e r t e r  i s  used t o  m a i n t a i n  t h e  s t andby  

b a t t e r i e s  i n  t h e  b a s e .  

4 .  C o u ~ l i n g  Devices  

l i n e  

The c o u p l i n g  d e v i c e s  used  i n  t h e  sys tem i n c l u d e  RF 

c o u p l e r s ,  and t uned  l o o p  a n t e n n a s .  

a .  RF Line C o u ~ l e r  

The g l o b a l  r e p e a t e r  and ba se  s t a t i c n  a r e  de s igned  t o  

d r i v e  and r e c e i v e  s i g n a l s  from RF l i n e  c o u p l e r s .  Like a 

c u r r e n t  p robe ,  t h e  c o u p l e r  can  be  e a s i l y  clamped around 

FIGURE 1 6 .  RF LINE COUPLER 



b .  Antenna 

The c e l l u l a r  r e p e a t e r  and v e h i c u l a r  t r a n s c e i v e r  u s e  t u n e d  

l o o p  a n t e n n a s  t o  i l l u m i n a t e  t h e  work a r e a  o r  t o  induce  c u r r e n t  

f low i n  nea rby  e lec t r ica l  c o n d u c t o r s .  

FIGURE 1 7 .  TUNED LOOP ANTENNA 

The an t enna  may be mounted on a v e r t i c a l  o r  h o r i z o n a l  

mounting s u r f a c e .  



FIELD MAINTENANCE 

The r a d i o  equipment  i s  de s igned  around a s t a n d a r d  s e t  

o f  i n t e r c h a n g e a b l e  p lug - in  c i r c u i t  modules.  The s t a n d a r d  

r e c e i v e r ,  s y n t h e s i z e r ,  e x c i t e r  and t r a n s m i t t e r  modules a r e  

used i n  t h e  v e h i c u l a r  t r a n s c e i v e r ,  ba se  s t a t i o n  and r e p e a t e r s .  

The v e s t  t r a n s c e i v e r  modules have been de s igned  e x c l u s i v e l y  

f o r  u se  i n  t h e  haza rdous  a tmosphere  p e r  Unde rwr i t e r s  Labo ra to ry  

Document UL913 (MSHA r e q u i r e m e n t s ) .  The v e s t  modules pe r fo rm 

similar f u n c t i o n s  t o  s t a n d a r d  modules;  however, t h e  a c t u a l  

d e s i g n  i s  s u b s t a n t i a l l y  d i f f e r e n t .  Maintenance r e q u i r e s  

t r o u b l e s h o o t i n g  t o  t h e  module l e v e l .  Module s e r v i c i n g  i s  

s t r i c t l y  p r o h i b i t e d  o t h e r  t h a n  by f a c t o r y  c e r t i f i e d  e l e c t r i c a l  

t e c h n i c i a n s .  S ince  t h e  equipment u s e s  s i m i l a r  pe r fo rming  

modules,  t h e  s p e c i f i c a t i o n s  o f  a l l  t r a n s c e i v e r s  a r e  i d e n t i c a l .  

The modular  d e s i g n  i n s u r e s  t h a t  t h e  equipment c an  be  

ma in t a ined  i n  t h e  f i e l d  a t  minimum c o s t .  S e r v i c i n g  o n l y  

r e q u i r e s  t r o u b l e s h o o t i n g  t o  t h e  module l e v e l .  



E .  INSTALLATION 

The MF r a d i o  communications sys tem f e a t u r e s  maximum 

i n s t a l l a t i o n  v e r s a t i l i t y  as w e l l  as s i m p l i c i t y  and r e -  

l i a b i l i t y  i n  a c t u a l  o p e r a t i o n .  The sys tem h a s  been s u c c e s s -  

f u l l y  i n s t a l l e d  and demons t ra ted  i n  f o u r  underground mines .  

The mines ,  i d e n t i f i e d  i n  Tab le  C , were s e l e c t e d  because  

t h e y  a r e  r e p r e s e n t a t i v e  o f  mining p r o c e s s  i n  common use  i n  

t h e  U.S. mining i n d u s t r y .  I n  t h e  c o u r s e  o f  t h e  i n s t a l l a t i o n  

work, a wide spec t rum of problems were encoun te r ed  and s o l v e d .  

Lessons l e a r n e d  i n  t h e  s u c c e s s f u l  i n s t a l l a t i o n s  have been 

developed i n t o  a p l a n n i n g  gu ide  t h a t  can be  fo l l owed  by a 

mining company wish ing  t o  t a k e  advan tage  of  r a d i o  i n  min ing .  

The p l ann ing  gu ide  i s  i l l u s t r a t e d  i n  F i g u r e  18. 



TABLE C 

COOPERATING MINES 

ORGANIZATION 

Magma Copper Company 
San Manuel D i v i s i o n  
San Manuel,  AZ 

Ranchers  E x p l o r a t i o n  E Development 
Revco S i l v e r  Mine 
I n t e r p r i s e ,  Utah 

K a i s e r  S t e e l  C o r p o r a t i o n  
York Canyon Mine 
Ra ton ,  New Mexico 

G e t t y  O i l  Company 
P l a t e a u  Mining Company 
P r i c e ,  Utah 

M I N I N G  PROCESS 

Block Caving 

V e r t i c a l  C r a t e r  
R e t r e a t  

Conven t i ona l  and 
Longwall 

Covent i o n a l  
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1. Keyman Meeting 

P l a n n i n g  t h e  cornrnunications sys tem i n  advance  o f  t h e  

i n s t a l l a t i o n  i s  i m p o r t a n t  i n  s e v e r a l  r e s p e c t s .  F i r s t ,  t h e  

p r imary  g o a l  i s  t o  i n v o l v e  management and o t h e r  keymen, a t  

t h e  e a r l i e s t  p o s s i b l e  t i m e ,  i n  t h e  p l a n n i n g  p r o c e s s .  Keyrnen 

must be  f a m i l i a r  w i t h  t h e  p r i n c i p a l  and o p e r a t i n g  f e a t u r e s  s o  

t h a t  t h e y  may a c c u r a t e l y  d e f i n e  t h e  r e q u i r e d  r a d i o  c o v e r a g e  

a r e a s .  The material  p r e s e n t e d  i n  C h a p t e r  I11 ( S e c t i o n  B) 

c a n  be used  t o  a c q u a i n t  keymen w i t h  t h e  sys tem c o n c e p t .  

Second ly ,  p l a n n i n g  i n s u r e s  t h a t  t h e  cornrnunications sys tem 

w i l l  c o n t r i b u t e  t o  team work and improve e f f i c i e n c y  i n  t h e  

min ing  p r o c e s s .  

2 .  Def ine  Communication Needs and Coverage 

Keymen must communicate t o  i n s u r e  a smooth r u n n i n g  mine.  

Communications must be  p r o v i d e d  i n  a l l  work areas,  and f r e -  

q u e n t l y  t r a v e l e d  passageways .  The n e e d s  can  be d e t e r m i n e d  by 

c o n s i d e r i n g  t h e  f o l l o w i n g  q u e s t i o n s  : 

. Which keymen must communicate ( n e t  t o g e t h e r ) ?  

How w i l l  t h e y  communicate ( f rom v z h i c l e s  o r  on f o o t ) ?  

What k i n d  o f  communicat ions problems must be s o l v e d  

w i t h  r a d i o ?  

. How c a n  t h e  sys tem be  u s e d  t o  r e d u c e  mining c o s t ?  



The l a t t e r  c a n  be  e v a l u a t e d  by u s i n g  a  b e n e f i t  a n a l y s i s  

s imilar  t o  t h a t  p r e s e n t e d  i n  T a b l e  A . Line  items t o  b e  

c o n s i d e r e d  c a n  be  expanded t o  i n c l u d e  o t h e r  s p e c i f i c  t a s k s .  

For example ,  t h e  c o s t  o f  l o a d i n g  o r  d rawing  muck w i t h o u t  

u s i n g  r a d i o  can  be  d e t e r m i n e d .  The t r a i n  l o a d i n g  p r o c e s s  

f r e q u e n t l y  employs l i g h t  s i g n a l l i n g  t o  command t h e  motorman 

t o  move t h e  t r a i n  ( two b l i n k s  o f  a l i g h t  t o  move f o r w a r d ,  e t c . ) .  

Radio w i l l  e n a b l e  more e x a c t  t r a i n  movement, t h u s  m i n i m i z i n g  

l o a d i n g  t i m e .  

The b e n e f i t  a n a l y s i s  i s  u s e f u l  a s  a  g u i d e  i n  d e s i g n i n g  

t h e  communicat ions  s y s t e m  i n  t h e  n e a r  and f a r  t e r m ;  I n  t h e  

n e a r  t e r m ,  equ ipment  can  be i n s t a l l e d  t o  r e a l i z e  t h e  g r e a t e s t  

improvement i n  p r o d u c t i v i t y  e x p e c t e d  i n  t h e  b e n e f i t  a n a l y s i s .  

A t  a  l a t e r  d a t e ,  a d d i t i o n a l  equipment  may be  added t o  r e a l i z e  

l e s s o r  improvements  i n  p r o d u c t i v i t y .  

The MF s y s t e m  p r o v i d e s  n a t u r a l  r a d i o  c o v e r a g e  n e a r  

" w i r e p l a n t "  c o n d u c t o r s .  I f  a f r e q u e n t l y  t r a v e l e d  passageway 

i s  " f r e e 1 '  o f  e l e c t r i c a l  c o n d u c t o r s ,  a  low c o s t  two-wire c a b l e  

must be  i n s t a l l e d  t o  p r o v i d e  r e l i a b l e  r a d i o  c o v e r a g e  i n  t h e s e  

a r e a s .  

I n  M / N M  and c o a l  mines ,  t h e  o p e r a t i n g  r a n g e  f rom t h e  

b a s e  s t a t i o n  i s  d e p e n d e n t  upon t h e  t y p e  of  e l e c t r i c a l  con- 

d u c t o r s  i n  t h e  " w i r e p l a n t " .  Telephone c a b l e  p r o v i d e s  t h e  

l o w e s t  s i g n a l  p r o p a g a t i o n  l o s s  ( 4  dB/1000) and r a n g e  a l o n g  

t h e  c a b l e  w i l l  exceed  2 0 , 0 0 0  f e e t .  AC power c a b l e s  a l s o  



prov ide  e x c e l l e n t  cove rage ;  however, e ach  power t r a n s f o r m e r  

a l o n g  t h e  c a b l e  abso rbs  s i g n a l  ene rgy .  Each power t r a n s f o r m e r  

d e c r e a s e s  t h e  r ange  by app rox ima te ly  2 0 0 0  f e e t .  Bear ing i n  

mind, t h a t  i f  AC s w i t c h e s  a r e  encoun te r ed  a long  t h e  AC power 

c a b l e ,  an  open s w i t c h  w i l l  d r a m a t i c a l l y  r educe  o p e r a t i n g  

r ange .  I n  c o a l ,  MF s i g n a l s  can be r e c e i v e d  a lmos t  everywhere 

i n  t h e  mine; however, t h e  t a lk -back  range  may be l i m i t e d  t o  t h e  

same e n t r y  w i t h  t h e  t t w i r e p l a n t v  o r  a t  r.l.ost an a d j a c e n t  e n t r y .  

3 .  S e l e c t i n g  Needed Networks 

The f o l l o w i n g  networks  shou ld  be c o n s i d e r e d  f o r  u se  i n  

a mine: 

S u p e r v i s i o n  Network, 
Maintenance Network, 
P roduc t i on  Network, 
Haulage Networks, and 
H o i s t  Systems Network. 

The u s e  o f  r a d i o  w i l l  r e l i e v e  t h e  e x i s t i n g  t e l ephone  sys tem 

o f  most o f  t h e  c r i t i c a l  message t r a f f i c .  I n  most mines ,  

some o f  t h e  networks  w i l l  merge t o g e t h e r .  For example, t h e  

maintenance and p r o d u c t i o n  networks  can be o p e r a t e d  as a 

s i n g l e  network t o  improve team work. The "nerve"  c e n t e r s  

f o r  t h i s  network a r e  t h e  shop ,  warehouse,  and s u p e r v i s i o n  

( p r o d u c t i o n  and main tenance)  o f f i c e s .  A remote c o n t r o l  con- 

s o l e ( ~ )  shou ld  be i n s t a l l e d  i n  each  c r i t i c a l  l o c a t i o n .  



I n  v e r y  l a r g e  mines ,  a s e p a r a t e  s u p e r v i s i o n  network may 

be c o n s i d e r e d  f o r  t h e  t r a n s m i s s i o n  o f  s e n s i t i v e  i n f o r m a t i o n  

(un ion  l a b o r  m a t t e r s ,  e t c . ) .  However, i n  most m ines ,  t h e  

d i r e c t  d i a l  t e l e p h o n e  System s e r v e s  t h i s  communication need .  

A s e p a r a t e  network i s  mandatory f o r  s e r v i n g  t h e  comrnuni- 

c a t i o n  needs  i n  a r a i l  hau l age  sys tem.  Veh icu l a r  t r a n s c e i v e r s  

must be  a s s i g n e d  t o  a l l  r a i l  s e r v i c e  v e h i c l e s .  Vest  r a d i o s  

must be a s s i g n e d  t o  a l l  o f f - t r a i n  men ( l o a d e r ,  s n a p p e r ,  

c h u t e  t a p p e r s ,  e t c . ) .  I n  s m a l l  mines ,  t h e  sys tems  a r e  n o s t  

e f f i c i e n t l y  s e l f - d i s p a t c h e d .  The "nerve"  c e n t e r s  a r e  u s u a l l y  

t h e  shop ,  and t h e  p roduc t i on  s u p e r i n t e n d e n t s  o f f  i c e .  I n  

l a r g e r  mines ,  t h e  d i s p a t c h e r s  o f f i c e  i s  t h e  comrnunications 

"nerve"  c e n t e r  f o r  t h e  hau l age  and maintenance ne tworks .  I n  

b e l t  hau l age  s y s t e m s ,  bel tmen must be a s s i g n e d  v e s t  t r a n s -  

c e i v e r s  t o  communicate i n  t h e  maintenance ne twork .  

I t  i s  n e c e s s a r y  t o  i n s t a l l  v e h i c u l a r  t r a n s c e i v e r s  on a l l  

s e r v i c e  and "keyman" v e h i c l e s .  I f  t h e  "keyman" i s  f r e q u e n t l y  

on f o o t  d u r i n g  t h e  c o u r s e  o f  h i s  work, a v e s t  t r a n s c e i v e r  

must be a s s i g n e d .  

S ince  MF s i g n a l s  p ropaga t e  s o  w e l l  i n  a mine,  MF w i l l  

r e v o l u t i o n i z e  mine r e s c u e  and p rov ide  emergency comrnunications 

t o  t r a p p e d  mine r s .  T h e  maintenance n e t w o ~ k  w i l l  be used i n  

emergency s i t u a t i o n s .  Underground ambulances shou ld  be 

equipped w i t h  a v e h i c u l a r  t r a n s c e i v e r  and communicate i n  t h e  

maintenance network (400 kHz).  



The amount o f  r a d i o  equipment  recommended f o r  u s e  i n  

t h e  ne tworks  depends  upon t h e  s i z e  o f  t h e  mine.  T a b l e  D 

d e s c r i b e s  t h e  equipment  used  i n  ma in tenance  and p r o d u c t i o n  

ne tworks  i n  a medium s i z e d  c o a l  mine.  



TABLE D 
TYPICAL 

EQUIPMENT LIST 
(1MTPY COAL MINE)  

NETWORK 

B ( ~ )  VST 

Foreman 

Roving Mechanic 

Roving E l e c t r i c i a n  

F i r e  Boss 

S e r v i c e  V e h i c l e  

Longwall Crew 

Mechanic 

Head Gate  

Shea r  O p e r a t o r  

T r a i n  Gate 

Chockmen 

Haulageway 

B e l t  
Beltmen 

R a i l  
Mot ormen 
Off T r a i n  Men 

S e r v i c e  

T o t a l  

B - Base S t a t i o n  CR - C e l l u l a r  R e p e a t e r  
VST - Vest  T r a n s c e i v e r  GR - Globa l  Repea t e r  

(1) B a r  symbol i n d i c a t e s  recommended equipment q u a n t i t y  i n  an 
lMTPY c o a l  mine u s i n g  b e l t  hau l age  and c o n v e n t i o n a l  mining 
t e c h n i q u e s .  ( 2 )  Requ i r e s  v e h i c u l a r  a n t e n n a k ) .  ( 3 )  Requ i r e s  
RF l i n e  c o u p l e r  ( s  1. 



4 .  Mine Map 

The mine map i s  t h e  key i n s t a l l a t i o n  document. Use t h e  

map t o  l a y  o u t  t h e  needed c e l l s  o f  r a d i o  cove rage .  I n c l u d e  

on t h e  map t h e  t e l e p h o n e  and AC power c a b l e  e n t r i e s .  Bear 

i n  mind, t h a t  coverage  a l o n g  t h e  AC power c a b l e  w i l l  depend 

upon t h e  number o f  i n s t a l l e d  power t r a n s f o r m e r s .  Radio 

coverage  r e l i a b i l i t y  w i l l  depend upon AC s w i t c h  l o c a t i o n s .  

The b a s e  s t a t i o n ( s )  and r e p e a t e r ( s )  can be l o c a t e d  on t h e  

map. The b a s e  s t a t i o n  shou ld  be  l o c a t e d  a t  t h e  p o r t a l  o r  t h e  

mid-point  o f  t h e  t f w i r e p l a n t "  i n  l a r g e r  mines .  I t  must be 

l o c a t e d  n e a r  1 1 7  V AC power t o  e n a b l e  cha rg ing  o f  t h e  s t andby  

b a t t e r i e s  i n  t h e  b a s e .  The o p e r a t i n g  r ange  a l o n g  t e l e p h o n e  

c a b l e  i s  t y p i c a l l y  2 0 , 0 0 0  f e e t  from t h e  b a s e .  Along AC power 

c a b l e  t h e  r a n g e  i s  r educed  by 2 , 0 0 0  f e e t  f o r  e ach  t r a n s f o r m e r  

a l o n g  t h e  c a b l e .  A d d i t i o n a l  ba se  s t a t i o n s  can be  i n s t a l l e d  

t o  i n c r e a s e  r a d i o  cove rage  t o  mobi le  t r a n s c e i v e r s .  S i n g l e  o r  

m u l t i p l e  ba se  s t a t i o n s  i n  t h e  network can be c o n t r o l l e d  from 

t h e  remote  c o n t r o l  c o n s o l e ( s )  l o c a t e d  i n  t h e  mine "ne rveu  

c e n t e r s .  

A s  shown i n  F i g u r e  7 ,  t h e  r e p e a t e r  h a s  t h e  advan tage  o v e r  

t h e  b a s e  i n  i n c r e a s i n g  o p e r a t i n g  r ange  between mobi le  t r a n s -  

c e i v e r s .  T h i s  r e q u i r e s  t h a t  t h e  mobi le  t r a n s c e i v e r s  o p e r a t e  

i n  t h e  F l /F2  s i g n a l l i n g  mode. T h i s  i s  c o n t r a s t e d  t o  o n l y  t h e  

F1 s i g n a l l i n g  r e q u i r e d  i f  m u l t i p l e  base  s t a t i o n s  a r e  used  t o  

ex t end  t h e  ba se  t o  mobi le  t r a n s c e i v e r  o p e r a t i n g  r ange  a l o n g  

t h e  l l w i r e p l a n t l l .  



C e l l u l a r  r e p e a t e r s  should  be used t o  i l l u m i n a t e  t h e  f a c e  i f  

"wi rep l an t "  i s  n o t  a v a i l a b l e  i n  t h e  a r e a .  

5 .  I n s t a l l a t i o n  P lan  

The i n s t a l l a t i o n  p l an  f o l l o w s  from t h e  work done i n  

S e c t i o n  3 .  

The most remarkable  f e a t u r e  about  t h e  system i s  t h e  

v e r s a t i l i t y  o f  i n s t a l l a t i o n  as w e l l  as t h e  s i m p l i c i t y  of 

o p e r a t i o n .  Almost e v e r y  cornmunica~ion problem can be so lved  

by s imply i n s t a l l i n g  t h e  r e q u i r e d  equipment i n  t h e  network.  

For  t h o s e  mines wish ing  a demons t ra t ion  o f  t h e  r a d i o  

coverage  c a p a b i l i t y ,  t h e  r e q u i r e d  equipment can b e ' i n s t a l l e d  

i n  minutes .  C e l l s  of r a d i o  coverage i n c l u d e  e n t r i e s  w i t h  

e x i s t i n g   irepl plant^^. Permanent i n s t a l l a t i o n s  can be made 

w i t h o u t  d i s r u p t i o n  i n  t h e  mining p r o c e s s .  

The RF l i n e  c o u ~ l e r  and base  s t a t i o n  are i n s t a l l e d  as * 

i l l u s t r a t e d  i n  F i g u r e  1 9 .  

FIGURE 1 9 .  RF LINE COUPLE R INSTALLATION 



The c o u p l e r  i s  s i m p l y  clamped around e v e r y  conduc to r  i c  t h e  

"wi re  p l a n t n .  The i n s t a l l a t  i o n  i s  completed  by c o n n e c t i n g  t h e  

c o u p l e r  t o  t h e  b a s e  s t a t i o n .  

The Remote C o n t r o l  Console (RCC) u n i t ( s )  i s  l o c a t e d  i n  

t h e  "ne rveM c e n t e r ( s )  f o r  t h e  communications network ( s h o p ,  

warehouse ,  e t c . ) .  RCC unites) i s  connec ted  t o  t h e  b a s e  s t a t i o n  

by Remote C o n t r o l  ( R C )  c a b l e  ( s i n g l e  p a i r  o f  w i r e s ) .  I n  most 

i n s t a l l a t i o n s ,  a t e l e p h o n e  p a i r  h a s  been used as RC c a b l e .  

I n  manway e n t r i e s  w i t h o u t  e l e c t r i c a l  c o n d u c t o r s ,  a low 

c o s t  tw in - l e ad  c a b l e  must be i n s t a l l e d .  The i n s t a l l -  

a t i o n  o f  t h e  c a b l e  i s  diagramed i n  F i g u r e  2 0 .  
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FIGURE 2 0 .  BASE STATION AND REPEATER CONTROL CABLE 
INSTALLATION DIAGRAM 



The RC c a b l e  i s  i n s t a l l e d  l i k e  a page r  t e l e p h o n e  w i r e  

p a i r .  The c a b l e  c a r r i e s  DC commands, s i g n a l l i n g  t o n e s  and 

v o i c e  s i g n a l s  t o  and from t h e  RCC u n i t ( s ) .  By t h r e a d i n g  t h e  

RF l i n e  c o u p l e r  w i t h  t h e  R C  c a b l e  (as  i l l u s t r a t e d  i n  F i g u r e  

2 0 1 ,  t h e  RC c a b l e  a l s o  s e r v e s  t o  improve MF r a d i o  cove rage  

i n  manways. Branch l i n e s  needed t o  e x t e n d  r a d i o  cove rage  i n  

manways a r e  connec t ed  t h r o u g h  p a s s i v e  power d i v i d e r s .  The 

b r anch  l i n e s  a r e  a lways  t e r m i n a t e d  i n  t h e  l i n e  c h a r a c t e r i s t i c  

impedance (Zo ) .  Th i s  h a s  s e v e r a l  a d v a n t a g e s ,  f i r s t ,  because  

t h e  RC c a b l e  i s  p r o p e r l y  branched and t e r m i n a t e d ,  t h e  s t a n d i n g  

waves caused  by impedance mismatch c o n d i t i o n s  a l o n g - t h e  l i n e s  

a r e  minimized.  Communication "dead s p o t s n  i n  t h e  passageway 

are e l i m i n a t e d .  Secondly ,  t h e  RC c a b l e  e x t e n d i n g  from t h e  

mine p o r t a l  t o  t h e  s u r f a c e  "nerve"  c e n t e r s  p r o v i d e  a comm- 

u n i c a t i o n  means when t h e  mobi le  t r a n s c e i v e r s  a r e  o u t  o f  t h e  

mine.  

Radio coverage  i s  g r e a t l y  i n c r e a s e d  i n  p r a c t i c e  by MF 

s i g n a l  c o u p l i n g  between c a b l e s .  Cab les  t h a t  r o u t e  t h rough  

t h e  same d r i f t s  a r e  m a g n e t i c a l l y  coup l ed .  MF s i g n a l  c u r r e n t  

f l ow  i n  one c a b l e  i nduces  c u r r e n t  f l o w  i n  t h e  o t h e r .  

C e r t a i n  i n s t a l l a t i o n  p r e c a u t i o n s  must be obse rved  i n  

t h e  i n s t a l l a t i o n  o f  t h e  equipment :  



The i n s t a l l a t i o n  o f  an RF l i n e  c o u p l e r  on t e l e p h o n e  

o r  AC power c a b l e s  must obse rve  s p e c i f i c  h i g h  v o l t a g e  

i n s u l a t i o n  p r e c a u t i o n s .  The c o u p l e r  name p l a t e  must 

show a d e q u a t e  d i e l e c t r i c  w i t h s t a n d i n g  v o l t a g e  ( D W V )  

r a t i n g .  If t h e  name p l a t e  r a t i n g  i s  i n a d e q u a t e ,  

esophagus  t u b i n g  w i t h  s u f f i c i e n t  d i e l e c t r i c  w i t h s t a n d i n g  

v o l t a g e  r a t i n g  may be p l aced  o v e r  t h e  c a b l e  b e f o r e  i n -  

s t a l l a t i o n  o f  t h e  RF l i n e  c o u p l e r .  

I n  c o a l ,  r o v i n g  miners  t h a t  go i n b y  must use  p e r m i s s i b l e  

v e s t s .  

T r a n s c e i v e r s  and r e p e a t e r s  used  i n  t h e  mine must be 

grounded t o  t h e  v e h i c l e  frame ground o r  t h e  mine s a f e t y  

ground sys tem.  T r a n s c e i v e r s  t h a t  a r e  i n s t a l l e d  on 

v e h i c l e s  t h a t  o p e r a t e  from h i g h  v o l t a g e  b a t t e r i e s  o r  

t r o l l e y  c a b l e  must be grounded t o  t h e  v e h i c l e  f rame 

ground.  T h i s  r e q u i r e s  t h e  mandatory u se  o f  DC t o  DC 

c o n v e r t e r s  w i t h  s u f f i c i e n t  DC i n p u t  t o  c o n v e r t  DC 

o u t p u t  i s o l a t i o n .  

T r a n s c e i v e r s  t h a t  a r e  i n s t a l l e d  v e h i c l e s  t h a t  o p e r a t e  

from f l o a t i n g  (ungrounded)  b a t t e r i e s  must be  grounded 

t o  t h e  v e h i c l e  frame ground.  T h i s  r e q u i r e s  t h e  manda- 

t o r y  u s e  o f  DC t o  DC c o n v e r t e r s  w i t h  s u f f i c i e n t  DC t o  

i n p u t  o u t p u t  i s o l a t i o n .  



Insuring System Usage 

Once the system is installed and checkedout, management 

must insure that it increases centrality. They should assist 

in training keymen to use the radio system effectively. 

Bear in mind that miners are accustomed to working in- 

dependently. They will prefer to keep it that way. Manage- 

ment must require in and out shift meetings of all keymen to 

coordinate the mining activity. Radio should be used to 

assist the keymen and their crews in their assigned task. 

The radio system reliability will depend upon adequate 

maintenance. The mines shown in Table C have excellent 

maintenance policies and personnel. At the beginning of the 

sys-tem planning in each of the mines, radio maintenance re- 

sponsibility was assigned to one maintenance crew member. He 

was trained to troubleshoot the system equipment to the board 

level. 

In all of the mines, the trained maintenance personnel 

were able to adequately maintain the radio system. As a back 

up contractor's personnel were made available to assist the 

maintenance crew member by telephone. 

Since the system uses plug-in modules, they required only 

two sets of plug-in boards for the transceivers and repeaters 

are maintained at the mine site. 



It is important to insure good radio maintenance policies. 

Crawley ( 3 0 )  of the U.S.B.M. has studied the five year per- 

formance of a leaky feeder communications system in the U.S. 

mining industry. After five years only one system remained 

in an operational condition. System failures were partly 

caused by the difficulty of maintaining coaxial cable in an 

operating mine. 

Lack of interest and effectiveness of the maintenance 

crew was also a strong factor in the failure of the radio 

equipment. 

RADIO EQUIPMENT SHOULD NOT BE INSTALLED IN MINES THAT HAVE 

POOR MAINTENANCE POLICIES. 



I V .  THE SYSTEM DESIGN 

A .  SUMMARY 

The o p e r a t i n g  r a n g e  o f  a medium f r e q u e n c y  (MF) under-  

ground communicat ions sys tem i s  dependen t  upon many t e c h n i c a l  

f a c t o r s ,  i n c l u d i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  n o i s e  g e n e r a t e d  

i n  e l ec t r i ca l  power sy s t ems ,  s i g n a l  p r o p a g a t i o n  modes, 

s e l e c t i o n  of  t h e  optimum modula t ion-demodula t ion  p r o c e s s ,  t h e  

e f f i c i e n c y  o f  t h e  c o u p l e r s  and t h e  s u s c e p t i b i l i t y  o f  t h e  

r e c e i v e r  t o  d e s e n s i t i z a t i o n  by i m p u l s i v e  mine n o i s e .  

C o n s i d e r a t i o n s  o f  t h e  many f a c t o r s  p r o v i d e  a d d i t i o n a l  

i n s i g h t  i n t o  t h e  expec t ed  sys tem per fo rmance  and a ' c o n c l u s i o n  

t h a t  narrow-band FM i s  t h e  p r e f e r a b l e  modula t ion  p r o c e s s .  

INTRODUCTION 

T h i s  c h a p t e r  d e a l s  w i t h  t h e o r e t i c a l  methods used i n  t h e  

d e s i g n  o f  t h e , u n d e r g r o u n d  r a d i o  communicat ions sys tem.  Some 

of t h e  problems which a r i se  i n  t h e  d e s i g n  o f  t h i s  sys tem a re ,  

i n  many c a s e s ,  s imilar  t o  t h o s e  encoun t e r ed  i n  s u r f a c e  r a d i o  

sy s t ems .  T h e r e f o r e ,  s o l u t i o n s  t o  t h e s e  problems f o l l o w  from a 

v a s t  body o f  t e l e commun ica t i ons  knowledge deve loped  o v e r  t h e  

p a s t  few y e a r s .  O the r s  r e q u i r e  new t h i n k i n g .  



Today 's  advanced r a d i o  communication t e chno logy  i s  l a r g e l y  

based upon t h e  p r o p a g a t i o n  of r a d i a t e d  f i e l d  wave s i g n a l s  t h a t  

t r a v e l  g r e a t  d i s t a n c e s  t h rough  a tmosphe r i c  c o n s t i t u e n t s .  

While it i s  t r u e  t h a t  t h e s e  s i g n a l s  p rov ide  r e l i a b l e  communi- 

c a t i o n s  o v e r  f r e e  space  p a t h s ,  waves e n c o u n t e r i n g  a c o n t r a s t i n g  

medium a r e  s u b j e c t e d  t o  change i n  t h e  wave p r o p a g a t i o n  c o n s t a n t  

c a u s i n g  r e f l e c t i o n ,  d i f f r a c t i o n ,  and a b s o r p t i o n  o f  t h e  s i g n a l  

ene rgy .  The s u b t e r r a n e a n  environment  i s  e x t r e m e l y  h o s t i l e  t o  

t h e s e  s i g n a l s .  I t  i s  found t h a t  t h e  s i g n a l s  from VHF and UHF 

handheld  t r a n s c e i v e r s  a r e  s e v e r e l y  a t t e n u a t e d  when p a s s i n g  

n e a r  r a i l  h a u l a g e  equ ipment ,  a round c o r n e r s  o r  t h r o u g h  v e n t i -  

l a t i o n  b a r r i c a d e s  i n  t h e  mine. A s  a r e s u l t ,  communicat ions 

f a i l  ( g o  below t h r e s h o l d )  e x a c t l y  where q u a l i t y  v o i c e  communi- 

c a t i o n s  a r e  needed t h e  most .  "Leakytt t r a n s m i s s i o n  l i n e s  

e x c i t e d  by h i g h  power t r a n s m i t t e r s  improve t u n n e l  comnuni- 

c a t i o n s ;  however,  o l d  problems p e r s i s t  and new problems have 

emerged. Communications t h rough  v e n t i l a t i o n  b a r r i c a d e s  and 

t o  t h e  p o i n t  o f  equipment breakdown were s t i l l  n o t  r e l i a b l e .  

F u r t h e r ,  t h e  p r a c t i c a b i l i t y  of  i n s t a l l i n g  c o a x i a l  c a b l e  i n  t h e  

working a r e a  o f  t h e  mine seems q u e s t i o n a b l e .  

C .  HISTORY 

Every s i n c e  t h e  emergence o f  r a d i o  f o r  p r a c t i c a l  t e r r e s -  

t r i a l  r a d i o  cornmunicat ions,  a t t e m p t s  have  been made t o  a p p l y  

it t o  underground min ing .  A s  e a r l y  as 1 9 2 2 ,  U . S . B . M .  e x p e r i -  

ments  showed t h a t  r a d i o  p ropaga t i on  i n  mines w a s  p o s s i b l e  b u t  

n o t  p r a c t i c a l .  



Equipment was bulky and i n s e n s i t i v e ,  and o n l y  ve ry  l a r g e  

a n t e n n a s  cou ld  be used .  By 1948 t h e  Chambers o f  Mines 

o f  South  A f r i c a  had programs i n  p l a c e  t o  deve lop  r a d i o  sys tems  

f o r  deep mines ,  p r i m a r i l y  g o l d  mines  ( 1 9 ) .  The r e s u l t  was 

t h a t  by 1973,  advanced 1 Watt s i n g l e  s i deband  (SSB) p o r t a b l e  

r a d i o s  were i n  u s e  ( 1 7 ) .  The U.S.B.M. p rocu red  s e v e r a l  of 

t h e s e  u n i t s  f o r  e v a l u a t i o n .  Performance i n  U,S. c o a l  mines 

was n o t  s a t i s f a c t o r y .  There  were s e v e r a l  r e a s o n s  f o r  t h i s .  

F i r s t ,  U.S. mines a r e  h i g h l y  e l e c t r i f i e d ,  p roduc ing  c o n s i d e r a b l e  

e l e c t r o m a g n e t i c  i n t e r f e r e n c e  (EM11 n o t  no rma l ly  found i n  t h e  

South  A f r i c a n  mines ,  which c o m p l e t e l y  d e s e n s i t i z e d  SSE r a d i o s .  

Second, t h e  power o f  1 Watt proved i n s u f f i c i e n t .  U.S. mines 

a r e  mos t ly  composed of  rooms and p i l l a r s  which means t h a t  any 

r a d i o  sys tem would have t o  have r e a s o n a b l e  r ange  from l o c a l  

conduc to r s .  T h i r d ,  g e o l o g i c a l  e l e c t r i c a l  pa r ame te r s  were l e s s  

f a v o r a b l e  i n  t h e  Uni ted  S t a t e s .  For t h e s e  r e a s o n s ,  t h e  South  

A f r i c a n  sys tem was n o t  a c c e p t a b l e  i n  t h e  Uni ted  S t a t e s .  

The Bureau ' s  approach  was t o  f i r s t  de t e rmine  t h e  a c t u a l  

p ropaga t i on  c h a r a c t e r i s t i c s  o f  MF i n  U.S. mines ,  and t h e n  t o  

r e l a t e  t h e  p ropaga t i on  t o  t h e  underground environment  such  a s  

t h e  geo logy ,  e n t r y  s i z e ,  e x i s t i n g  c o n d u c t o r s ,  and E M I .  

S e v e r a l  e x h a u s t i v e  in-mine measurement and a n a l y s i s  programs 

were conducted ( 2 0 )  ( 2 1 ) .  These programs formed t h e  founda- 

t i o n  f o r  t h e  f i r s t  t r u e  u n d e r s t a n d i n g  o f  how MF p r o p a g a t e s  

i n  mines ,  



T h e o r e t i c a l  and expe r imen ta l  work moni tored by Sacks 

and Chufo ( 1 2 )  o f  U.S.B.M. have shown t h a t  MF "nea r "  magnet ic  

f i e l d  s i g n a l s  p ropaga t e  th rough  n a t u r a l  media ( w a t e r ,  r o c k ,  

c o a l ,  e t c . )  and g r e a t  d i s t a n c e s  down passageways i n  t h e  

underground mining complex. Emslie and Lagace ( 1 3 )  (14) 

e s t a b l i s h e d  t h a t  a l oop  an t enna  would e x c i t e  a c o a l  seam mode 

e n a b l i n g  t h e  p ropaga t i on  o f  MF s i g n a l s  th rough  a  c o a l  seam. 

The c e l l u l a r  coverage  i n  a t y p i c a l  working s e c t i o n  i s  shown 

i n  F i g u r e  8 .  

The work o f  H i l l  and Wait ( 1 5 )  c o n s i d e r e d  t h e  e x c i t a t i o n  

o f  m o n o f i l a r  and b i f i l a r  p ropaga t i on  modes on a t r a n s m i s s i o n  

l i n e  i n  a passageway. Low l o s s  t r a n s m i s s i o n  l i n e  p ropaga t i on  

modes were d i s c o v e r e d  l e a d i n g  t o  t h e  passageway coverage  

shown i n  F i g u r e  6 .  

Whole mine r a d i o  s i g n a l  t r a n s m i s s i o n  and d i s t r i b u t i o n  

depends upon t h e  modal e x c i t a t i o n s  d e s c r i b e d  above.  One o f  

t h e  advan t ages  of  MF " n e a r v  magnet ic  f i e l d  s i g n a l s  ove r  

VHF/UHF p l a n a r  wave s i g n a l s  i s  t h a t  MF-"near" magnet ic  f i e l d  

s i g n a l s  a r e  n o t  s u b j e c t e d  t o  ex t r eme ly  h i g h  p a t h  l o s s  when 

p a s s i n g  n e a r  mining equipment ,  th rough  v e n t i l a t i o n  b a r r i c a d e s  

and around c o r n e r s .  T h i s  i s  e s p e c i a l l y  impor t an t  when comrn- 

u n i c a t i n g  i n  a l o n g  w a l l  s e c t i o n  o r  r e p a i r i n g  mining equipment 

a t  t h e  p o i n t  o f  equipment breakdown. 



The o p e r a t i n g  r a n g e  of an  underground r a d i o  communication 

sys tem depends  upon many f a c t o r s  i n c l u d i n g :  

an t enna  magne t ic  moment ( t r a n s m i t t e d  o u t p u t  power ) ,  

c h a r a c t e r i s t i c s  o f  e l e c t r i c a l  n o i s e  g e n e r a t e d  i n  t h e  
mine e l e c t r i c a l  sys tem,  

t h e  s i g n a l  p ropaga t i on  mechanism (modes) ,  

c a r r i e r  s i g n a l  c o u p l i n g  e f f i c i e n c y  , 

t h e  sys tem modula t ion-demodula t ion p r o c e s s e s ,  and 

s u s c e p t i b i l i t y  o f  t h e  r e c e i v e r  t o  d e s e n s i t i z a t i o n  by 
e l e c t r i c a l  n o i s e  and o t h e r  i n t e r f e r i ng / j a rnming  
s i g n a l s .  

I n  a l f n e a r v  magne t ic  f i e l d  communication sys tem,  o p e r a t i n g  

r a n g e  i s  a s t r o n g  f u n c t i o n  o f  t h e  s i g n a l  p r o p a g a t i o n  mechanism 

and medium, and an t enna  c o u p l i n g  e f f i c i e n c y  between o t h e r  

a n t e n n a s  and t r a n s m i s s i o n  l i n e s  i n  t h e  s i g n a l  d i s t r i b u t i o n  

sys tem.  These f a c t o r s  have been e x t e n s i v e l y  s t u d i e d  i n  t h e  

c o n t e x t  o f  t h e  s u b t e r r a n e a n  communication problem ( 1 4 )  as 

w e l l  a s  i n  t h e  r e l a t e d  t e r r e s t r i a l  communication l i t e r a t u r e .  

With r e s p e c t  t o  t h e s e  f a c t o r s ,  r ange  o p t i m i z a t i o n  p rocedu re s  

a r e  w e l l  known. 
* 



D .  NOISE GENERATED I N  MINE POWER SYSTEM 

I n  t h e  h i g h l y  mechanized U.S.  mining i n d u s t r y ,  r a d i o  

f r equency  i n t e r f e r e n c e  (RFI)  g e n e r a t e d  i n  t h e  mine e l e c t r i c a l  

sys tem i s  a  domina t ing  f a c t o r  i n  t h e  d e s i g n  o f  t h e  cornmuni- 

c a t i o n  sys tem.  A r ev i ew  o f  t h e  measured n o i s e  d a t e  ( 1 6 )  ( 1 7 )  

r e v e a l s  t h a t  t h e  n o i s e  f i e l d  s t r e n g t h  v a r i e s  o v e r  an  enormous 

r ange  (by  s e v e r a l  o r d e r s  o f  magnitude - 6 0  t o  1 0 0  dB v a r i a t i o n ) .  

The n o i s e  i s  g r e a t e s t  n e a r  AC t o  DC c o n v e r t e r s  ( r e c t i f i e r s )  

and a l o n g  t h e  t r o l l e y  conduc to r  i n  a r a i l  hau l age  sys tem.  

Away from t h e  haulageways ,  t h e  e l e c t r i c a l  n o i s e  l e v e l  i s  a s  

much as 40 t o  50 dB below t h e  haulageway l e v e l .  The n o i s e  

l e v e l  a l s o  changes  o v e r  a l a r g e  r ange  d u r i n g  a  t y p i c a l  working 

s h i f t .  The magnitude o f  t h e  n o i s e  spect rum d e c r e a s e s  r a p i d l y  

w i t h  f r equency .  For f r e q u e n c i e s  below 50 kHz i t s  magnitude 

i n c r e a s e s  w i t h  d e c r e a s i n g  f requency  a t  an ave rage  r a t e  o f  

app rox ima te ly  14 dB p e r  o c t a v e .  Above 100 kHz, t h e  n o i s e  

d e n s i t y  d e c r e a s e s  a t  t h e  r a t e  o f  6 dB p e r  o c t a v e .  

The h i g h  n o i s e  l e v e l  i n f l u e n c e s  t h e  d e s i g n  o f  t h e  RF 

s e c t i o n  i n  t h e  communications r e c e i v e r .  The r e c e i v e r  d e s i g n  

i s  somewhat more c r i t i c a l  t h a n  t h e  t r a n s m i t t e r  d e s i g n ,  mainly  

because  o f  t h e  p r e sence  of  i n t e r f e r i n g  s i g n a l s  b e f o r e  t h e  

s i g n a l  p r o c e s s i n g  s t a g e .  The RF s e c t i o n  must d i s c r i m i n a t e  

a g a i n s t  t h e  n o i s e  as much as p o s s i b l e  and t h e n  amp l i fy  t h e  

modulated s i g n a l  and n o i s e  i n  a l i n e a r  way b e f o r e  c o n v e r t i n g  

t h e  s i g n a l  and n o i s e  t o  t h e  p rope r  i n t e r m e d i a t e  f requency  

( I F )  and subsequen t  s i g n a l  p r o c e s s i n g .  



E.  SIGNAL PROPAGATION MODES 

The c o a l  seam and t r a n s m i s s i o n  l i n e  s i g n a l  p r o p a g a t i o n  

modes were e v a l u a t e d  i n  a s e r i e s  o f  underground mine t e s t s  

conduc ted  by t h e  U.S.B.M. r e s e a r c h e r s .  Co ry ' s  ( 2 1 )  ( 2 2 )  

t e s t  r e s u l t s  i n d i c a t e d  t h e  c o a l  seam mode e n a b l e d  maximum 

communicat ion r a n g e  f o r  o p e r a t i n g  f r e q u e n c y  i n  t h e  400 t o  7 0 0  

kHz band (MF band - 300 t o  3000 kHz) .  F u r t h e r ,  as p r e d i c t e d  

by H i l l  and Wait (151 ,  Cory found t h e  p r o p a g a t i o n  l o s s  on t h e  

" w i r e p l a n t "  t o  d e c r e a s e  w i t h  d e c r e a s e s  i n  o p e r a t i o n  f r equency .  

1. Seam Mode P ropaga t i on  Theory 

The t h e o r y  o f  e l e c t r o m a g n e t i c  wave p r o p a g a t i o n  i n  s t r a t i -  

f i e d  media h a s  been r i g o r o u s l y  deve loped  by Wait ( 2 3 ) .  

E l e c t r o m a g n e t i c  waves can  p r o p a g a t e  l a t e r a l l y  v i a  h i g h l y  r e -  

s i s t i v e  l a y e r s  i n  t h e  e a r t h  ( 2 5 ) .  W a i t  ( 2 4 )  h a s  ana lyzed  t h e  

c a s e  o f  t h e  c o a l  seam u s i n g  t h e  s i m p l i f i e d  model shown below. 

ROCK 6, ER 
/ / / / / / / / / / I / / / / / / / / / / / / /  

(SOURCE) 

COAL 

SEAM 

(RECEIVER) 

FIGURE 2 1 ,  SEAM MODE FIELD COMPONENTS 



The c o a l  seam i s  bounded by two conduc t ing  h a l f  spaces  

w i t h  t h e  c o n d u c t i v i t y  of  t h e  rock  (6,)  g r e a t e r  t h a n  t h e  

c o n d u c t i v i t y  of c o a l  ( 6 c ) .  The c o n d u c t i v i t y  o f  t h e  c o a l  i s  

s e v e r a l  o r d e r s  of magnitude l e s s  t h a n  t h e  c o n d u c t i v i t y  o f  

t h e  r o c k .  The v e r t i c a l  o r i e n t a t i o n  o f  t h e  t r a n s m i t t i n g  l o o p  

an t enna  ( s o u r c e )  p roduces ,  a l ong  t h e  t r a n s m i s s i o n  p a t h  ( r ) ,  

a h o r i z o n t a l  magne t ic  f i e l d  H and a v e r t i c a l  e l e c t r i c a l  f i e l d  tJ 
Ez* The f i e l d s  a r e  a lmos t  c o n s t a n t  o v e r  t h e  h e i g h t  o f  t h e  

c o a l  seam. Emsl ie  and Lagace ( 2 6 )  have shown t h a t  t h e  f i e l d s  

d i e  o f f  e x p o n e n t i a l l y  i n  t h e  r o c k .  ") A t  l a r g e  r a d i a l  d i s -  

t a n c e s  ( r )  from t h e  a n t e n n a ,  t h e  f i e l d s  decay e x p o n e n t i a l l y  

a t  a r a t e  de te rmined  by a n  e f f e c t i v e  a t t e n u a t i o n  c o n s t a n t  

which depends  on l o s s e s  b o t h  i n  t h e  c o a l  and i n  t h e  r o c k  and 

on t h e  d i e l e c t r i c  c o n s t a n t  of  t h e  c o a l .  There  i s  a l s o  a 

l / r  'I2 f a c t o r  a t  l a r g e  r a d i a l  d i s t a n c e s  due t o  c y l i n d r i c a l  

s p r e a d i n g  o f  t h e  wave. The ze ro -o rde r  TEM magne t ic  f i e l d  

H i n  t h e  p l a n e  of  t h e  t r a n s m i t t i n g  l o o p  i s  g i v e n  by:  4) 

(1) With p e r f e c t l y  conduc t ing  b o u n d a r i e s ,  when 6, i s  f i n i t e  , 
t h e  ze ro -o rde r  mode f i e l d  v a r i e s  w i t h  z ,  o ,  and r owing 
t o  wave p ropaga t i on  a c r o s s  t h e  bounda r i e s .  

( 2 )  Sk in  d e p t h  i n  r o c k  i s  0 . 6 9  m e t e r ,  6, = 1 mho, 520 kHz. 



where M i s  t h e  magnetic moment of t h e  t r a n s m i t t i n g  

loop  an tenna ,  

be = b+1/2 6, i s  t h e  e f f e c t i v e  h a l f - h e i g h t  of 

t h e  c o a l  seam. (1) 

6, = z d i r e c t i o n  s k i n  dep th  i n  t h e  r o c k .  

k=B it i s  t h e  complex propaga t ion  c o n s t a n t  i n  

t h e  r a d i a l  d i r e c t i o n ,  and 

H1 ('I' ( k r )  = d e r i v a t i v e  o f  t h e  f i r s t - o r d e r  

Hankel Funct ion f o r  an ou tgoing  wave. 

(1) Wait h a s  no ted  t h e  be may be complex. 



On ta'king the asymptotic form of the Hankel Function, the 

azimuthal component of magnetic field 
(1) 

is 

The attenuation and phase constants are given by Emslie 

and Lagace (26) are 

where 

2(6,-2nf&,) 
P 

- 4n2fZuO& , and 
b C 

(1) Valid at ranges kr< 1 



The ze ro -o rde r  TEN wave d e s c r i b e d  by Equa t ion  (1) h a s  been 

compared w i t h  e x p e r i m e n t a l  measurements by Cory ( 2 7 ) .  Emslie 

and Lagace have de te rmined  t h a t  t h e  measured r e s u l t s  a r e  i n  

c l o s e  agreement  w i t h  Equa t ion  (1). The a t t e n u a t i o n  r a t e  i n  

c o a l  i s  app rox ima te ly  4 dB/100 f e e t  (6,=1.4 x  ~ O - ~ M H O / ~ ,  

cC=7,  6 r = 1  MHO/m,  b=lm,  350 K H z ) .  

Equa t i ons  ( 3 )  ( 5 )  and ( 6 )  a r e  u s e f u l  i n  d e t e r m i n i n g  t h e  

dependence o f  wave p ropaga t i on  c o n s t a n t  on seam p a r a m e t e r s .  

The a t t e n u a t i o n  r a t e  i s  expec t ed  t o  i n c r e a s e  as t h e  c o a l  seam 

t h i c k n e s s  d e c r e a s e s  and c o n d u c t i v i t y  i n c r e a s e s .  The a t t e n u a -  

t i o n  r a t e  d e c r e a s e s  as t h e  r o c k  c o n d u c t i v i t y  i n c r e a s e s .  The 

r a t e  a l s o  depends upon f r equency .  

2 .  T ransmiss ion  Line P ropaga t i on  ?lodes 

T h e o r e t i c a l  r e s e a r c h  and a c t u a l  f i e l d  r e s u l t s  con f i rm  

t h a t  two s i g n a l  p ropaga t i on  modes e x i s t  on a  p a i r  o f  w i r e s  

i n  t h e  l 1wi r ep l an tW.  The modal c u r r e n t  f l ows  a r e  shown below 
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FIGURE 2 2 .  SIGNAL CURRENT (I) FLOW ON CONDUCTORS (n-2  l1 

F o o t n o t e :  The number o f  p o s s i b l e  modes i s  n-1 where n i s  t h e  
number o f  e l e c t r i c a l  c o n d u c t o r s  i n  t h e  w i r e p l a n t .  



H i l l  and Wait ( 1 5 )  have examined t h e  e x c i t a t i o n  o f  

m o n o f i l a r  and b i f i l a r  modes on a t r a n s m i s s i o n  l i n e  i n  a 

t u n n e l .  I n  t h e  monof i l a r  mode ( a l s o  c a l l e d  t h e  ba l anced ,  

d i f f e r e n t i a l ,  c o a x i a l ,  o r  symmet r ica l  mode) c u r r e n t  f lows  i n  

t h e  same d i r e c t i o n  on bo th  conduc to r s  and r e t u r n s  as s u r f a c e  

c u r r e n t  i n  t h e  mine t u n n e l .  Th i s  mode i s  r e a d i l y  e x c i t e d  by 

magne t ic  c o u p l i n g  from a l o o p  an t enna  anywhere i n  t h e  mine 

t u n n e l  b u t  s u f f e r s  h i g h  a t t e n u a t i o n  because  t h e  r e t u r n  c u r r e n t  

f l o w s  i n  t h e  l o s s y  t u n n e l  w a l l .  I n  t h e  b i f i l a r  mode ( a l s o  

c a l l e d  t h e  unba lanced ,  a s y m e t r i c a l  o r  d i f f e r e n t i a l m o d e ) ,  t h e  f o r -  

ward c u r r e n t  i n  t h e  upper  conduc to r  r e t u r n s  t h rough  t h e  lower  

conduc to r .  T h i s  t r a n s m i s s i o n  l i n e  mode h a s  low a t t e n u a t i o n  

because  t h e  r e t u r n  c u r r e n t  f l ows  on t h e  second w i r e  r a t h e r  

t h a n  th rough  t h e  su r round ing  r o c k .  E x c i t a t i o n  of  t h i s  mode 

depends upon magne t ic  f l u x  t h r e a d i n g  t h e  a r e a  between t h e  

t r a n s m i s s i o n  l i n e  conduc to r s .  Mode conve r s ion  n a t u r a l l y  o c c u r s  

on a two-wire t r a n s m i s s i o n  l i n e  because  of  random i m p e r f e c t i o n s  

i n  t h e  " w i r e p l a n t "  and mine t u n n e l s .  Non-un i fo rmi t i es  i n  

t u n n e l  c r o s s  s e c t i o n ,  s ag  i n  c a b l e  w i t h  r e s p e c t  t o  t h e  r o o f  

and i n c i d e n t i a l  changes  i n  t h e  s p a c i n g  between conduc to r s  

cai lse t h e  c h a r a c t e r i s t i c  impedance ( Z o )  o f  t h e  c a b l e  t o  change 

a l o n g  t h e  l i n e .  Changes i n  t h e  l i n e  c h a r a c t e r i s t i c  impedance 

c a u s e  r a d i a t i o n  and r e f l e c t i o n  of  t h e  s i g n a l  energy .  A s  a 

r e s u l t ,  m o n o f i l a r  and b i f i l a r  mode i n t e r c h a n g e  c o n v e r s i o n s  

o c c u r  a l l  a l o n g  a l i n e .  Resea rche r s  i n  Belgium were t h e  f i r s t  

t o  deve lop  mode c o n v e r t e r s  t o  t r a n s f o r m  monof i l a r  mode t o  b i -  



f i l a r  mode s i g n a l s  ( 3 3 )  ( 3 4 ) .  The Belgium c o n v e r t e r s  were 

r e a l i z e d  by a s e r i e s  o f  i n d u c t a n c e s  i n s e r t e d  i n  one l i n e  and 

a c a p a c i t a n c e s  i n  t h e  o t h e r .  

Two-wire c a b l e  t h a t  i s  added t o  t h e  " w i r e p l a n t "  t o  i n -  

c r e a s e  r a d i o  coverage  i n  manways w i t h o u t  " w i r e p l a n t "  shou ld  

be de s igned  t o  t a k e  f u l l  advan tage  o f  e f f i c i e n t  m o n o f i l a r  mode 

c o u p l i n g  and b i f i l a r  mode low a t t e n u a t i o n  r a t e .  Untwis ted-  

p a i r  c a b l e  shou ld  be  used because  f i e l d s  from t w i s t e d  p a i r  

c a b l e  a r e  reduced  by 50 dB a t  a d i s t a n c e  R = 1 . 5  p  from t h e  

cabLe where p  i s  t h e  p i t c h  o f  t h e  t w i s t e d  p a i r  ( 3 5 ) .  

F .  COUPLING MF SIGNALS TO THE "WIREPLANT" 

The c o u p l i n g  o f  s i g n a l s  between t r a n s m i t t i n g  l o o p  a n t e n n a s  

and t h e  " w i r e p l a n t "  w i l l  b e  examined i n  t h i s  s e c t i o n .  The 

e q u a t i o n s  d e f i n e  b i f i l a r  mode c o u p l i n g  t o  c a b l e s  i n  f r e e  

s p a c e .  Monof i l a r  c o u p l i n g  a l s o  o c c u r s ;  however, m o n o f i l a r  

s i g n a l  l e v e l  depends upon t h e  t u n n e l  s u r f a c e  impedance. The 

n a t u r e  of  t h i s  coup l ing  w a s  p r e v i o u s l y  examined by H i l l  and 

W a i t  ( 1 5  1. 

1. T r a n s m i t t i n g  Loop Antenna and Two-Wire Transmiss ion  
Line Coupl ing 

T h e o r e t i c a l  e q u a t i o n s  t h a t  r e la te  t o  t h e  b i f i l a r  c u r r e n t  

s i g n a l  l e v e l  induced i n  a " w i r e p l a n t "  t r a n s m i s s i o n  l i n e  t o  t h e  

t r a n s m i t t i n g  l o o p  an t enna  magnet ic  moment (MT), o p e r a t i n g  

f r e q u e n c y  (f), l o o p  t o  l i n e  d i s t a n c e  ( R )  and conduc to r  

s e p a r a t i o n  ( b )  i n  t h e  l i n e  a r e  e x c e e d i n g l y  u s e f u l  i n  p l ann ing  

t h e  d e s i g n  o f  t h e  communications sys tem.  The e q u a t i o n s  show 



t h a t  coup l ing  improves w i t h  t h e  f i r s t  power o f  magnet ic  moment, 

f r equency  and i n c r e a s e d  s e p a r a t i o n  between l i n e  conduc to r s .  

Coupling improves w i t h  t h e  second power by d i s t a n c e  from t h e  

l oop  t o  t h e  l i n e  as t h e  l o o p  i s  brought  n e a r e r  t o  t h e  l i n e .  

Coupling depends upon t h e  g e o m e t r i c a l  r e l a t i o n s h i p s  

between t h e  t r a n s m i t t i n g  l o o p  an t enna  and t h e  two-wire t r a n s -  

miss ion  l i n e .  Some of  t h e  p o s s i b l e  g e o m e t r i c a l  r e l a t i o n s h i p s  

are i l l u s t r a t e d  i n  F igure  2 3 .  
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FIGURE 2 3 .  GEOMETRIES FOR A VERTICAL TRANSMISSION LINE 
A 0 



I n  t h e  a l i g n e d  c a s e  shown i n  F igu re  2 3 ,  t h e  l o o p  and t h e  

l i n e  conduc to r s  l i e  i n  a v e r t i c a l  p l a n e .  The p l a n e s  a r e  

s e p a r a t e d  by t h e  d i s t a n c e  R .  The c o a x i a l  c o n f i g u r a t i o n  o c c u r s  

when t h e  c e n t e r  l i n e  o f  t h e  t r a n s m i s s i o n  l i n e  c o i n c i d e s  w i t h  

t h e  a x i s  o f  t h e  t r a n s m i t t i n g  l o o p  a n t e n n a .  T h i s  geometry 

i s  f r e q u e n t l y  encoun te r ed  when v e s t  and v e h i c u l a r  t r a n s c e i v e r s  

a r e  i n  a manway. The a x i s  o f  t h e  l o o p  may a l s o  be  below t h e  

c e n t e r  l i n e  o f  t h e  t r a n s m i s s i o n  l i n e .  The c o a x i a l  a l i gnmen t  

i nduces  s t r o n g  b i f i l a r  c u r r e n t  i n  t h e  l i n e  and weaker mono- 

f i l a r  e l emen t s .  The a l i g n e d ,  edge-on, c a s e  o f  F igu re  2 3  ( c )  

i nduces  s t r o n g e r  m o n o f i l a r  c u r r e n t s  and weaker b i f i l a r  c u r r e n t s .  

The edge-on s i t u a t i o n  p roduces  u n f a v o r a b l e  c o u p l i n g .  The co- 

p l a n a r  case shown i n  F i g u r e  2 3 ( b )  produce b o t h  m o n o f i l a r  and 

b i f  i l a r  c u r r e n t s  . 
Smith ( 2 8 )  h a s  deve loped  e q u a t i o n s  t h a t  d e f i n e  t h e  i n -  

duced c u r r e n t  and v o l t a g e  i n  a t r a n s m i s s i o n  c a b l e .  The two- 

w i r e  s i g n a l  t r a n s m i s s i o n  medium i s  r e p r e s e n t e d  as a trans- 

mi s s ion  l i n e  t e r m i n a t e d  a t  b o t h  ends  by l o a d  impedances 

(Zland Z 2 )  e q u a l  t o  t h e  c h a r a c t e r i s t i c  impedance o f  t h e  l i n e .  

The l i n e  i s  shown i n  F i g u r e  2 4 .  
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FIGURE 2 4 .  EQUIVALENT TRANSMISSION LINE NETWORK FOR 
INDUCED VOLTAGES AND CURRENTS ( Z 1 = Z e = Z o )  

The l i n e  i s  l o n g  and t h e  conduc to r  s p a c i n g  i s  b. The 

f i e l d  produced by t h e  l o o p  t h r e a d s  t h e  a r e a  enc lo sed  by t h e  

conduc to r  spac ing  and a l e n g t h  L a l o n g  t h e  l i n e .  Because 

t h e  f i e l d  i s  non-uniform, it i s  assumed t o  be c o n s t a n t  o v e r  

t h e  l e n g t h  L-R and z e r o  e l s ewhe re .  When 2aR<< A ,  t h e n  t h e  

induced v o l t a g e  i s  g iven  by 

where f i s  t h e  o p e r a t i n g  f r e q u e n c y ,  

u, i s  t h e  magnet ic  p e r m e a b i l i t y  of  f r e e  space  

( 4 ~  x l o o 7  hen rys /me te r )  , and 

M i s  t h e  l o o p  magnet ic  moment. T 

The curren-t: f l owing  i n  t h e  l i n e  i s  g i v e n  by 



Equa t ions  ( 7 )  and ( 8 )  a r e  u s e f u l  i n  s e v e r a l  ways. F i r s t ,  t h e  

v o l t a g e  and c u r r e n t  s i g n a l s  induced i n  t h e  l i n e  a r e  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  magne t ic  moment o f  t h e  t r a n s m i t t i n g  l o o p  

a n t e n n a .  Maximizing t h e  l o o p  moment f o r  a  g iven  t r a n s m i t t e r  

power w i l l  a l s o  maximize t h e  induced s i g n a l  and sys tem ope r -  

a t i n g  r a n g e .  I n c r e a s i n g  t h e  t r a n s m i s s i o n  l i n e  conduc to r  

s p a c i n g  w i l l  i n c r e a s e  t h e  l i n e  c h a r a c t e r i s t i c  impedance 

and d e c r e a s e  l i n e  c u r r e n t .  S ince  t h e  v o l t a g e  (V) depends on 

t h e  f i r s t  power o f  conduc to r  s e p a r a t i o n  b and Z, on.  i t s  

l o g a r i t h m .  There  i s  some improvement i n  o p e r a t i n g  range  

o b t a i n a b l e  by maximizing b g iven  t h e  c o n s t r a i n t  o f  c a b l e  c o s t .  

Secondly ,  coup l ing  e f f i c i e n c y  i n c r e a s e s  w i t h  t h e  f i r s t  power 

of  o p e r a t i n g  f r equency  ( f )  . However, t h e  a t t e n u a t i o n  r a t e  o f  

s i g n a l s  on t h e  l i n e  a l s o  i n c r e a s e s  w i t h  f r equency .  Because of  

t r a n s m i s s i o n  l o s s ,  it i s  b e t t e r  t o  u s e  lower  o p e r a t i n g  

f r e q u e n c i e s .  A s  d e s c r i b e d  i n  S e c t i o n  E ,  t h e  mine g e n e r a t e d  

e l e c t r i c a l  n o i s e  a l s o  i n c r e a s e s  w i t h  d e c r e a s e s  i n  o p e r a t i n g  

f r equency .  Thus,  a l t h o u g h  t r a n s m i s s i o n  l o s s e s  a r e  lower  a t  

lower  o p e r a t i n g  f r e q u e n c y ,  i n c r e a s e  i n  mine g e n e r a t e d  n o i s e  

l e v e l  c a u s e s  t h e  s i g n a l - t o - n o i s e  r a t i o  t o  deg rade .  Mine t e s t s  

i n d i c a t e  t h a t  t h e  s i g n a l  t o  n o i s e  r a t i o  (S/N) i s  op t imized  

i n  t h e  r e g i o n  o f  2 5 0  t o  5 0 0  kHz o p e r a t i n g  f r equency  band.  



T r a n s m i t t i n g  Loop Antenna. To Rece iv ing  Loop Antenna 
Via Transmiss ion  Line C o u ~ l i n g  

A t  a d i s t a n t  r e c e i v i n g  s i t e ,  t h e  signal magnet ic  f i e l d  

c o u p l e s  t o  t h e  r e c e i v i n g  l o o p  a n t e n n a  as i l l u s t r a t e d  i n  

F i g u r e  2 5 .  

PLANE OF 
TWIN-LEAD 
CABLE 

H~ 

ECE LOOP 

FIGURE 2 5 ,  SIGNAL COUPLING TO A RECEIVING LOOP ANTENNA 



The magne t ic  f i e l d  produced by t h e  b i f i l a r  l i n e  c u r r e n t  a l o n g  

t h e  cable n e a r  t h e  r e c e i v i n g  l o o p  i s  ma thema t i ca l l y  r e p r e s e n t e d  

by 

The e l e c t r o m o t i v e  f o r c e  (emf) produced i n  t h e  r e c e i v i n g  l o o p  

i s  g iven  by Maxwell 's  f i r s t  e q u a t i o n  as 

where B i n  t h e  f l u x  d e n s i t y  t h r e a d i n g  t h e  l oop+a rea  A R ,  

n  i s  u n i t  v e c t o r  of  s u r f a c e  t h r e a d e d  by B ,  and 

NR i s  t h e  number o f  t u r n s  i n  t h e  r e c e i v i n g  l o o p .  

The e q u a t i o n  r e d u c e s  t o  

emf = m u 0  HSARNR 

Combining e q u a t i o n s  ( 1 0  ) and ( 1 2  , t h e  d i r e c t  r e l a t i o n s h i p  

between t h e  t r a n s m i t t i n g  an t enna  moment ( M T )  and t h e  r e c e i v i n g  

l oop  v o l t a g e  (VL) i s  o b t a i n e d  as 



T h i s  e q u a t i o n  i s  of fundamenta l  impor tance  i n  c o n s i d e r i n g  

l o o p  t o  l o o p  v i a  l i n e  c o u p l i n g  i n  t h e  r a d i o  sys tem.  From 

t h e  sys tem d e s i g n  p o i n t  o f  v iew,  t h e  v o l t a g e  induced  i n  a  

d i s t a n t  l o o p  i n c r e a s e s  w i t h  t h e  second  power o f  t h e  t r a n s -  

m i s s i o n  l i n e  c o n d u c t o r  s e p a r a t i o n  ( b )  . T r a n s m i s s i o n  l i n e s  

t h a t  are i n s t a l l e d  f o r  t h e  purpose  o f  i n c r e a s i n g  r a d i o  c o v e r a g e  

i n  manways s h o u l d  have  t h e  g r e a t e s t  p o s s i b l e  c o n d u c t o r  sep-  

a r a t i o n  d i s t a n c e .  Twin l e a d  t r a n s m i s s i o n  l i n e s  used  i n  TV 

l e a d - i n  a p p l i c a t i o n s  e x h i b i t  g r e a t e r  c o n d u c t o r  s e p a r a t i o n  t h a n  

t y p i c a l  t w i s t e d  p a i r  p a g e r  t e l e p h o n e  c a b l e .  Ruggedized t w i n  

l e a d  c a b l e  i s  recommended. Given t h e  a n t e n n a  p h y s i c a l  mounting 

c o n s t r a i n t s  ( h e i g h t  and l e n g t h ) ,  r e c e i v i n g  l o o p  v o l t a g e  i n -  

creases w i t h  t h e  number o f  t u r n s .  T h e r e f o r e ,  i n c r e a s i n g  t h e  

number o f  t u r n s  i n c r e a s e s  t h e  c o u p l i n g  e f f i c i e n c y  o f  t h e  

a n t e n n a .  Coup l ing  i n c r e a s e s  w i t h  t h e  second power o f  o p e r a t i n g  

f r e q u e n c y  . 
3 .  A t t e n u a t i o n  Rate 

The a t t e n u a t i o n  ra te  u n t w i s t e d  t e l e p h o n e  c a b l e  and 

AC power c a b l e  w a s  measured i n  c o a l  and M/NM mines .  Xeasure-  

ments  are e x t r e m e l y  d i f f i c u l t  ( i m p o s s i b l e )  t o  a c c u r a t e l y  make 

i n  an  o p e r a t i n g  mine owing t o  many w e l l  known f a c t o r s .  The 

p r i n c i p a l  f a c t o r  i s  t h e  n a t u r a l  v a r i a t i o n  o f  d i s t a n c e  between 

t h e  t r a n s m i t t i n g / r e c e i v i n g  l o o p  a n t e n n a s  and t h e  s i g n a l  t r a n s -  

m i s s i o n  l i n e  i n  t h e  manways. T h i s  c a u s e s  u n c o n t r o l l a b l e  

second  power o f  d i s t a n c e  change e f f e c t s  i n  induced l i n e  

c u r r e n t .  Mining o p e r a t i o n s  l i m i t  v e h i c u l a r  t r a n s p o r t a t i o n  



and p r o h i b i t  d i s r u p t i o n  o f  t h e  mining p r o c e s s e s  by measure-  

ment p r o c e d u r e s .  Even w i t h  t h e s e  d i f f i c u l t i e s ,  a v e r a g e  

a t t e n u a t i o n  ra tes  were measured i n  t h e  mines shown i n  

Tab le  C .  

The a t t e n u a t i o n  r a t e s  measured i n  c o a l  and M/NM mines 

were found t o  be  s i m i l a r .  The induced  m o n o f i l a r  c u r r e n t  

f l owing  on t h e  t r a n s m i s s i o n  l i n e  a t  t h e  ba se  s t a t i o n  l o c a t i o n  

w a s  measured w i t h  a  c a l i b r a t e d  c u r r e n t  t r a n s f o r m e r  ( p r o b e ) .  

CURRENT PROBE 
OR R F  LINE 

TELEPHONE 

CEIVER 8' 
CALIBRATED 

\ VOLTMETER 
SINGER 
MODEL NM-25T 

/ / / /, / /  /- / /  / / I / / / ,  

F I G U R E  2 6 .  SET-UP FOR MEASURING I N D U C E D  LIME CURRENT 

F i g u r e  2 6  shows t h a t  t h e  s o u r c e  ( t r a n s m i t t i n g  l o o p  a n t e n n a )  

w a s  mounted on a mine s e r v i c e  v e h i c l e .  The induced  c u r r e n t  

was measured a s  t h e  v e h i c l e  moved away from t h e  base s t a t i o n  

l o c a t i o n .  The measured d a t a  i s  shown i n  F i g u r e  2 7 .  The 

a t t e n u a t i o n  r a t e  was approximately 2 . 4  dB/1003 feet. 
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With a v e h i c l e - t o - b a s e - s t a t i o n  s e p a r a t i o n  range  of 5000 f e e t  

t h e  induced l i n e  c u r r e n t  was app rox ima te ly  707 microamperes.  

The mine g e n e r a t e d  n o i s e  was a l s o  measured d u r i n g  e a c h  f i e l d  

t e s t .  The induced n o i s e  l e v e l  t y p i c a l l y  measured 2 . 2  

microamperes i n  a medium s i z e d  c o a l  mine w i t h  conveyor 

hau l age .  The s i g n a l  t o  n o i s e  r a t i o  was found t o  exceed 50 

dB. The h o r i z o n t a l  dashed l i n e  (C/N=20 dB) r e p r e s e n t s  t h e  

induced l i n e  c u r r e n t  l e v e l  communications.  The i n t e r s e c t i o n  

o f  t h e  dashed and t h e  p r o t e c t i o n  o f  induced l i n e  c u r r e n t  

( n o t  shown) cu rves  f o r e c a s t  t h a t  t h e  maximum cornmunications 

range  a l o n g  t e l ephone  c a b l e  w i l l  exceed 18,000 f e e t .  a t  

520 kHz. 



G .  LOOP ANTENNA DESIGN CONSIDERATIONS 

The underground cornmunicaticn r ange  depends upon t h e  

a b i l i t y  o f  t h e  t r a n s m i t t i n g  and r e c e i v i n g  a n t e n n a s  t o  

e f f i c i e n t l y  coup le  c o a l  seam and t r a n s m i s s i o n  l i n e  s i g n a l s .  

Equa t i ons  (1) and ( 1 4 )  show t h a t  t h e  l e v e l  o f  s i g n a l s  induced 

on a t r a n s m i s s i o n  l i n e  o r  a t  t h e  r e c e i v i n g  an t enna  o u t p u t  

t e r m i n a l  depends upon t h e  f i r s t  power o f  t r a n s m i t t i n g  an t enna  

magne t ic  moment ( M T ) .  The r e c e i v i n g  s i g n a l  a l s o  depends upon 

t h e  f i r s t  power of t u r n s - a r e a  p roduc t  (NRAR)  o f  t h e  r e c e i v i n g  

an t enna .  The t r a n s m i t t i n g  l o o p  magne t ic  moment ( M T )  i s  

produced by an e x c i t a t i o n  c u r r e n t  ( I )  f l owing  t h rough  t h e  

t r a n s m i t t i n g  c o i l  shown i n  F i g u r e  2 8 .  
n 

FIGURE 2 8 .  TRANSMITTING LOOP ANTENNA EXCITATION CUXRENT AND 

MAGNETIC  MOMENT(^) . 

(1) The d i r e c t i o n  o f  t h e  magne t ic  moment can be  determined by 
t h e  " r i g h t  hand r u l e "  whereby t h e  f i n g e r s  o f  t h e  r i g h t  hand 
p o i n t  i n  t h e  d i r e c t i o n  o f  t h e  magne t ic  f i e l d  when t h e  con- 
d u c t o r  i s  g ra sped  such  t h a t  t h e  r i g h t  thumb p o i n t s  i n  t h e  
d i r e c t i o n  o f  t h e  c u r r e n t .  



The magne t ic  moment i s  d e f i n e d  as 

I MT I = NIA 

where A i s  t h e  a r e a  o f  t h e  l o o p  i n  s q u a r e  meters, 

I i s  t h e  l e v e l  of t h e  e x c i t a t i o n  c u r r e n t ,  and 

N i s  t h e  number o f  t u r n s  i n  t h e  t r a n s m i t t i n g  l o o p .  

The moment i s  a v e c t o r  o r t h o g n a l  t o  t h e  p l a n e  o f  t h e  l o o p .  

The t r a n s m i t t i n g  l o o p  t u r n s - c u r r e n t - a r e a  p roduc t  ( N I A )  i s  

a s c a l e r  q u a n t i t y .  The l o o p  an t enna  produces  a h o r i z o n t a l  

magne t ic  d i p o l e  (HMD) when t h e  t r a n s m i t t i n g  l o o p  a n t e n n a  l i e s  

i n  a v e r t i c a l  p l a n e  and a v e r t i c a l  magne t ic  d i p o l e  (VMD) 

when i n  t h e  h o r i z o n t a l  p l a n e .  

1. Design Op t imiza t i on  P roces s  

Coupl ing can be op t imized  by maximizing t h e  p r o d u c t s  

(NIA) and ( N R A R )  f o r  t h e  t r a n s m i t t i n g  and r e c e i v i n g  a n t e n n a s ,  

r e s p e c t i v e l y .  Like  a l l  o p t i m i z a t i o n  problems,  c o n s t r a i n t s  

p l aced  upon t h e  i n d i v i d u a l  v a r i a b l e s  o f  t h e  p roduc t  s i g n i -  

f i c a n t l y  i n c r e a s e s  t h e  d e s i g n  t a s k .  The o p t i m i z a t i o n  p r o c e s s  

t o  be d e s c r i b e d  i n  t h i s  work examines each  independen t  

an t enna  d e s i g n  v a r i a b l e  ( X i )  t o  d e f i n e  i t s  upper  bound 
A 

( B i ) .  The upper  bound f o r  each  o f  t h e  v a r i a b l e s  may be  

w r i t t e n  as 

where t h e  s u b s c r i p t s  i = 1, 2 ,  3 ,  . . .  i d e n t i f i e s  t h e  v a r i a b l e s  

and c o n s t r a i n e d  v a l u e s .  



I f  s e p a r a t e  a n t e n n a s  a r e  used  f o r  r e c e i v i n g  and t r a n s m i t t i n g  

f u n c t i o n s ,  t h e n  t h e  optimum f e a s i b l e  d e s i g n  w i l l  r e q u i r e  

d i f f e r e n t  upper  bounds f o r  t h e  a n t e n n a  a r e a  and t u r n s .  If 

t h e  f u n c t i o n s  a r e  combined i n  a s i n g l e  a n t e n n a  d e s i g n ,  t h e  

same upper  bounds app ly .  Antennas t h a t  o p e r a t e  i n  a  haza rdous  

atmosphere must n e c e s s a r i l y  have upper  bounds on t h e  t r a n s -  

m i t t i n g  an t enna  magnet ic  moment. 

P h y s i c a l  r e l i a b i l i t y  o f  t h e  a n t e n n a  s t r u c t u r e  imposes 

a d d i t i o n a l  mechan ica l  and e l e c t r i c a l  d e s i g n  c o n s t r a i n t s .  

The m a t e r i a l s  s e l e c t e d  f o r  u se  i n  c o n s t r u c t i o n  o f  t h e  an t enna  

must a l l o w  t h e  a n t e n n a  t o  s u r v i v e  ext reme p h y s i c a l  abuse .  

The e l e c t r i c a l  component r e l i a b i l i t y  must n o t  be a d v e r s e l y  

a f f e c t e d  by: 

. High c i r c u l a t i n g  c u r r e n t  i n  t h e  l o o p ,  

. High l o c a l i z e d  e l e c t r i c  f i e l d s  t h a t  can  produce 

co rona  e f f e c t s ,  and 

. High v o l t a g e s  t h a t  can  b r eak  down d i e l e c t r i c s  used 

i n  t h e  c o n s t r u c t i o n  o f  t h e  l o o p  components.  

The an t enna  d e s i g n  c o n s t r a i n t s  w i l l  be examined i n  t h e  

f o l l o w i n g  pa rag raphs .  



Antenna Area C o n s t r a i n t s  

C o n s t r a i n t s  p l aced  upon t h e  maximum antenna  a r e a s  may 

be r e p r e s e n t e d  as 
h 

A1 2 B1 ( v e s t ) ,  and 

A2 5 B2 ( v e h i c u l a r )  . 

The upper bounds (B1, B a r e  determined by s t r a i g h t  forward 2 

examinat ion of  t h e  an tenna  mounting l i m i t a t i o n s  on t h e  rov ing  

miners  and many d i f f e r e n t  t y p e s  o f  underground v e h i c l e s .  

a .  Vest Antenna Area C o n s t r a i n t  

I n  execu t ion  o f  t h e  c o n t r a c t  work covered by t h i s  

r e p o r t  s i g n i f i c a n t  improvements i n  t h e  des ign  o f  t h e  

"ves t "  t y p e  loop  an tenna  worn by t h e  rov ing  miner 

were accomplished.  These improvements were based on 

c e r t a i n  f a c t o r s  e v i d e n t  from e a r l i e r  s i m i l a r  work o f  

o t h e r s .  A s h o r t  summary o f  t e c h n i c a l  requi rements  

and h i s t o r i c a l  developments l e a d i n g  t o  t h e  p r e s e n t  

des ign  f o l l o w s .  

The v e s t  an tenna  must " f i t n  on t h e  miners  body, be 

of  l i g h t  weight c o n s t r u c t i o n  and be conven ien t ly  

worn by t h e  r o v i n g  miner. Any change i n  a r e a  of  t h e  

an tenna  t h a t  r e s u l t s  from t h e  wide range of m i n e r ' s  

p h y s i c a l  body s i z e  o r  t h e i r  movement du r ing  work w i l l  

a l s o  change t h e  induc tance  o f  t h e  an tenna  c o i l .  Any 

change i n  induc tance  w i l l  d e tune  t h e  an tenna  r e -  

s u l t  i n g  i n  lower t r a n s m i t t i n g  loop  magnetic moment. 



I n  t h e  c o u r s e  o f  t h e  ex t ended  l a b o r a t o r y  f i e l d  work, 

r i g i d  o v a l  t u b u l a r ,  f l e x i b l e  s t r a p  ( b a n d o l i e r )  and 

sewn garment an t ennas  were examined f o r  use  by 

r o v i n g  miners .  T h e  rigid o v a l  t u b u l a r  an t enna  
A 

(B1 = 0 . 2 5  m 2 )  used on t h e  C o l l i n s  Radio P ro to type  

MF T r a n s c e i v e r  (FM) d e s i g n  was found t o  be onerous  

t o  r o v i n g  miners .  

FIGURE 2 9 .  COLLINS RADIO PORTABLE MF TRANSCEIVER 





FIGURE 3 0 .  

An impor t an t  f e a t u r e  o f  t h e  C o l l i n s  Radio r i g i d  

t u b u l a r  l oop  an t enna  d e s i g n  w a s  t h a t  t h e  a r e a  d i d  

n o t  change w i t h  t h e  m i n e r s '  body s i z e  o r  movement. 

Because t h i s  l oop  d e s i g n  encumbered t h e  mine r ,  it 

w a s  r e j e c t e d  f o r  u se  i n  min ing .  

The s t r a p - t y p e  b a n d o l i e r  a n t e n n a  used i n  t h e  South 

A f r i c a n  t r a n s c e i v e r  (SSB) d e s i g n  s a t i s f i e d  many 

problems caused by human f a c t o r  problems.  Roving 

miners  were n o t  encumbered when "wearingrr  t h e  

an t enna .  

SOUTH AFRICAN PORTABLE MF TRANSCEIVER 





The a r e a  depended upon t h e  p h y s i c a l  body s i z e  o f  t h e  

miner  and h i s  range  of  movement. Because of  t h e  

an t enna  de tun ing  a f f e c t s ,  it cannot  be used i n  a 

h i g h  performance c o m u n i c a t i o n s  sys tem.  

The Lee Engineer ing  p r o t o t y p e  t r a n s c e i v e r  (SSB)  
n 

2 employed a sewn garment c i r c u l a r  l o o p  (B1 = 0 . 1 5  m 1. 

The l o o p  was p o s i t i o n e d  o v e r  t h e  m i n e r ' s  s h o u l d e r  

( 1 4 )  . Like t h e  b a n d o l i e r  a n t e n n a ,  t h e  a r e a  depended 

upon t h e  body s i z e  o f  t h e  miner. 

F i n a l l y ,  as a r e s u l t  o f  t e s t s  conducted d u r i n g  t h i s  

p r o j e c t  a sewn garment an t enna  capab le  of  be ing  

p l a c e d  upon t h e  f r o n t  o r  back o f  t h e  m i n e r ' s  work 

c l o t h i n g  was developed.  The sewn garment an t enna  

w a s  found t o  ma in t a in  a c o n s t a n t  a r e a .  For conven- 

i e n c e  o f  u s e ,  t h e  an t enna  w a s  sewn o n t o  t h e  back 

of a v e s t  garment .  The upper  bound f o r  t h e  a r e a  

of  t h e  v e s t  l o o p  an tenna  was found t o  be 



b .  Veh icu l a r  Antenna Area C o n s t r a i n t  

The v e h i c u l a r  an t enna  must be o f  a low p r o f i l e  

mechanical  d e s i g n .  T e s t s  show t h a t  t h e  a n t e n n a  c o i l  

must be s i t u a t e d  a t  l e a s t  f i v e  i n c h e s  away f rom any 

m e t a l  s u r f a c e s  t o  avo id  t h e  e f f e c t s  o f  d e t u n i n g .  

Examinat ion o f  a v a i l a b l e  mounting s u r f  a c e  on v a r i o u s  

t y p e s  of underground v e h i c l e s  r e v e a l e d  t h a t  t h e  

a v a i l a b l e  mounting s u r f a c e  a r e a  amounts t o  abou t  

f o u r  i n c h e s  by f i f t e e n  i n c h e s .  The maximum l e n g t h  

o f  t h e  an t enna  i s  twen ty -e igh t  i n c h e s .  The h e i g h t  i s  

f o u r t e e n  i n c h e s .  

The a n t e n n a  s u r f a c e  f i n i s h  must  n o t  ref lect  l i g h t .  

The a n t e n n a  must i n c l u d e  p r o v i s i o n  f o r  v e r t i c a l  and 

h o r i z o n t a l  mount ings .  

The a n t e n n a  must be s e a l e d  t o  p r e v e n t  s u l f i d e  o r e  

body ground w a t e r  d r i p  from c o n t a c t i n g  t h e  i n t e r n a l  

l o o p  components.  

I n  t h e  f i e l d  work, r i g i d  r e c t a n g u l a r  t u b u l a r  m e t a l ,  

f l e x i b l e  r e c t a n g u l a r  t u b u l a r  ~ e x a n ( l )  and f l e x i b l e  

r e c t a n g u l a r  p l a n a r  Lexan a n t e n n a s  were e v a l u a t e d  on 

many d i f f e r e n t  t y p e s  of underground v e h i c l e s .  

(1) Genera l  E l e c t r i c  t r a d e  name f o r  p o l y c a r b o n a t e .  



High impacts  caused r i g i d  me ta l  an tenna  s t r u c t u r e s  

t o  deform and change t h e  a r e a  o f  t h e  an tenna .  

F l e x i b l e  r e c t a n g u l a r  t u b u l a r  Lexan s t r u c t u r e s  

s u r v i v e d  v e r y  w e l l  i n  t h e  mine environment.  

Tubular  s t r u c t u r e s  a r e  d i f f i c u l t  t o  produce because 

m u l t i p l e  t u r n s  ( a c t u a l l y  m u l t i p l e  conduc to r s )  must 

be f o r c e d  around bends i n  t h e  r e c t a n g u l a r  t u b u l a r  

s t r u c t u r e .  Because t h e  t u r n s  are conf ined  i n  a 

c i r c u l a r  c r o s s  s e c t i o n  p a t t e r n ,  t h e  d i s t r i b u t e d  

c a p a c i t a n c e  between t u r n s  i s  g r e a t e r  t h a n  would be 

t h e  c a s e  i f  t h e  t u r n s  were t o  l i e  i n  a p l ane .  

On t h e  o t h e r  hand,  t h e  f l e x i b l e  p l a n a r  an t enna  

e x h i b i t e d  t h e  h i g h e s t  unload Q (Q,) and s e l f -  

r e s o n a n t  f requency  of a l l  t h e  s t r u c t u r e s  i n v e s t i g a t e d .  

Lexan lamina ted  p l a n a r  s t r u c t u r e s  were found t o  

w i t h s t a n d  h igh  impact abuse i n  mine usage .  This  

an t enna  s t r u c t u r e  w a s  adopted  f o r  use  i n  t h e  program. 

3. Design For Opera t ion  I n  Hazardous Atmosphere 

The v e s t  and i n  some c i r cums tances ,  t h e  v e h i c u l a r  an t ennas  

must be des igned  t o  o p e r a t e  i n  hazardous a tmospheres .  A s  a 

r e s u l t  t h e r e  are two t y p e s  of d e s i g n  c o n s t r a i n t s  t h a t  necess -  

a r i l y  occu r .  The f i r s t  i s  t h a t  t h e  s t o r e d  energy w i t h i n  t h e  

an tenna  induc tances  and c a p a c i t a n c e s  must be less than  0.3 x 

j o u l e s .  The second i s  t h a t  l o c a l i z e d  e l e c t r i c  f i e l d s  

developed i n  t h e  s t r u c t u r e  n o t  be of  s u f f i c i e n t  s t r e n g t h  t o  

cause  corona d i s c h a r g e  e f f e c t s  o r  d i e l e c t r i c  breakdowns. 



The f i r s t  c o n s t r a i n t  h a s  been examined by Lagace ( 1 4 ) .  

The maximum i n t r i n s i c  safe t r a n s m i t t i n g  l o o p  magnet ic  moment 

may be  r e p r e s e n t e d  as 

MT = B3 ( v e s t ) ,  and 

MT = B4 ( v e h i c u l a r ) .  
A 

For t h e  v e s t ,  B3 = 2 - 5  ampere t u r n s  me te r2  (ATM'). Th i s  

l i m i t  f o l l o w s  from an a n a l y s i s  of  Unde rwr i t e r s  Labora tory  

Document 913, I n  mines t h a t  have hazardous  environments  

anywhere i n  t h e  mining complex, t h e  v e s t  t r a n s c e i v e r  d e s i g n  

( i n c l u d i n g  t h e  an t enna )  must be approved by t h e  t e s t i n g  and 

c e r t i f i c a t i o n  c e n t e r ,  Mine S a f e t y  and H e a l t h  A d m i n i s t r a t i o n  

(MSHA) . I n  f r e s h  a i r  and i n  non-gassy M/NM mines ,  t h e  an t ennas  

may have g r e a t e r  moment. 

I n  emergency s i t u a t i o n s ,  when v e n t i l a t i o n  i s  l o s t  i n  a  

ga s sy  mine, t h e  use  o f  non-approved r a d i o  equipment i s  pro-  

h i b i t e d .  The des ign  p r e c a u t i o n s  r e l a t e d  t o  t h e  avo idance  of 

e x c e s s i v e  l o c a l  e l e c t r i c  f i e l d s  c a u s i n g  corona  e f f e c t s  o r  

d i s c h a r g e s  th rough  o r  on t h e  s u r f a c e  o f  d i e l e c t r i c s  must be  

ve ry  r i g o r o u s l y  observed i n  o r d e r  t o  o b t a i n  MSHA a p p r o v a l .  

Corona d i s c h a r g e s  were i n  f a c t  observed  d u r i n g  some p r e l i m i n a r y  

expe r imen t s .  Damage of  t h e  s u r f a c e  o f  d i e l e c t r i c  used i n  

s t r u c t u r a l  components a l s o  d i d  o c c u r  b e f o r e  s a f e  des ign  was 

r e a l i z e d .  R e l a t i v e l y  h i g h  RF v o l t a g e s  a c r o s s  t h e  an t enna  l o o p s  

may o c c u r ,  as w e l l  a s  h i g h  RF c i r c u l a t i n g  c u r r e n t s  i n  t h e  

l o o p s .  Approximately 1 0  Amps and 1 8 0 0  V peak-to-peak may be 



c i t e d  as upper-bound l i m i t s  of t h e s e  d a t a .  It i s  impor t an t  

t o  b e a r  i n  mind t h a t  h i g h  RF v o l t a g e  p e r  se does  n o t  cause  

corona  e f f e c t s ,  n o r  d i e l e c t r i c  s t r a i n .  The e l e c t r i c  f i e l d ,  

a s s o c i a t e s  w i t h  RF v o l t a g e  c a u s e s  t h e s e  e f f e c t s .  I t  i s  

p o s s i b l e ,  by p rope r  d e s i g n ,  t o  l i m i t  t h e s e  f i e l d s  f o r  a g iven  

v a l u e  o f  RF v o l t a g e  by a v o i d i n g  s h a r p  p o i n t s  and edges  and ,  

i n  g e n e r a l ,  low r a d i i  o f  c u r v a t u r e  i n  c o n s t r u c t i o n .  P r i n t e d  

c i r c u i t  boa rds  must be c o a t e d  by d i e l e c t r i c  c o a t i n g ,  c a p a b l e  

o f  w i t h s t a n d i n g  h i g h  v a l u e s  o f  e l e c t r i c  s t ress .  C i r c u l a t i n g  

RF c u r r e n t s  must be l i m i t e d  i n  o r d e r  t o  reduce  t h e  s t o r e d  

ene rgy  i n  t h e  tuned  an t enna  c i r c u i t ,  t h e  s a f e  v a l u e ' b e i n g  

l ess  t h a n  0 .3  j o u l e s ,  as b e f o r e  ment ioned.  The r a t i o n a l e  

f o r  t h e  above p r e c a u t i o n s  i s  t h a t  i o n i z a t i o n  ( co rona )  i s  

caused  by e x c e s s i v e  e l e c t r i c  f i e l d  and s u s t a i n e d  by t h e  s t o r e d  

ene rgy  t h e  c i r c u i t .  



4 .  T h e o r e t i c a l  Basis For  Loop Antenna Design 

The t h e o r e t i c a l  b a s i s  f o r  t h e  d e s i g n  and o p t i m i z a t i o n  

o f  a t uned  l o o p  a n t e n n a  w i l l  be rev iewed  i n  t h i s  s e c t i o n .  

I t  w i l l  be shown t h a t  t h e  u s e  o f  a tw in  p a r a l l e l  connec ted  

c o i l  i n s t e a d  o f  a c o n v e n t i o n a l  s i n g l e  c o i l  occupying t h e  

same c o n s t r a i n e d  an t enna  a r e a  o f f e r s  some impor t an t  advan t ages .  

F i r s t ,  s i n c e  t h e  t w i n - c o i l  i s  p h y s i c a l l y  smaller, i t s  s e l f -  

r e s o n a n t  f requency  i s  g r e a t e r  t h a n  a l a r g e r  s i n g l e  c o i l  

d e s i g n .  Secondly ,  t h e  un loaded  Q o f  t h e  t w i n - c o i l  i s  g r e a t e r  

e n a b l i n g  t h e  r e c e i v i n g  r e s p o n s e  t o  a g iven  magne t ic  f i e l d  

s t r e n g t h  t o  be g r e a t e r  t h a n  i n  s i n g l e  c o i l  l oop .  F i n a l l y ,  

because  t h e  t w i n  c o i l s  a r e  connec ted  i n  p a r a l l e l ,  t h e  t e r m i n a l  

i n d u c t a n c e  o f  t h e  c o i l  i s  l e s s  t h a n  a s i n g l e  c o i l  a n t e n n a  

w i t h  t h e  same number o f  t u r n s .  Thus,  t h e  t r a n s m i t t i n g  twin-  

c o i l  l o o p  produces  less e l ec t r i c  f i e l d  s tress a c r o s s  t h e  

s t r u c t u r a l  components o f  t h e  a n t e n n a .  



The magnet ic  moment of any c o n c e i v a b l e  sys tem o f  c u r r e n t  

l o o p s  i n  any g iven  g e o m e t r i c a l  c o n f i g u r a t i o n  i s  ma thema t i ca l l y  

r e p r e s e n t e d  by 

where v e c t o r i a l  i n t e g r a t i o n  i s  conduc ted  f o r  e ach  c o i l  ( i )  

and a l l  i t s  t u r n s .  The symbols are:  

i = runn ing  s u b s c r i p t  i d e n t i f y i n g  t h e  c o i l s ,  

Ii = c u r r e n t  i n  t h e  i t h  c o i l ,  

$ = p o s i t i o n  v e c t o r  w i t h  r e s p e c t  t o  any s e l e c t e d  o r g i n .  

The r e s u l t  does  n o t  depend on t h e  s e l e c t i o n  o f  t h e  

o r g i n ,  provided each  l o o p  i s  g e o m e t r i c a l l y  c l o s e d ,  

and 
+- 
d l  = i n c r e m e n t a l  v e c t o r ,  t a n g e n t i a l  t o  t h e  l o o p  o f  each  

c o i l  i n  t h e  d i r e c t i o n  o f  c u r r e n t  f low.  

The concep t  o f  magnet ic  moment can be used t o  compute e l e c -  

t r i c  and magnet ic  f i e l d s  a t  remote l o c a t i o n s .  The d e f i n i t i o n  

o f  "remote1' i s  a d i s t a n c e  l a r g e  a s  compared w i t h  t h e  d imensions  

o f  t h e  c o i l .  F o r  c o p l a n a r  c o i l s ,  t h e  moment s i m p l i f i e d  t o  

where 5 i s  a u n i t  v e c t o r  p e r p e n d i c u l a r  t o  t h e  p l ane  of t h e  

i t h  l o o p .  I ts  d i r e c t i o n  i s  de te rmined  by t h e  " r i g h t  hand" 

r u l e .  



The e x c i t a t i o n  c u r r e n t s  f l owing  i n  a t w i n - c o i l  t r a n s m i t t i n g  

l o o p  an t enna  a r e  shown i n  F i g u r e  31 .  

FIGURE 31.  TWIN-COIL TRANSMITTING LOOP ANTENNAS 

The t w i n - c o i l  magne t ic  moment i s  m a t h e m a t i c a l l y  r e p r e s e n t e d  

by:  

3 -+ 3 
= P J N ~ I ~ A ~  + N 2 1 2 A 2 ) ;  = P 2  ( 2 1 )  

The e q u i v a l e n t  c i r c u i t  o f  a  s i n g l e  c o i l  l o o p  an t enna  i s  shown 

i n  F i g u r e  3 2 .  

FIGURE 3 2 .  EQUIVALENT C I R C U I T  OF A SINGLE-COIL LOOP ANTENNA 



The induc t ance  ( L )  r e p r e s e n t s  t h e  a p p a r e n t  i nduc t ance  o f  t h e  

c o i l  used i n  t h e  c o n s t r u c t i o n  of  t h e  l o o p  a n t e n n a .  I t  i s  an 

a p p a r e n t  i nduc t ance  because  d i s t r i b u t e d  c a p a c i t a n c e  ( n o t  

shown) between c o i l  t u r n s  t u n e  o u t  some of  t h e  rea l  i n -  

duc t ance .  The i nduc t ance  o f  a p l a n a r  a i r - c o r e  c o i l  i s  

ma thema t i ca l l y  approximated by:  

where A i s  t h e  area i n  squa re  m e t e r s ,  

N i s  t h e  number o f  t u r n s ,  and 

KO i s  t h e  form f a c t o r .  

The i nduc t ance  form f a c t o r  depends on t h e  r a t i o  o f  t h e  d i ame te r  

( d l  t o  t h e  wid th  (W) of  a s i n g l e  l a y e r  winding.  The i n c i -  

d e n t a l  d i s s i p a t i o n  l o s s  a s s o c i a t e d  w i t h  t h e  c o i l  i s  r e -  

p r e s e n t e d  as t h e  AC ohmic r e s i s t a n c e  

where Qu i s  t h e  unloaded Q o f  t h e  c o i l .  The c a p a c i t a n c e  

( C o )  and l o o p  induc t ance  a r e  r e s o n a n t  a t  t h e  o p e r a t i n g  

f r equency  
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The t y p i c a l  unloaded Q o f  t u b u l a r  and p l a n a r  a n t e n n a  c o i l s  

a r e  shown i n  F i g u r e s  33 and 34. Comparison o f  t h e  f i g u r e s  

shows t h a t  t h e  p l a n a r  c o i l  h a s  s i g n i f i c a n t l y  g r e a t e r  un- 

loaded  Q .  F i g u r e  33 shows t h e  f a m i l y  of unloaded Q c u r v e s  

f o r  a t u b u l a r  s i n g l e - c o i l  a n t e n n a  s t r u c t u r e .  The unloaded 

Q i n  t h e  MF band deg rades  as t u r n s  are i n c r e a s e d .  

The ohmic v a l u e  o f  t h e  c o i l  r e s i s t a n c e  (r l)  i s  f r e -  

quency dependen t .  I t  i n c r e a s e s  a t  h i g h e r  fre-quency because  

o f  s k i n  e f f e c t s  a s s o c i a t e d  w i t h  c u r r e n t  f l owing  i n  t h e  c o i l  

conduc to r .  When a s i n g l e - c o i l  l o o p  a n t e n n a  t r a n s m i t s  a t  h i g h  

power l e v e l ,  h i g h  e l e c t r i c  f i e l d s  between t u r n s  can produce 

corona  e f f e c t s .  T h i s  a l s o  c a u s e s  t h e  a p p a r e n t  rl t o  i n -  

c r e a s e .  The r e s i s t a n c e  (rc) r e p r e s e n t s  t h e  d i s s i p a t i o n  

l o s s  a s s o c i a t e d  w i t h  t h e  t u n i n g  c a p a c i t a n c e  ( C o )  depending 

upon t h e  t y p e  o f  t u n i n g  c a p a c i t o r ,  t h e  l o s s  r e s i s t a n c e  ( re)  

may d e c r e a s e  w i t h  i n c r e a s e s  i n  o p e r a t i n g  f r equency  and t h e  

l e v e l  o f  c u r r e n t  f l o w i n g  t h rough  t h e  c a p a c i t a n c e .  The 

t r a n s m i t t e r  t o  l o o p  matching network may be r e a l i z e d  by 

u s i n g  two c a p a c i t o r s  as shown i n  F i g u r e  3 5 .  
RESONANT 
NETWORK 
M 

FIGURE 3 5 .  TYPICAL MATCHING NETWORK 



The t r a n s m i t t e r  o u t p u t  impedance ( Z T )  i s  t rans formed by t h e  

matching network and becomes p a r t  o f  t h e  r e s o n a n t  network.  

The t r a n s f o r m a t i o n  r a t i o  ( n )  i s  g iven  by 

Impedances a r e  t rans formed by t h e  second power of  n and 

v o l t a g e  by t h e  f i r s t  power of  n .  

The r e s i s t a n c e  Ro i s  t h e  impedance o f  t h e  r e s o n a n t  network a t  

t h e  an t enna  o p e r a t i n g  f r equency  Cwo) and i s  g iven  by 

The c i r c u i t  Q f o r  t h e  an t enna  s t r u c t u r e  i s  

where BW i s  t h e  3 dB r a d i a n  f r equency  bandwidth of  t h e  

an t enna ,  

Because low d i s s i p a t i o n  l o s s  p o r c e l a i n  c a p a c i t o r s  are 

used i n  t h e  s t r u c t u r e ,  t h e  ohmic v a l u e  of  r, (shown i n  F igu re  

3 2 )  i s  much g r e a t e r  t h a n  Ro.  Under t h i s  c o n d i t i o n ,  t h e  

r e s i s t a n c e  ( R  ) r e p r e s e n t s  o n l y  t h e  p a r a l l e l  combinat ion o f  
0 

t h e  t rans formed t r a n s m i t t e r  o u t p u t  impedance and t h e  ohmic 

va lue  o f  t h e  c o i l  l o s s  g iven  by 



When R i s  l a r g e  and I1 < I ,  then  
0 - 

I = nV1, and 
wCo 

The c i r c u i t  c a p a c i t a n c e s  a r e  ma thema t i ca l ly  r e p r e s e n t e d  by 

, and 

when n  i s  l a r g e ,  t h e n  Co C1. Under t h i s  c o n d i t i o n  t h e  

upper c a p a c i t o r  p r i m a r i l y  de t e rmines  t h e  resonance  f requency  

o f  t h e  an tenna  s t r u c t u r e .  When t h e  l o o p  i s  t r a n s m i t t i n g ,  t h e  

c a p a c i t o r  (C1) must w i t h s t a n d  t h e  RF v o l t a g e  developed a c r o s s  

t h e  c o i l .  



I n  o u r  c a s e  t h e  t r a n s m i t t i n g  l o o p  an t enna  i s  a l s o  used f o r  

r e c e i v i n g  (as a r e c e i v e r  i n p u t  c i r c u i t ) .  The matching t o  t h e  

r e c e i v e r  i n p u t ,  w i t h  t h e  a i d  o f  t h e  c a p a c i t i v e  v o l t a g e  d i v i d e r  

of  t h e  r a t i o  ( n )  must r e p r e s e n t  a good des ign  compromise w i t h  

t h e  t r a n s m i t t i n g  a p p l i c a t i o n .  I t  must s a f egua rd  an a c c e p t a b l e  

va lue  of  r e c e i v i n g  i n p u t  bandwidth.  The h i g h e r  t h e  unloaded 

Q va lue  of  t h e  l o o p  winding,  t h e  b e t t e r  w i l l  be t h e  e f f i c i e n c y  

o f  s i g n a l  power t r a n s i t i o n  t o  t h e  r e c e i v e r  i n p u t .  

The RF v o l t a g e  (V) appea r ing  a c r o s s  t h e  i n d u c t a n c e s  and 

c a p a c i t a n c e s  i n  a t r a n s m i t t i n g  an t enna  s t r u c t u r e  i s  math- 

e m a t i c a l l y  r e p r e s e n t e d  by 

v = Iw,LII. ( 3 3 )  

When c o n s i d e r i n g  t h e  an t enna  d e s i g n  problem, t h e  q u e s t i o n  o f  

whether  t o  use  s e p a r a t e  an t ennas  f o r  t r a n s m i t t i n g  and re- 

c e i v i n g  o r  t o  combine t h e  f u n c t i o n s  i n t o  a s i n g l e  s t r u c t u r e  

n a t u r a l l y  a r i s e s .  Receiving an t ennas  a r e  op t imized  by rnaxi- 

mizing t h e  number o f  t u r n s  (NR) i n  t h e  loop .  A t r a n s m i t t i n g  

l oop  can have fewer  t u r n s .  Rega rd l e s s  o f  how t h e  an t ennas  

a r e  used ,  t h e  s e l f - r e s o n a n t  f r equency  must be above t h e  

o p e r a t i n g  f requency  r ange  o f  t h e  communications sys tem.  A 

f e r r i t e  c o r e  an t enna  cannot  be used f o r  a t r a n s m i t t i n g  l oop .  

F e r r i t e  a n t e n n a s  are s i g n i f i c a n t l y  more l o s s y  ( l ower  Q U )  t han  

a r e  a i r - c o r e  l o o p s  and change induc t ance  a t  h i g h  power l e v e l .  

A s  a r e s u l t ,  t h e y  produce s i g n i f i c a n t  s m a l l e r  magnet ic  moments. 

The lower  QU of  t h e  f e r r i t e  l oop  degrades  t h e  magnet ic  f i e l d  

s e n s i t i v i t y  o f  t h e  r e c e i v i n g  l o o p  ( i . e . ,  r e q u i r e s  g r e a t e r  n ) .  



From t h e  s t a n d  p o i n t  o f  r e a l i z i n g  t h e  h i g h e s t  s e l f -  

r e s o n a n t  f r equency  i n  t h e  l o o p  a n t e n n a  d e s i g n ,  t h e  optimum 

l o o p  shape i s  p l a n a r .  T h i s  c o i l  c o n f i g u r a t i o n  minimizes  t h e  

s e l f - c a p a c i t a n c e  between t u r n s .  Capac i tance  can  be reduced  

f u r t h e r  by s p a c i n g  a d j a c e n t  t u r n s .  Spacing a d j a c e n t  t u r n s  

r educes  t h e  e l e c t r i c  f i e l d  g r a d i e n t  between t u r n s .  I t  should  

be no t ed  t h a t  t h e  g r a d i e n t  can  be p a r t i a l l y  c a n c e l e d  i n  a 

c o i l  by c r o s s o v e r  winding t e c h n i q u e s .  

When t h e  a n t e n n a  a r e a  i s  c o n s t r a i n e d  (as it i s  i n  t h i s  

d e s i g n  p rob l em) ,  D r .  Huper t  (38) h a s  shown t h a t  t r a n s m i t t i n g  

l o o p  magnet ic  moment may be r e p r e s e n t e d  by 
r 

where P i s  t h e  power d i s s i p a t e d  i n  t h e  l o o p ,  and 

kl i s  a c o n s t a n t  t h a t  depends on a r e a .  

Equa t ion  ( 3 4 )  i s  r e l e v a n t  i n  t h e  a n t e n n a  o p t i m i z a t i o n  p ro-  

blem. The moment depends  o n l y  on power and bandwidth and 

n o t  on t u r n s ( N ) .  Equa t ion  ( 1 4 )  shows t h a t  r e c e i v i n g  s e n s i -  

t i v i t y  o f  an a n t e n n a  i n c r e a s e s  w i t h  t u r n s .  Thus t h e  r e -  

c e i v i n g  f u n c t i o n  o f  a combina t ion  t r a n s m i t t i n g h e c e i v i n g  

l o o p  can be op t imized  by i n c r e a s i n g  t u r n s .  A s  a p r a c t i c a l  

m a t t e r ,  t u r n s  can  be i n c r e a s e d  u n t i l  t h e  s e l f - r e s o n a n t  



f r equency  of  t h e  c o i l  approaches  t h e  o p e r a t i n g  f requency  band 

from above.  Another l i m i t  on t u r n s  i s  imp l i ed  i n  Equa t ion  

( 3 3 ) .  S ince  L i n c r e a s e s  w i t h  t h e  second power o f  t u r n s ,  

maximum t u r n s  i s  a l s o  de te rmined  by t h e  d i e l e c t r i c  w i th -  

s t a n d i n g  v o l t a g e  o f  t h e  c a p a c i t o r s  and c o i l s  used i n  t h e  

s t r u c t u r e .  

The p r i n c i p a l  o b j e c t i v e s  i n  t h e  an t enna  d e s i g n  are :  

. To op t imize  t h e  d e s i g n  o f  a combinat ion t r a n s m i t t i n g  

and r e c e i v i n g  l o o p  a n t e n n a ,  and 

. To o p t i m i z e  t h e  a v a i l a b l e  a r e a  i n  o r d e r  t o  d e s i g n  l oop  

an t enna  c a p a b l e  o f  h i g h e s t  magne t ic  moment w i t h  t h e  

l owes t  RF v o l t a g e  a c r o s s  it. 

The l a s t  o b j e c t i v e  l e d  t o  t h e  s o l u t i o n  i n v o l v i n g  tw in  p a r a l l e l -  

l o o p s  forming t h e  an t enna  i n  p r e f e r e n c e  t o  an an t enna  u s i n g  a 

s i n g l e  l oop .  The r e d u c t i o n  i n  v o l t a g e  between s i n g l e  and twin-  

c o i l  l oop  an t enna  d e s i g n s  w i l l  be examined on t h e  b a s i s  o f  

e q u a l  power d i s s i p a t i o n  and loaded  c i r c u i t  Q .  Both an t enna  

d e s i g n s  w i l l  be  assumed t o  have t h e  same number o f  t u r n s  and 

occupy t h e  same t o t a l  s u r f a c e  area. The area of  each  t w i n - c o i l  

i s  one-ha l f  o f  t h a t  of  s i n g l e  c o i l  a r e a .  The i nduc t ance  g iven  

by Equat ion ( 2 2 )  o f  t h e  t w i n - c o i l  i s  assumed t o  be p r o p o r t i o n a l  

t o  t h e  squa re  r o o t  o f  t h e  a p p l i c a b l e  a r e a .  I n  a d d i t i o n ,  b e s i d e s  

t h e  a r e a  d i f f e r e n c e  , t h e  t w i n - c o i l s  a r e  mu tua l l y  coupled  and 

t h e i r  mutual  coup l ing  shou ld  be  t a k e n  i n t o  accoun t .  



The power (PI d i s s i p a t e d  i n  t h e  s i n g l e  c o i l  l o o p  w i t h  an 

i n d u c t a n c e  (L) and ohmic l o s s  r e s i s t a n c e  ( r l )  i s  g iven  by 

I n  a t w i n - c o i l  l o o p ,  t h e  d i s s i p a t e d  power i s  ma thema t i ca l l y  

r e p r e s e n t e d  by 

where I T t  i s  t h e  i n d u c t a n c e  o f  a s i n g l e  c o i l  i n  t h e  t w i n - c o i l  

s t r u c t u r e .  The i n d u c t a n c e  i n c l u d e s  t h e  e f f e c t s  o f  mutual  

c o u p l i n g  and s m a l l e r  area o f  t h e  c o i l .  By e q u a t i n g  Equa t ions  

( 3 5 )  and ( 3 6 1 ,  t h e  r e l a t i o n s h i p  between c u r r e n t  f l owing  i n  

a s i n g l e  c o i l  and i n  each  c o i l  o f  t h e  t w i n - c o i l  s t r u c t u r e  i s  

g i v e n  by 

  he RF v o l t a g e s  a r e  t o  be compared a t  r e s o n a c e .  The RF v o l t a g e  

( VS ) a p p e a r i n g  a c r o s s  a s i n g l e  c o i l  and t h e  v o l t a g e  

( VT ) a p p e a r i n g  a c r o s s  a t w i n - c o i l  s t r u c t u r e s  a r e  

VS -11 woLI ( s i n g l e  c o i l )  

vT = /IT W o L + ~  = I  I b , J L L ' ~  ( t w i n  c o i l )  ( 3 9 )  
2 



The v o l t a g e  deve loped  a c r o s s  t h e  t w i n - c o i l  i s  c l e a r l y  l e s s  

t h a n  t h a t  deve loped  a c r o s s  t h e  s i n g l e - c o i l .  

The c u r r e n t s  and i n d u c t a n c e s  i n  t h e  m u t u a l l y  coup led  

t w i n - c o i l  l o o p  w i l l  be de te rmined  i n  t h e  f o l l o w i n g  coup led  

c i r c u i t  a n a l y s i s .  

The mutua l  c o u p l i n g  (M) i n  t h e  t w i n - c o i l  l o o p  a n t e n n a  

i s  i l l u s t r a t e d  i n  F i g u r e  3 6 .  

u.) MUTUAL COUPLING b.) DEPENDENT SOURCES 

FIGURE 3 6 .  I N D U C T I V E  COUPLING I N  THE TWIN-COIL LOOP ANTENNA 

The dependen t  v o l t a g e  s o u r c e s  (shown i n  F i g u r e  36 ( b  ) have 

been s u b s t i t u t e d  for m u t u a l  coupling. Assuming t h a t  t h e  c o i l s  

a r e  i d e n t i c a l ,  t h e  b ranch  impedances a r e  



where S i s  t h e  Laplace o p e r a t o r  and (rlr2) r e p r e s e n t s  t h e  

ohmic va lue  of t h e  d i s s i p a t i o n  l o s s  a s s o c i a t e d  wi th  each  

c o i l  as w e l l  as t h e  e q u i v a l e n t  l o a d .  

FIGURE 3 7 .  EQUIVALENT C I R C U I T  OF THE TWIN-COIL LOOP ANTENNA 

The v o l t a g e  common t o  bo th  loops  can be expressed  as 

from t h e s e  equa t ions  

and 

then  v - -  + VSM - I1 ( SM) 

I1 Z I Z q  



The branch c u r r e n t  becomes 

S ince  

t h a t  

t h e n  

SEI = k \ / S Z L ~ L ~  and 

where t h e  i n d u c t a n c e  (LT1) i s  g iven  by 

Equa t ion  ( 5 0 )  a l l o w s  t h e  t w i n - c o i l  l o o p  an t enna  s t r u c t u r e  t o  

be  c o n s i d e r e d  as composed o f  two uncoupled c o i l s  o f  i n -  

duc t ance  L T t .  The r ange  o f  c o i l  c o u p l i n g  i s  



PARAMETER 

Frequency (kHz) 

TABLE G 

COMPARISON SINGLE AND TWIN-COIL 
VEHICULAR ANTENNA CHARACTERISTICS 

Bandwidth (kHz) 

Turns  (N) 

Induc tance  (pH) 

Area (m2) 

Unloaded Q (QU) 

Capac i t ance  

woL (ohms) 

RF Vol tage  (Vpp) 

V1 Vol tage  ( V p p )  

Loop C u r r e n t  ( e a c h  co i l l  

I ( A p p )  

Moment ( ATM* peak 

SINGLE-COIL TWIN-COIL 



The t a b u l a r  r e s u l t s  a r e  no tewor thy  i n  s e v e r a l  r e s p e c t s .  

F i r s t  o f  a l l ,  even though t h e  c i r c u i t  Q o f  b o t h  a n t e n n a s  are 

i d e n t i c a l ,  t h e  unloaded Q o f  t h e  i n d i v i d u a l  c o i l s  a r e  n o t .  

T h i s  f o l l o w s  from t h e  f a c t  t h a t  t h e  s m a l l e r  p l a n a r  twin-  

c o i l  e x h i b i t s  a h i g h e r  s e l f - r e s o n a n c e  f r equency  ( 2 . 8  as 

compared t o  1 . 5  MHz i n  t h e  s i n g l e  c o i l ) .  Secondly ,  t h e  RF 

v o l t a g e  a p p e a r i n g  a c r o s s  t h e  t w i n - c o i l  s t r u c t u r e  i s  less 

t h a n  t h e  v o l t a g e  a p p e a r i n g  a c r o s s  a s i n g l e  c o i l  s t r u c t u r e .  

The r e l a t i v e  r a t i o  o f  0.55 compares c l o s e l y  w i th  t h e  v a l u e  

o f  p r e d i c t e d  by Equa t ion  ( 5 5 ) .  The magnet ic  moments were 

found t o  be a lmos t  i d e n t i c a l  i n  t h e  s i n g l e  and t w i n - c o i l  

l o o p  a n t e n n a s .  Th i s  w a s  a t t r i b u t e d  t o  t h e  n o n - l i n e a r  

b e h a v i o r  o f  t h e  sou rce  impedance. I n  summary, t h e  t w i n - c o i l  

l o o p  an t enna  RF v o l t a g e  f o r  a g iven  magne t ic  moment i s  less 

t h a n  i n  a s i n g l e  c o i l  d e s i g n .  Because o f  t h e  lower  oper -  

a t i n g  v o l t a g e ,  t h e  d i e l e c t r i c  w i t h s t a n d i n g  v o l t a g e  r e q u i r e -  

ments a r e  less s e v e r e .  



The magnet ic  moments of s i n g l e - c o i l  ( I gS I and t w i n - c o i l  
+ 

s t r u c t u r e s  ( 1 ~ ~ 1  ) a r e  

1 1  = NIA ( s i n g l e  c o i l )  

I~$I  = ( twin-co il ) 

I n  t h e  c a s e  of the p l a n a r  t w i n - c o i l  s t r u c t u r e ,  t h e  mutual  

c o u p l i n g  c o e f f i c i e n t  i s  n e g a t i v e  and app rox ima te ly  

Then, t h e  uncoupled i n d u c t a n c e  o f  e ach  c o i l  o f  t h e  t w i n - c o i l  

f o l l o w s  from Equa t ion  ( 5 0 )  as 

LT1  = 0.9L1 and 

s i n c e  L1 = L/JT , t h e n  

LT' - 0.64L. ( 5 4 )  

By s u b s t i t u t i n g  Equa t ion  ( 5 4 )  i n t o  Equa t ion  ( 3 9 )  and Equa t ion  

(531 ,  a d i r e c t  comparison o f  RF v o l t a g e  and magnet ic  moment 

can  be made between a s i n g l e  and t w i n - c o i l  an t enna  a s  

and 



S i n g l e  and t w i n - c o i l  p l a n a r  l o o p  a n t e n n a s  were c o n s t r u c t e d  

and e v a l u a t e d  i n  o u r  l a b o r a t o r y .  The an t ennas  were each  

d r i v e n  from a v e h i c u l a r  t r a n s c e i v e r .  The l o o p  des ign  pa ra -  

meters and measured r e s u l t s  are shown i n  Tab le  G .  

During t h e  t e s t ,  t h e  DC power a p p l i e d  t o  t h e  v e h i c u l a r  

t r a n s c e i v e r  power a m p l i f i e r  was 2 6 . 4  watts. When t h e  t r a n s -  

c e i v e r  was t e r m i n a t e d  by a 5 0  ohm power meter, t h e  power 

meter r e a d i n g  was 20 watts.  The c a p a c i t a n c e s  C 1  and C 2  are 

used t o  coup le  t h e  t r a n s m i t t e r  ( s o u r c e )  t o  t h e  l oop  a n t e n n a  

c o i l s .  The t r a n s m i t t e r  o u t p u t  impedance ( an t enna  s o u r c e  

impedance Z S )  i s  known t o  be n o n - l i n e a r .  The c a p a c i t a n c e  

v a l u e s  were s e l e c t e d  t o  produce an a p p a r e n t  c i r c u i t  bandwidth 

o f  1 2  kHz c e n t e r e d  abou t  t h e  o p e r a t i n g  f r equency  ( 4 0 0  kHz). 

When t h e  l o o p  an t enna  i s  used as a r e c e i v e r ,  it i s  t e r m i n a t e d  

by v e h i c u l a r  t r a n s c e i v e r  r e c e i v e r  i n p u t  impedance ( 5 0 ohms 1 . 
The measured r e c e i v i n g  bandwidth i s  approx imate ly  1 2  kHz. 



RF LINE COUPLER DESIGN 

Many of t h e  c o n s i d e r a t i o n s  which a r e  impor t an t  i n  t h e  

d e s i g n  o f  l o o p  a n t e n n a s  are a l s o  i m p o r t a n t  i n  t h e  design of 

RF l i n e  c o u p l e r s .  The RF l i n e  c o u p l e r  i s  a m u l t i p l e - t u r n  

t o r o i d a l  a i r - c o r e  c u r r e n t  t r a n s f o r m e r .  

E q u i v a l e n t  c i r c u i t  o f  the  RF line c o u p l e r  i s  shown 

! couolet / 

EQtllVALE NT 
NETWORK ACTUAL NETWORK 

FIGURE 3 8 .  RF LINE COUPLER 



The " w i r e p l a n t "  conduc to r  becomes a s i n g l e  t u r n  on t h e  

secondary.  o f  t h e  t r a n s f o r m e r .  The t r a n s f e r  impedance o f  t h e  

c o u p l e r  i s  g iven  by 

where V1 i s  t h e  c o u p l e r  o u t p u t  v o l t a g e  and 

IL i s  t h e  l i n e  c u r r e n t  f l owing  i n  any " w i r e p l a n t f l  
conduc to r .  

I f  t h e  c o u p l e r  e x h i b i t s  a h i g h e r  t r a n s f e r  impedance (ZT), 

t h e  o u t p u t  v o l t a g e  a p p l i e d  t o  t h e  r e c e i v e r  i s  g r e a t e r .  Thus,  

c o u p l e r  e f f i c i e n c y  can be c h a r a c t e r i z e d  by i t s  impedance. 

Coupling o f  " w i r e p l a n t "  s i g n a l s  t o  t h e  t o r o i d a l  c o u p l e r  

i s  i l l u s t r a t e d  i n  F i g u r e  3 9 .  

I -7 WIREPLANT 
CONDUCTORS 

FIGURE 3 9 .  SIGNAL COUPLING FROM THE WIREPLANT 
(CYLINDRICAL COORDINATES r ,  Z ,  4 )  



The t ime  dependent  l i n e  c u r r e n t  f l o w i n g  t h r o u g h  t h e  c e n t e r  o f  

t h e  t o r o i d a l  c o i l  a l o n g  t h e  Z a x i s  i s  

IL ( t )  = I SINwot L ( 5 7 )  

From Amperes Law, t h e  magne t ic  f i e l d  a t  a r a d i a l  d i s t a n c e  ( r )  

from t h e  l i n e  c u r r e n t  i s  g i v e n  by 

where a@ i s  t h e  a z i m u t h a l  u n i t  v e c t o r  i n  t h e  c y l i n d r i c a l  co- 

o r d i n a t e  sys tem.  The magne t ic  f l u x  d e n s i t i t y  i n  f r e e  space  

The magnet ic  f l u x  ( a )  p a s s i n g  t h rough  t h e  a r e a  e n c l o s e d  by 

each  t u r n  o f  t h e  t o r o i d a l  c o i l  i s  

-+ -+ 
Q = /B$* d a  = dr d z .  

The v o l t a g e  induced  i n  N t u r n  i s  g i v e n  by P a r a d a y ' s  L a w :  

S u b s t i t u t i n g  Equa t ion  ( 6 0 )  i n t o  ( 6 1 )  and d i f f e r e n t i a t i n g  

w i t h  r e s p e c t  t o  t i m e ,  t h e  induced v o l t a g e  i s  m a t h e m a t i c a l l y  

g iven  by 

emf = poNILfWLn(b/a). 



When a c a p a c i t a n c e  matching network i s  used i n  t h e  c o u p l e r  

d e s i g n  (see F igu re  35 1, t h e  t r a n s f e r  impedance o f  t h e  c o u p l i n g  

s t r u c t u r e  may be ma thema t i ca l l y  r e p r e s e n t e d  by 

The t r a n s f e r  impedance i n c r e a s e s  w i t h  t h e  f i r s t  power o f  t u r n s ,  

c u r r e n t  l e v e l ,  o p e r a t i n g  f r e q u e n c y  and l e n g t h  (W) o f  t h e  

c o u p l e r .  I t  d e c r e a s e s  w i t h  t h e  f i r s t  power o f  n .  I t  i n -  

c r e a s e s  w i t h  t h e  l o g r i t h m  of t h e  r a t i o  o f  i n s i d e  t o  o u t s i d e  

d i ame te r  of  t h e  c o i l .  

The o p e r a t i n g  r ange  between t r a n s c e i v e r s  a l o n g  a t r a n s -  

m i s s ion  l i n e  p a i r  (which s u p p o r t s  t h e  b i f i l a r  mode) w i l l  

e x h i b i t  an  optimum v a l u e  w i t h  r e s p e c t  t o  f r equency .  T h i s  

o c c u r s  because  bo th  t h e  c o u p l i n g  e f f i c i e n c y  and s i g n a l  a t t e n -  

u a t i o n  r a t e  i n c r e a s e s  w i t h  f r e q u e n c y .  

The t r a n s f e r  impedance of  a 1 i n c h  c o u p l e r  was measured 

and t h e  r e s u l t s  are shown i n  t h e  f o l l o w i n g  t a b l e .  

TABLE H 
RF LINE COUPLER 
TRANSFER IMPEDANCE 

(1 I N C H )  

T e s t  Frequency 

350 kHz 

5.20 kHz 

T r a n s f e r  Impedance (ohms) 



The induced c u r r e n t  f l ow  i n  t h e  I1wireplant"  by a 

t r a n s m i t t i n g  c o u p l e r  i s  dependent  upon t h e  r e s i s t a n c e  

( impedance) o f  t h e  c o n d u c t o r s .  The induced c u r r e n t  w a s  

measured i n  t h e  t e s t  s e t - u p  shown below. 

FIGURE 4 0 .  TEST SET-UP FOR MEASRUING I N D U C E D  CURRENT AS A 
FUNCTION OF LINE RESISTANCE ( R L )  
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On A.R.FWts an t enna  r a n g e ,  m u l t i p l e  conduc to r s  were 

p l a c e d  i n  t h e  RF l i n e  c o u p l e r  as i l l u s t r a t e d  below. 

TRANSCEIVER I 

FIGURE 41. OVER THE EARTH MULTIPLE WIRE COUPLING 

The c i r c l e  symbols show t h e  l o c a t i o n  where t h e  s t a n d a r d  

c u r r e n t  probe w a s  used t o  measure induced  l i n e  c u r r e n t .  A s  

expec t ed  t h e  l i n e  c u r r e n t  i n  a r ema in ing  conduc to r  d i d  n o t  

change when o t h e r  c o n d u c t o r s  were removed from t h e  RF l i n e  

c o u p l e r .  I n  t h i s  t e s t ,  t h e  c o u p l e r  can  be modeled as a tuned  

p r imary  t r a n s f o r m e r  w i t h  a m u l t i f i l a r  secondary  winding.  



A t  5 3 0  kHz, t h e  induced c u r r e n t  w a s  measured t o  be 

app rox ima te ly  3 . 9  mz i n  each  w i r e .  Data  p r e s e n t e d  i n  Table  I 

i n d i c a t e s  t h a t  t h e  a p p a r e n t  l i n e  and e a r t h  c i r c u i t  r e s i s t a n c e  

i s  g r e a t e r  t h a n  2 0 0 0  ohms. I n  mine t u n n e l s ,  t h e  a p p a r e n t  

r e s i s t a n c e  of t e l ephone  c a b l e  i s  a l s o  app rox ima te ly  2 0 0 0  ohms. 

I .  MODULATION PROCESSES 

The p r a c t i c a l  q u a l i t y  o f  a communication sys tem i s  judged 

by t h e  human e a r .  L i s t e n e r s  judge q u a l i t y  by t h e  n a t u r a l n e s s  

o f  t h e  s p e a k e r ' s  v o i c e ,  background n o i s e  l e v e l  and t h e  l i k e .  

I n  t h e  l a b o r a t o r y ,  q u a l i t y  i s  judged by a n a l y z i n g  t h e  r ecove red  

a u d i o  s i g n a l  a t  t h e  o u t p u t  o f  t h e  r e c e i v e r .  The measurement 

o f  r e c o v e r e d  a u d i o  s i g n a l  t o  n o i s e  r a t i o  (S/N), h a s  come i n t o  

b e i n g  as a  r e l i a b l e  measurement s t a n d a r d .  

The r ecove red  aud io  o u t p u t  s i g n a l  t o  n o i s e  r a t i o  may be 

maximized by enhanc ing  t h e  s i g n a l  i n  t h e  p r e sence  o f  n o i s e .  

P r e d e t e c t i o n  f i l t e r i n g  i s  u s e f u l  i n  d i s c r i m i n a t i n g  a g a i n s t  

n o i s e  t h a t  o c c u r s  o u t s i d e  o f  t h e  occupied  bandwidth o f  t h e  

modulated s i g n a l .  Noise d i s c r i m i n a t i o n  improves by s e l e c t i n g  

h i g h e r  o p e r a t i n g  f r e q u e n c i e s  (FO)  and by u s i n g  t h e  na r rowes t  

p o s t  d e t e c t i o n  bandwidth t h a t  i s  compa t ib l e  w i t h  t h e  modulated 

s i g n a l .  



Spread spec t rum modula t ing  p r o c e s s e s  have t h e  a b i l i t y  

o f  i n c r e a s i n g  t h e  r ecove red  o u t p u t  s i g n a l  t o  n o i s e  r a t i o  by 

p r o v i d i n g  p r o c e s s  g a i n  i n  t h e  cornmunicat ion  channe l .  P roces s  

g a i n  i s  t h e  r e s u l t  o f  subsequen t  bandwidth s p r e a d i n g  and 

de-spread ing  o p e r a t i o n .  One o f  t h e  most f a m i l i a r  o f  t h e  

sp read  spec t rum modula t ion p r o c e s s e s  i s  seen  i n  c o n v e n t i o n a l  

f requency  modula t ion ( FM) where t h e  modula t ion p r o c e s s  pro- 

duces  a much wider  occup ied  bandwidth t h a n  t h e  i n f o r m a t i o n  

bandwidth.  

F igu re  4 2  shows t h e  p r o c e s s  g a i n  c h a r a c t e r i s t i c s  f o r  

FM, SSB, and AM modula t ion p r o c e s s e s .  FM p r o c e s s  g a i n  i n -  

c r e a s e s  w i t h  t h e  modula t ion  i ndex  (B) given  by 

where A f  i s  t h e  peak f r equency  d e v i a t i o n  and f m  i s  t h e  

h i g h e s t  f requency  i n  t h e  modula t ing  s i g n a l  spect rum.  

The b r e a k  i n  t h e  s l o p e  o f  t h e  FM c h a r a c t e r i s t i c s  marks 

t h e  t h r e s h o l d  i n  p r o c e s s  g a i n .  For  c a r r i e r  t o  n o i s e  (S/N)  

r a t i o s  below t h e  t h r e s h o l d  v a l u e ,  t h e  r ecove red  s i g n a l  t o  

n o i s e  (S/NIo r a t i o  r a p i d l y  deg rades .  

S i n g l e  s ideband  (SSB) c h a r a c t e r i s t i c  i s  noteworthy i n  

t h a t  i t  does  n o t  e x h i b i t  a t h r e s h o l d .  
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By c o n s i d e r i n g  o n l y  p r o c e s s  g a i n ,  FM h a s  an advantage  

i n  a communication sys tem t h a t  can be ope ra t ed  wi th  a l a r g e  

carr ier  t o  n o i s e  r a t i o .  The advan tage ,  o f  c o u r s e ,  depends 

upon t h e  modulat ion i ndex  and t h e  c a r r i e r  s i g n a l  t o  n o i s e  

r a t i o .  I n  t h e  "nea rw  f i e l d  communication sys tem,  t h e  combined 

e f f e c t s  of  "near"  f i e l d  p ropaga t ion  l o s s  and n o i s e ,  f o r c e  t h e  

c a r r i e r  t o  n o i s e  r a t i o  t o  be low some o f  t h e  t i m e .  Because 

SSB does  n o t  e x h i b i t  a t h r e s h o l d ,  it might be p r e f e r a b l e  i n  

some c a s e s .  

I n  t o d a y ' s  congested-band t e r r e s t r i a l  r a d i o  s e r v i c e s ,  

SSB i s  f avo red  because  t h e  RF occupied  bandwidth is. t h e  same 

as t h e  i n fo rma t ion  bandwidth .  Th i s  means t h a t  many more u s e r  

s e r v i c e  channe l s  can c o - i n h a b i t  t h e  a s s igned  s e r v i c e  channe l .  

On t h e  o t h e r  hand,  t h e  occupied  bandwidth of  an FM s i g n a l  as 

g iven  by 

BW = 2 A f  where B < 1 

i s  much g r e a t e r  t h a n  t h e  i n fo rma t ion  bandwidth. 



Since  t h e  communication sys tem does  n o t  o p e r a t e  by means 

o f  a r a d i a t e d  f i e l d ,  b u t  r a t h e r  by an  i n d u c t i o n  f i e l d ,  t h e  

magne t ic  moxent (MI of  t h e  an t enna  i s  t o  be maximized. For 

a g iven  t r a n s m i t t e r  o u t p u t  power and l o o p  area,  r e d u c i n g  t h e  

bandwidth (BW) o f  t h e  l o o p  i n c r e a s e s  t h e  magne t ic  moment as 

shown i n  Equa t ion  ( 3 3  1 . 

1 %  l a  /% ( 3 3 )  

The occup ied  bandwidth o f  t h e  l o o p  c u r r e n t  s i g n a l  must 

be  w i t h i n  t h e  bandwidth (BW) of  t h e  t uned  l o o p .  The t uned  

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

band edge f r e q u e n c i e s  o f  t h e  l o o p  passband .  The l o o p  an t enna  

w i l l  n o t  f a i t h f u l l y  r ep roduce  magne t ic  moments f o r  t h e s e  band 

edge s i g n a l  components.  When l o o p  bandwidth i s  l e s s  t h a n  t h e  

occup i ed  bandwidth ,  t h e  modula t ion i ndex  B i s  reduced  i n  t h e  

c a r r i e r  s i g n a l .  The modulated c a r r i e r  s i g n a l  occup i ed  band- 

w id th  d e t e r m i n e s  t h e  c i r c u i t  Q ( Q C K T )  o f  t h e  l o o p  an t enna  as 

I n  p r a c t i c e ,  QCKT i s  bounded by r e a l i z a b i l i t y  c o n s i -  

d e r a t i o n s .  The lower  bound i s  de te rmined  by t h e  a v a i l a b l e  

t r a n s c e i v e r  power supp ly  v o l t a g e  and t h e  c u r r e n t  d r i v e  cap- 

a b i l i t y  of  t h e  power a m p l i f i e r .  The h i g h e r  bound i s  d e t e r -  

mined by un loaded  Q ( Q u )  o f  t h e  a n t e n n a  s t r u c t u r e .  The lower  

QCKT bound m i l i t a t e s  a g a i n s t  t h e  u s e  of  wideband FM i n  t h e  

communication sy s t em.  



SSB and narrowband FM can be compared on t h e  b a s i s  o f  

occup ied  bandwidth.  The SSB c i r c u i t  bandwidth can be one- 

h a l f  t h a t  r e q u i r e d  f o r  narrowband FM. With r e s p e c t  t o  . 

e q u i v a l e n t  magne t ic  moment g e n e r a t e d  by t h e  t r a n s m i t t i n g  

l o o p  a n t e n n a ,  t h e  SSB t r a n s m i t t e r  power can be 3 dB l e s s  t h a n  

t h e  FM t r a n s m i t t e r  power. On t h e  o t h e r  hand,  an SSB l o o p  

an t enna  matching network w i l l  r e q u i r e  a h i g h e r  t r a n s f e r  r a t i o  

( n ) .  The h i g h e r  r a t i o  makes t h e  SSB an t enna  more s e n s i t i v e  

t o  l o a d i n g  caused by nearby  metal o b j e c t s .  Loading w i l l  c ause  

t h e  t e r m i n a l  impedance o f  t h e  an t enna  t o  change.  The Automat ic  

Level  Con t ro l  (ALC) a s s o c i a t e d  w i t h  t h e  SSB t r a n s m i t t e r  w i l l  

c ause  o u t p u t  power t o  v a r y  w i t h  l o a d i n g .  By way o f  c o n t r a s t , a  

FM t r a n s m i t t e r  f i n a l  a m p l i f i e r  can be des igned  t o  produce 

a lmos t  c o n s t a n t  l o a d  p l a n e  power o v e r  a wide r ange  o f  impedance. 

Thus a narrowband FM t r a n s m i t t e r  i s  expec t ed  t o  produce con- 

stant power ove r  a r ange  o f  i n c i d e n t i a l  an t enna  l o a d i n g  con- 

d i t i o n s .  

From t h e  s t a n d p o i n t  o f  r e c e i v e d  n o i s e ,  narrowband FM 

would appea r  t o  have an advan tage  o v e r  SSB because  o f  l i m i t i n g  

i n  t h e  FM r e c e i v e r .  I t  t u r n s  o u t  t h a t  r e p e t i t i v e  impulse-  

l i k e  behav io r  o f  t h e  mine n o i s e  c a u s e s  t h e  p r e d e t e c t i o n  

c i r c u i t s ,  i n c l u d i n g  t h e  l i m i t e r  network i n  t h e  FM r e c e i v e r ,  

t o  r i n g ,  deg rad ing  t h e  r e c o v e r e d  (S/N), r a t i o .  A s  l o n g  as 

t h e  c a r r i e r  l e v e l  exceeds  t h e  n o i s e  by 1 0  dB, t h e  q u a l i t y  o f  

t h e  r ecove red  vo i ce  s i g n a l  i s  a c c e p t a b l e .  On t h e  o t h e r  hand,  

impu l s ive  n o i s e  c a u s e s  t h e  SSB a u t o m a t i c  g a i n  c o n t r o l  ( A G C )  

c i r c u i t  t o  immediate ly  d e s e n s i t i z e  t h e  r e c e i v e r  wi th  e a c h  



n o i s e  b u r s t  f o r  t h e  r e l e a s e  p e r i o d  ( t i m e  c o n s t a n t )  o f  t h e  

AGC. Because o f  t h e  way AGC c o n t r o l  s i g n a l s  a r e  deve loped ,  

d e c r e a s i n g  t h e  r e l e a s e  p e r i o d  below a c e r t a i n  v a l u e  c a u s e s  

i n s t a b i l i t y  i n  t h e  AGC c o n t r o l  c i r c u i t .  While impulse  n o i s e  

deg rades  t h e  FM r e c e i v e r  r e c o v e r e d  aud io  s i g n a l  q u a l i t y ,  an  

SSB r e c e i v e r  i s  d e s e n s i t i z e d  f o r  t h e  AGC release p e r i o d  which 

d r a m a t i c a l l y  r e d u c e s  t h e  i n t e l l i g i b i l i t y  o f  t h e  v o i c e  s i g n a l .  

The o p e r a t i n g  r a n g e  o f  p r o t o t y p e  1 Watt FM t r a n s c e i v e r s  

w a s  compared t o  1 W a t t  S3B t r a n s c e i v e r s  i n  t h e  York Canyon 

mine n e a r  Raton,  N e w  Mexico. Before  t h e  f i e l d  t e s t ,  l a b o r a -  

t o r y  measurements were made on t h e  FM and SSB t r a n s c e i v e r s  

t o  e n s u r e  t h a t  t h e  o u t p u t  powers were i d e n t i c a l .  

Along t h e  longwal l  t h e  FM and SSB medium f r equency  

( 5 2 0  kHz) t r a n s c e i v e r s  p rov ided  e x c e l l e n t  cove rage .  In  t h e  

en t ryways ,  t h e  SSB t r a n s c e i v e r  r ange  w a s  o v e r  4 0 0  f e e t  w h i l e  

t h e  FM t r a n s c e i v e r  p rov ided  entryway coverage exceed ing  one 

m i l e .  

The narrow-band FM modula t ion  p r o c e s s  i s  p r e f e r a b l e  f o r  

u s e  i n  t h e  underground w i r e l e s s  communication sys tem.  



ACOUSTICAL NOISE PROBLEMS 

The measured a c o u s t i c a l  n o i s e  r a n g e s  from t h e  t h r e s h o l d  

o f  h e a r i n g  (0.0002 ~ ~ n e s / ~ r n ' )  t o  more t h a n  104 dBA-(158,489 

t i m e s  t h e  t h r e s h o l d  o f  h e a r i n g )  i n  t h e  r e v e r b e r a n t  su r round-  

i n g s  o f  t h e  l o n g w a l l .  Tab le  J shows t y p i c a l  n o i s e  l e v e l s  

measured i n  t h e  n e a r  v i c i n i t y  o f  mining equipment ( 3 9 ) .  Noise 

l e v e l s  o f  108 dBA have been measured n e a r  mining equipment .  

For  compar ison p u r p o s e s ,  F i g u r e  43 shows t h e  n o i s e  s p e c t r a  

measured n e a r  a n  o p e r a t i n g  l o n g w a l l  and i n s i d e  o f  t h e  M-60A 

m i l i t a r y  t a n k .  

FIGURE 43. ACOUSTICAL NOISE COMPARISONS 
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1. Overview of  Microphone Noise C a n c e l l i n g  Theory 
- - - 

Comparison o f  t h e  M-60A t a n k  and l ongwa l l  a c o u s t i c a l  

n o i s e  l e v e l s  i s  no tewor thy  i n  s e v e r a l  r e s p e c t s .  The l o n g w a l l  

n o i s e  l e v e l  i s  app rox ima te ly  8 dB g r e a t e r  t h a n  t h e  a c o u s t i c a l  

n o i s e  l e v e l  measured i n s i d e  t h e  M-60A t a n k !  M i l i t a r y  r e -  

s e a r c h  i n d i c a t e d  t h a t  i n t e l l i g i b i l i t y  s c o r e s  o f  v o i c e  mod- 

u l a t e d  r a d i o  s i g n a l s  from i n s i d e  o f  a moving t a n k  i s  below t h e  

minimum a c c e p t a b l e  l i m i t  ( 4 0 ) .  T h i s  i s  caused by t h e  ambient  

a c o u s t i c a l  n o i s e  m u t i l a t i o n  o f  t h e  speech  p r e s s u r e  wave on 

t h e  microphone diaphragm . By t h e  same mechanism, v o i c e  r a d i o  

communications n e a r  an o p e r a t i n g  mining equipment a r e  ex- 

p e c t e d  t o  a l s o  be below t h e  minimum i n t e l l i g i b i l i t y  s c o r e .  

During t h e  e a r l y  y e a r s  microphones were des igned  u s i n g  

r e s i s t a n c e  r e spond ing  and c o n t r o l l e d  r e l u c t a n c e  t e c h n i q u e s .  

The ca rbon  microphone i s  an example o f  t h e  r e s i s t a n c e  re- 

sponding microphone. C o n t r o l l e d  r e l u c t a n c e  microphones were 

de s igned  w i t h  e i t h e r  a c o i l  o r  magne t ic  a rmature  mounted on 

a diaphragm. The t e l e p h o n e  h e a d s e t  r e c e i v e r  i s  a good ex-  

ample o f  t h e  l a t e r  t e chno logy .  

Microphones have a l s o  been c o n s t r u c t e d  w i t h  p i e z o e l e c t r i c  

materials such  as q u a r t z ,  r o c h e l l  s a l t  c r y s t a l s ,  and PZT/  

BaTiO ceramic  m a t e r i a l s .  

I n  r e c e n t  y e a r s ,  t h e  p i e z o e l e c t r i c  p r o p e r t i e s  o f  f l u o r o -  

ca rbon  polymers f i l m s  have been i n v e s t i g a t e d  f o r  u s i n g  i n  t h e  

d e s i g n  o f  " t h i n f 1  microphones .  



I n  g e n e r a l  microphones are b r o a d l y  c l a s s i f i e d  by t h e i r  

o r d e r .  A z e r o  ( 0 )  o r d e r  microphone r ep roduces  speech  wi th -  

o u t  i n h e r e n t  n o i s e  c a n c e l l i n g  p r o p e r t i e s .  Tha t  i s ,  b o t h  

speech  and background n o i s e  cause  t h e  microphone t o  produce 

an o u t p u t  s i g n a l .  The speech  and n o i s e  p r e s s u r e  waves can  

impinge on b o t h  s i d e s  o f  t h e  diaphragm. Tha t  i s ,  t h e  micro-  

phone r e sponds  t o  t h e  p r e s s u r e  t t d i f f e r e n c e "  a c r o s s  t h e  

diaphragm. Microphones o f  t h i s  d e s i g n  are c a l l e d  f i r s t  o r d e r  

p r e s s u r e  g r a d i e n t  microphones .  F i r s t  o r d e r  g r a d i e n t  micro- 

phones can  be  connec ted  i n  a r r a y s  t o  improve n o i s e  s u p p r e s s i o n  

and a r e  c a l l e d  second o r d e r  g r a d i e n t  mic rophones . .  

There a r e  two (2) f a c t o r s  t h a t  make t h e  g r a d i e n t  micro- 

phones e f f e c t i v e  i n  s 'uppress ing  background n o i s e .  These 

f a c t o r s  a r e :  

(1) The t tP rox imi ty  e f f e c t u  whereby s p h e r i c a l  speech  

p r e s s u r e  waves p roduces  a g r e a t e r  p r e s s u r e  g r a d i e n t  

a c r o s s  t h e  microphone diaphragm t h a n  do p l a n a r  wave 

n o i s e  s i g n a l s  which a r e  g e n e r a t e d  a t  d i s t a n t  p o i n t s .  

(2) The c o s  o r  d i r e c t i o n a l  r e sponse  o f  t h e  micro- 

phone due t o  a c o u s t i c a l  a c c e s s  t o  b o t h  s i d e s  o f  t h e  

diaphragm and t h e  d i f f r a c t i o n  e f f e c t s  o f  t h e  microphone 

i n  r e l a t i o n  t o  t h e  wave leng th .  



Noise c a n c e l l a t i o n  occur s  because t h e  phase and ampli-  

t u d e s  of  t h e  f a r  f i e l d  n o i s e  s i g n a l  sum t o  ze ro  on t h e  PZT 

diaphragm. 

Seve ra l  methods a r e  a v a i l a b l e  t o  o b t a i n  n o i s e  r e d u c t i o n  

i n  t h e  des ign  of a microphone. They are summarized a s  

(1) D i r e c t i o n  Zero (0) o r d e r  microphone 

(2) Contact  microphones,  and 

( 3 )  Grad ien t  microphones. 

I n  p r i n c i p a l ,  a d i r e c t i o n a l  microphone w i l l  p rov ide  n o i s e  

r e j e c t i o n .  When ambient n o i s e  i s  a problem, t h e s e  micro- 

phones have n o t  been found t o  be e f f e c t i v e  i n  many a p p l i -  

c a t i o n s .  

" ~ e s e a r c h e r s  have found t h a t  a microphone a t t a c h e d  t o  t h e  
f r o n t  t o o t h  has  e x c e p t i o n a l l y  good n o i s e  c a n c e l l i n g  p r o p e r t i e s .  



F i r s t  o r d e r  g r a d i e n t  microphones a r e  commonly a v a i l a b l e  

i n  t h e  commercial a r t .  M u l t i p l e  o r d e r  g r a d i e n t  microphones 

have s u p e r i o r  n o i s e  c a n c e l l i n g  p r o p e r t i e s ;  however, t h e y  are 

s u p e r c r i t i c a l  w i t h  r e s p e c t  t o  v a r i a t i o n s  i n  a i r  p a t h  l e n g t h  

caused  by l i p  a c t i o n .  

The Department o f  t h e  Navy i s  sponso r ing  t h e  development 

o f  a second o r d e r  n o i s e  c a n c e l l i n g  microphone ( 4 2 ) .  E l e c t r o  

v o i c e  i s  e x p l o r i n g  t h e  a d a p t a t i o n  o f  t h e  e l e c t r e t  n o i s e  can-  

c e l l i n g  t e c h n i q u e  whereas  Vought i s  e x p l o r i n g  t h e  use  of  

PZT ceramic  t e chno logy  ( 4 1 ) .  

The Vought d e s i g n  u s e s  a s i n g l e  PZT ceramic  diaphragm 

w i t h  a s p e c i a l l y  de s igned  a c o u s t i c a l  e n t r a n c e  t o  o b t a i n  n o i s e  

c a n c e l l i n g  ( 4 1  . 

DIAPHRAGM 1 I 

FIGURE 44. THE VOUGHT SECOND ORDER MICROPHONE TECHNIQUE 



Contac t  microphones a r e  sometimes c a l l e d  "BoneN o r  

"Sku l l "  microphones .  Con tac t  microphones o f f e r  l i t t l e ,  i f  

any ,  improvement i n  n o i s e  r e d u c t i o n .  F u r t h e r ,  c o n t a c t  micro- 

phones p rov ide  c o n s i d e r a b l e  d i s c o m f o r t  t o  t h e  u s e r s .  I t  

t u r n s  o u t ,  t h e  s k u l l  bone i t s e l f  becomes a conduc to r  f o r  

n o i s e  and t h e r e f o r e  does  n o t  i n h e r e n t l y  produce n o i s e  can- 

c e l l i n g .  Moving v e h i c u l a r  v i b r a t i o n s  may be  conducted t h rough  

t h e  body c a u s i n g  t h e  c o n t a c t  microphone t o  respond  t o  unwanted 

n o i s e  s i g n a l s .  The U.S. Marine Corp r e c e n t l y  suppo r t ed  

development work on t h e  l l s k u l l v  microphone f o r  u s e  i n  amphi- 

b i a n  v e h i c l e s  ( l a n d i n g  c ra f t  1. T h i s  work t e r m i n a t e d  when t h e  

mar ine  r a d i o  o p e r a t o r  complained a b o u t  t h e  microphone com- 

p r e s s i o n  d i s c o m f o r t  and r e s u l t i n g  headaches .  A s  one miner  

s t a t e d  "How would you l i k e  t o  wear e i t h e r  t h e  s k u l l  o r  t h r o a t  

microphone d u r i n g  a s h i f t ? "  

F i r s t  and second o r d e r  g r a d i e n t  a i r  p a t h  microphones do 

o f f e r  t h e o r e t i c a l l y  p r e d i c t a b l e  n o i s e  c a n c e l l i n g  p o s s i b i l i t i e s .  

From a c i r c u i t  t h e o r y  p o i n t  o f  view, a h i g h  p a s s  f i l t e r  

can be used as a n  ana logy  f o r  t h e  g r a d i e n t  microphone.  Using 

t h e  h i g h  p a s s  f i l t e r  ana logy ,  t h e  n o i s e  d i s c r i m i n a t i o n  cap- 

a b i l i t y  i s  shown i n  F igu re  4 5 .  
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The o r d i n a t e  o r  y  ax i s  i s  l a b l e d  A t t e n u a t i o n  i n  dB. 

The a t t e n u a t i o n  r e p r e s e n t s  t h e  n o i s e  c a n c e l l i n g  c a p a b i l i t y  of  

t h e  microphone r e l a t i v e  t o  a r e f e r e n c e  - curve a .  

The a b s c i s s a  o r  x a x i s  i s  "sca led1 '  o r  normal ized i n  

t e rms  of  t h e  c u t  o f f  f requency  ( F c )  a l s o  c a l l e d  " c r o s s  over"  

f r equency  by microphone t e c h n o l o g i s t s .  

The c u t  o f f  f requency  of  t h e  n o i s e  c a n c e l l i n g  micro- 

phone r e p r e s e n t s  t h e  n o i s e  f r equency  below which c a n c e l l a t i o n  

o c c u r s .  Curve a  r e p r e s e n t s  t h e  t h e o r e t i c a l  o u t p u t  s i g n a l  

produced by a  n o i s e  c a n c e l l i n g  microphone t o  s p h e r i c a l  wave- 

f r o n t  speech s i g n a l s .  I n  p r a c t i c e ,  t h e  microphone r e sponse  

w i l l  n o t  be f l a t  ( c o n s t a n t )  and w i l l  e x h i b i t  c o n s i d e r a b l e  

f r equency  dependence.  I n  t h e  c a s e  o f  a f i r s t  o r d e r  g r a d i e n t  

microphone,  t h e  n o i s e  c a n c e l l i n g  microphone a t t e n u a t i o n  

i n c r e a s e s  by 6 dB each  t ime  t h e  no i se  



f r equency  i s  h a l f e d .  For  a second o r d e r  microphone,  t h e  

a t t e n u a t i o n  i n c r e a s e s  by 1 2  dB f o r  e ach  h a l f i n g  o f  t h e  n o i s e  

f r equency .  I n  g e n e r a l ,  t h e  a s y m p t o t i c  r a t e  o f  a t t e n u a t i o n  i s  

g i v e n  by 

dB = n6 p e r  o c t a v e  r e d u c t i o n  

where n  i s  t h e  o r d e r  o f  t h e  g r a d i e n t  microphone.  

With t h i s  background,  t h e  l i m i t a t i o n  o f  n o i s e  a t t e n u a -  

t i o n  can be  r e a d i l y  a s s e s s e d .  F i r s t  o f  a l l ,  i f  t h e  a m p l i t u d e  

spec t rum o f  t h e  n o i s e  s o u r c e  h a s  p r i n c i p a l  components below 

t h e  c u t  o f f  f r e q u e n c y  ( f c ) ,  n o i s e  c a n c e l l i n g  d o e s  o c c u r .  

A l s o ,  t h e  h i g h e r  t h e  c u t  o f f  f r e q u e n c y ,  t h e  b e t t e r  w i l l  b e  

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

(same a m p l i t u d e  spec t rum) .  A s  it t u r n s  o u t ,  t h e  c u t  o f f  

f r equency  i s  dependen t  on t h e  " t h i c k n e s s "  o f  t h e  microphone 

diaphragm. Th inne r  d iaphragms have h i g h e r  c u t  o f f  f r e q u e n c i e s  

and are t h e r e f o r e  b e t t e r  n o i s e  c a n c e l l i n g  microphones .  

I t  may r i g h t f u l l y  be c o n c l u d e d t h a t  h i g h e r  o r d e r  micro-  

phones would a l s o  be i m p o r t a n t  i n  t h i s  a p p l i c a t i o n .  A second 

o r d e r  microphone d e s i g n  o f f e r s  much g r e a t e r  a t t e n u a t i o n .  T h i s  

c o n c l u s i o n  may n o t  be c o r r e c t .  F i r s t  o f  a l l ,  changes  i n  a i r  

p a t h  l e n g t h  o c c u r  d u r i n g  u t t e r a n c e s .  The a p p a r e n t  s o u r c e  

p o s i t i o n  changes  w i t h  l i p  movement ( even  i f  t h e  microphone 

i s  s t a t i o n a r y ) .  Changes i n  a i r  p a t h  l e n g t h  c a u s e  "phase1'  d i s -  

t o r t i o n  t o  o c c u r  and t h i s  phenomenon w i l l  be d e s c r i b e d  below. 

The i n s t a n t a n e o u s  p r e s s u r e  f o r  a s p h e r i c a l  wave i s  g i v e n  by 



p  = pkcA s i n  k  ( c t  - r )  

where k  = w / c  i s  t h e  f r e e  space  p ropaga t ion  c o n s t a n t ,  

c i s  t h e  speed  o f  sound i n  a i r ,  

0 i s  t h e  r a d i a n t  speech f r equency ,  

r i s  t h e  a i r  p a t h  l e n g t h ,  and 

P i s  t h e  a i r  d e n s i t y  

Po = ewA. 

Equat ion ( 6 7 )  may be r e w r i t t e n  as 

P P = o s i n  ( w t  - k r ) .  

The argument o f  t h e  s i n e  t e r m  i n c l u d e s  t h e  p ropaga t ion  

c o n s t a n t  ( k )  and t h e  p a t h  l e n g t h  ( r )  . Changes i n  p a t h  

l e n g t h  (r) c a u s e  changes  i n  phase ( k r )  o r  phase  modula t ion .  

I n  a f i l t e r  ne twork ,  t h e  n o n - l i n e a r  phase  r e sponse  o f  t h e  

f i l t e r  t r a n s f e r  f u n c t i o n  c a u s e s  d i s t o r t i o n  t o  o c c u r  i n  t h e  

speech  s i g n a l  as it "f lows" t h rough  t h e  network.  The "degree"  

o f  t h e  d i s t o r t i o n  i s  dependent  upon t h e  t y p e  o f  t r a n s f e r  func-  

t i o n  and t h e  a sympto t i c  b e h a v i o r  o f  t h e  a t t e n u a t i o n  charac-  

t e r i s t i c .  That  i s ,  t h e  g r e a t e r  t h e  ra te  o f  change of  asymp- 

t o t i c  a t t e n u a t i o n  i n  t h e  s t o p  band,  t h e  g r e a t e r  i s  t h e  speech  

d i s t o r t i o n .  I n c r e a s i n g  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c  o f  a 

microphone can be  expec t ed  t o  i n c r e a s e  "phase d i s t o r t i o n M  

problems.  



One can  e x p e c t  s m a l l  changes i n  a i r  p a t h  l e n g t h  t o  

vmodulatefl t h e  speech  s i g n a l  i n  h i g h e r  o r d e r  n o i s e  c a n c e l l i n g  

microphones.  

Noise c a n c e l l i n g  microphones a r e  p o s i t i o n e d  t o  t h e  s i d e  

o f  t h e  mouth t o  r educe  t h e  ' 'puff"  sounds .  

Expanding t h e  n o i s e  c a n c e l l i n g  problem t o  s p e a k e r  d e v i c e s ,  

o t h e r  problems emerge. For example,  a  s i n g l e  ea rphone  does  

n o t  work w e l l  i n  a h i g h  l e v e l  voiceband n o i s e  env i ronment .  

Noise i s  r e a d i l y  t r a n s f e r r e d  t h rough  t h e  head and on t h e  s k u l l  

bone.  F u r t h e r ,  r e s e a r c h  h a s  shown t h a t  t h e  e a r  "muff" must 

be l a r g e  t o  a c h i e v e  low f r equency  a t t e n u a t i o n .  Tha t  i s  t o  

s a y ,  t h a t  an e a r  p l u g  s p e a k e r  does  n o t  work a s  w e l l  as a 

l a r g e  ear muff s p e a k e r .  

The AVADT microphone and aud io  sys tem s t u d y  ( 4 0 )  i s  t h e  

most r e c e n t  and e x t e n s i v e  r e s e a r c h  i n t o  i n t e l l i g i b i l i t y  s c o r e s  

ach i eved  by many d i f f e r e n t  t y p e s  o f  a c o u s t i c a l  d e v i c e s  i n  a 

wide r ange  of  background a c o u s t i c a l  n o i s e  l e v e l s .  

I n s i d e  o f  t h e  M-60A t a n k ,  t h e  m i l i t a r y  M-138 n o i s e  can- 

c e l l i n g  microphone i s  used w i t h  c i r cum-au ra l  e a rphones  t o  

a c h i e v e  an  i n t e l l i g i b i l i t y  s c o r e  o f  b e t t e r  t h a n  87% ( 7 2 %  i s  

t h e  minimum a c c e p t a b l e  l i m i t ) .  To a t t a i n  t h i s  s c o r e ,  a h i g h  

pa s s  f i l t e r  w i t h  c u t - o f f  f r equency  o f  300 Hz i s  des igned  i n t o  

t h e  a u d i o  p r o c e s s i n g  p a t h .  T h i s  d i s c r i m i n a t e s  a g a i n s t  t h e  

lower  o c t a v e  n o i s e  shown i n  F igu re  4 3 .  



I n  summary, t h e  f o l l o w i n g  c o n c l u s i o n s  have been r eached :  

Bone and s k u l l  microphones w i l l  n o t  be c o n s i d e r e d  in 

t h i s  work. 

Thin diaphragm n o i s e  c a n c e l l i n g  microphones must be 

used  i n  h i g h  a c o u s t i c a l  n o i s e  a r e a s .  

A n o i s e  c a n c e l l i n g  a i r p a t h  microphone must be  p o s i t i o n e d  

on t h e  r a d i a l  l i n e  ( t o  t h e  s i d e  o f  t h e  mouth) w i t h i n  a 

d i s t a n c e  o f  4 i n c h  o r  less  from t h e  l i p .  T h i s  r e q u i r e s  

t h e  u s e  o f  a boom microphone l o c a t e d  on t h e  mine r s  cap .  

A n o i s e  c a n c e l l i n g  microphone canno t  b e  b u i l t  i n t o  t h e  

c o n t r o l  head e n c l o s u r e  because  t h e  " appa ren t tT  microphone 

diaphragm would be  t h i c k  y i e l d i n g  a d e s i g n  w i t h  a low 

c u t  o f f  f r equency  ( F c ) .  The e n c l o s u r e  would a l s o  a lways  

need t o  be  p l a c e d  w i t h i n  f i n c h  o f  t h e  l i p .  

2 .  E v a l u a t i o n  o f  Noise Cance l l  i n g  Microphones 

The a c o u s t i c a l  n o i s e  and i t s  e f f e c t  on v o i c e  t r a n s m i s s i o n  

q u a l i t y  was s t u d i e d  i n  each  mine. However, more e x t e n s i v e  

series o f  t e s t s  were conducted i n  t h e  York Canyon Mine. The 

purpose  o f  t h e  t e s t s  were t o  e v a l u a t e  v a r i o u s  t y p e s  o f  n o i s e  

c a n c e l l i n g  microphones  and ea rphones  i n  t h e  underground mine 

env i ronment .  The p o l y  ( v i n y l i d e n e  f l u r i d e )  (PVF2) polymer 

f i l m  microphone,  a m i l i t a r y  M-138 n o i s e  c a n c e l l i n g  microphone,  

and a s t a n d a r d  dynamic non-noise  c a n c e l l i n g  microphone were 

e v a l u a t e d  by v o i c e  r e c o r d i n g s  n e a r  an  o p e r a t i n g  l o n g w a l l .  

The v o i c e  r e c o r d i n g s  were made u s i n g  A N S I  p h o n e t i c a l l y  

ba l anced  word l i s t s .  The r e s u l t s  a r e  shown i n  Tab l e  K. 
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Averages o f  t h e  t e s t  i n  q u i e t  env i ronments  show t h e  micro- 

phone i n t e l l i g i b i l i t y  t o  be v e r y  much a l i k e .  However, when 

s u b j e c t e d  t o  h i g h e r  background n o i s e  t h e  d i f f e r e n c e  becomes 

q u i t e  e v i d e n t .  

I n  t h e  v i c i n i t y  o f  an o p e r a t i n g  l o n g w a l l ,  t h e  " s t a n d a r d "  

non-noise  c a n c e l l i n g  microphone s c o r e d  below t h e  minimum 

a c c e p t a b l e  l e v e l  o f  7 2 % .  Although t h e  M-138 microphone 

performance w a s  a c c e p t a b l e ,  performance degraded  from t h e  

q u i e t  v a l u e .  The t f t h i n l l  PVF2 microphone s c o r e d  w e l l  above 

t h e  M-138 microphone i n t e l l i g i b i l i t y  s c o r e .  The s c o r e  d i d  

n o t  change from t h e  q u i e t  area s c o r e .  

3 .  E v a l u a t i o n  of Vest Microphones 
- -- - 

Many d i f f e r e n t  micmphone c o n f i g u r a t i o n s  w e r e  e v a l u a t e d  

d u r i n g  t h e  d e s i g n  o f  t h e  v e s t  t r a n s c e i v e r .  A p r e r e q u i s i t e  

f o r  t h e  microphone i s  t h a t  it be  conven i en t  t o  u se  and n o t  

be onerous  t o  t h e  miner .  A hand h e l d  microphone was found 

t o  be  u n a c c e p t a b l e  because  t h e  microphone c o r d  c o u l d  a c c i -  

d e n t i a l l y  become e n t a n g l e d  i n  mining equipment c a u s i n g  sub- 

s equen t  s e r i o u s  i n j u r y  t o  t h e  miner .  

A boom microphone mounted on t h e  m i n e r s f  c a p  was found 

t o  be  n e c e s s a r y  i n  s p e c i f i c  s i t u a t i o n s .  I n  h i g h  a c o u s t i c a l  

n o i s e  areas, t h e  PVFZ boom microphone and c i r cum-au ra l  e a r  

cup s p e a k e r s  must be used t o  a c h i e v e  an a c c e p t a b l e  i n t e l l i -  

g i b i l i t y  s c o r e .  The a c o u s t i c a l  t r a n s d u c e r  mounting i s  

i l l u s t r a t e d  i n  F igu re  4 6 .  



FIGURE 4 6 .  PVF2 NOISE CANCELLING MICROPHONE AND CIRCUM- 
AURAL EAR CUP SPEAKERS MOUNTED ON THE MINERS CAP 

The PVFP boom microphone can be p o s i t i o n e d  n e a r  t h e  miners  

l i p s .  Speakers  a r e  i n s t a l l e d  i n  t h e  circum-aura.1 e a r  cups .  

Working miners  exp re s sed  concern  t h a t  t h e  boom microphone 

would be  damaged doing work. The microphone i s  c o n s t r u c t e d  

w i t h  tough  p l a s t i c  and s u r v i v e d  mine t e s t i n g .  E v a l u a t i o n  i n  

miners  i n d i c a t e d  t h a t  t h e s e  a c o u s t i c a l  t r a n s d u c e r s  a r e  r e -  

q u i r e d  when t h e  n o i s e  l e v e l  i s  g r e a t e r  t h a n  86  dBA. 

Working miners  p e r f e r r e d  t h e  c o n t r o l  head microphone (shown i n  

F igu re  11) o v e r  t h e  PVF2 boom microphone and b u i l t - i n  micro- 

phone i n  t h e  South  A f r i c a n  T r a n s c e i v e r  shown i n  F i g u r e  3 0 .  

The c o n t r o l  head ce ramic  microphone ach i eved  an  a c c e p t a b l e  

s c o r e  when t h e  n o i s e  l e v e l  w a s  less t h a n  8 6  dBA. However, i n  

f r e s h  a i r  e n t r i e s ,  t h e  v e n t i l a t i o n  a i r  f l owing  a c r o s s  t h e  

c o n t r o l  head produced an  unaccep t ab l e  l e v e l  o f  "windv n o i s e .  



The "wind" n o i s e  problem was so lved  by mounting t h e  ceramic 

microphone element i n  a c o u s t i c a l  wind s c r e e n  foam m a t e r i a l .  

4 .  Eva lua t ion  of  Vest Speakers  

When t h e  a c o u s t i c a l  n o i s e  exceeds 86  dBA, c i rcum-aura l  

earphones  a r e  r e q u i r e d ;  however, t h e s e  earphones  may pose a 

s a f e t y  problem i n  q u i e t  a r e a s .  I n  q u i e t  a r e a s  ( o r  n e a r  i d l e  

machinery) miners  a r e  accustomed t o  l i s t e n i n g  t o  l o c a l  "roof 

t a l k "  caused by s h i f t s  i n  t h e  l a y e r e d  fo rma t ion .  This  pec- 

u l i a r  n o i s e  may provide e a r l y  warning t o  an  exper ienced  miner 

of a rock  f a l l  hazard .  

A s a t i s f a c t o r y  s o l u t i o n  t o  t h e  "roof  t a l k "  problem w a s  

found by t h e  use  of a combination of  v e s t  s p e a k e r s .  Speakers  

a r e  des igned  i n t o  c i rcum-aural  e a r  cups and t h e  e p a u l e t s  on 

each  shou lde r  of  t h e  v e s t .  The v e s t  t r a n s c e i v e r  i s  designed 

t o  s imu l t aneous ly  d r i v e  t h e  combination of  speake r s .  I n  

q u i e t  areas, t h e  e a r  cups a r e  fo lded  up on t h e  miners  cap  and 

t h e  e p a u l e t  speake r  sound waves a r e  d i r e c t e d  upward a long  t h e  

mine r s '  neck t o  h i s  e a r s .  Eva lua t ion  i n  t h e  mine i n d i c a t e s  

t h a t  t h e  geometry of t h e  miners '  cap  a i d s  i n  d i r e c t i n g  sound 

waves t o  t h e  e a r .  S ince  t h e  e a r s  a r e  n o t  covered ,  t h e  miner 

can a l s o  l i s t e n  t o  "roof  t a l k v  when t h e  r a d i o  i s  n o t  r e c e i v i n g  

messages.  



The e p a u l e t  s p e a k e r  sys tem i s  u s e f u l  i n  n o i s e  l e v e l s  up t o  

8 0  dBA. The v e s t  t r a n s c e i v e r  d e s i g n  i n c l u d e s  a c a p a b i l i t y  

o f  d r i v i n g  s m a l l  earphone s p e a k e r s .  Earphones are u s e f u l  

up t o  n o i s e  l e v e l s  of app rox ima te ly  86 dB. When t h e  n o i s e  

exceeds  86 dBA, t h e  c i rcum-aura l  e a r  cap  s p e a k e r s  are 

r e q u i r e d .  

Hard h a t  mounted s p e a k e r s  manufactured by SetCom 

Corporation;: were e v a l u a t e d  i n  q u i e t  a r e a s  and on d i e s e l  

hau l age  t r u c k s .  The s p e a k e r s  a r e  shown i n  F i g u r e  4 7 .  

FIGURE 4 7 .  HARD HAT MOUNTED SPEAKERS 

The performance w a s  s i m i l a r  t o  t h e  e p a u l e t  speake r  sys tem.  

Both f a i l  i n  h i g h  n o i s e  areas. 

"SetCom Corpo ra t i on ,  1400 S t i e r l i n  Road, Mountain V i e w , C A .  



E v a l u a t i o n  o f  A c o u s t i c a l  T ransduce r s  on Mine Veh ic l e s  
- -- 

A c o u s t i c a l  n o i s e  s u p p r e s s i o n  on v e h i c u l a r  equipment 

r e q u i r e d  two d i f f e r e n t  approaches .  On t r o l l e y  powered l oco -  

m o t i v e s ,  t h e  c o n v e n t i o n a l  p r a c t i c e  o f  u s e  o f  a s t a n d a r d  hand 

h e l d  microphone and a remote aud io  head ( w i t h  a  l oudspeake r  

up t o  10 w a t t s )  w a s  s a t i s f a c t o r y .  However, on d i e s e l  powered 

t r u c k s  and t r a c t o r s  (Kubuta,  John Deere, e t c . ) ,  t h e  conven- 

t i o n a l  p r a c t i c e  s imply  f a i l s .  On d i e s e l  hau l age  t r u c k s ,  a  

hand-held  n o i s e  c a n c e l l i n g  microphone (M-138) and circum- 

a u r a l  e a r  cup ( w i t h  s p e a k e r s )  w a s  found t o  be s a t i s f a c t o r y  

i n  e v e r y  r e p o r t .  The e a r  cup s p e a k e r s  were connec t ed  t o  t h e  

remote  a u d i o  head v i a  a co rd  w i t h  a qu i ck -d i s connec t  conn- 

e c t o r .  T h i s  enab l ed  t h e  motorman t o  g e t  o u t  o f  t h e  t r u c k  

w i t h o u t  a lways  remembering t o  unplug h i s  e a rphones .  

On d i e s e l  powered t r a c t o r s ,  a h a n d s e t  ( w i t h o u t  n o i s e  

c a n c e l l i n g  p r o p e r t i e s )  was found t o  be s a t i s f a c t o r y .  A 

hand-held  n o i s e  c a n c e l l i n g  microphone and a remote  a u d i o  

head w i t h  a message lamp w a s  a l s o  s a t i s f a c t o r y .  

The mine t e s t s  i n d i c a t e  t h a t  a wide v a r i e t y  o f  micro- 

phones and s p e a k e r  sys tems must be  p rov ided  w i t h  a commercial 

r a d i o  sy s t em.  
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RECOMMENDED 
MICROPHONE AND SPEAKERS 

FOR USE I N  
UNDERGROUND MINES 

WORK AREA OR 
VEHICULAR EQUIPMENT 

Manways 

Longwall 

VEST TRANSCEIVER 

TYPE OF MICROPHONE 
AID SPEAKERS 

Vest c o n t r o l  head w i t h  
ce r amic  microphone and w i t h  
e p a u l e t  s p e a k e r s .  

PVF2 n o i s e  c a n c e l l i n g  micro-  
phone and w i t h  s p e a k e r s  i n  
c i r cum-au ra l  e a r  cups .  

VEHICULAR TRANSCEIVER 

T r o l l e y  locomot ives  and 
b a t t e r y  powered s e r v i c e  
v e h i c l e s  

Conven t iona l  dynamic hand 
h e l d  microphone and remote  
a u d i o  s p e a k e r  (10 watts) 

D i e s e l  Powered Noise  c a n c e l l i n g  hand-held  

Haulage Trucks  

D i e s e l  Power T r a c t o r s  

Microphone w i t h  s p e a k e r s  i n  
c i r cum-au ra l  e a r  cups  
( q u i c k  d i s c o n n e c t  connec to r  
i n  speake r  c o r d ) .  

Noise  c a n c e l l i n g  h a n d s e t  
w i t h  microphone and s p e a k e r .  
(Message l i g h t  on remote 

s p e a k e r )  . 



K .  FREQUENCY PLAN AND PRESELECTOR FILTER DESIGN 
REQUIREMENTS 

Communication networks  t h a t  w i l l  be c r e a t e d  and used i n  

t h e  n a t i o n s '  underground mines w i l l  r e q u i r e  t h e  use  o f  many 

o p e r a t i n g  f r e q u e n c i e s .  To avoid  r a d i o  f requency  i n t e r -  

f e r e n c e  problems i n  t h e  system, s p e c i f i c  f r e q u e n c i e s  must be 

a s s i g n e d  i n  accordance  w i t h  a  f requency  p l a n .  The g o a l  o f  

t h e  p l a n  i s  t o  i n s u r e  t h a t  r a d i o  s e r v i c e  i n  any network i s  

n o t  degraded by r a d i o  communications a t  any o t h e r  a s s igned  

f requency  whether  i n  o r  o u t  o f  t h e  communications network.  

The t r a n s c e i v e r s  used i n  each  network a r e  tuned t o  t h e  

a s s i g n e d  o p e r a t i n g  f requency .  The r e c e i v e r  and t r a n s m i t t e r  

s e c t i o n s  a r e  des igned  w i t h  6 0  t o  1 0 0 0  kHz bandwidth t o  

e l i m i n a t e  t h e  need f o r  t u n i n g  i n  t h o s e  s e c t i o n s .  Tuning t h e  

t r a n s c e i v e r  o n l y  r e q u i r e s  t h e  s e t t i n g  o f  r o c k e t  a r m  swi t ches  

i n  t h e  d i g i t a l  f requency  s y n t h e s i z e r  (DFS) s e c t i o n .  The 

t u n i n g  s w i t c h  i s  shown i n  F igu re  48. 

FIGURE 4 8 .  DIGITAL FREQUENCY SYNTHESIZER T U N I N G  ELEMENT 



The swi t ch  p o s i t i o n s  f o r  any o p e r a t i n g  f r equency  a r e  g iven  

i n s i d e  of t r a n s c e i v e r  e n c l o s u r e .  The wideband d e s i g n  app- 

r o a c h  s i m p l i f i e s  f i e l d  s e r v i c i n g .  When n e c e s s a r y ,  a de- 

f e c t i v e  t r a n s c e i v e r  can be e a s i l y  r e p l a c e d  w i t h  a s t andby  

t r a n s c e i v e r .  The o n l y  t u n i n g  r e q u i r e d  i s  t h e  s e t t i n g  of  

t h e  DFS s w i t c h e s .  Because of t h e  wideband d e s i g n  approach 

used  i n  t h e  r a d i o  equipment ,  e l e c t r i c a l  wave f i l t e r  networks  

are r e q u i r e d  t o  s u p p r e s s  unwanted s i g n a l s .  

The RF l i n e  c o u p l e r  and an t enna  are f i l t e r  ne tworks .  

They d i s c r i m i n a t e  a g a i n s t  unwanted s i g n a l s  t h a t  can cause  

r e c e i v e r  d e s e n s i t i z a t i o n .  D e s e n s i t i z a t i o n  i s  caused  by 

harmonic and s p u r i o u s  unwanted t r a n s m i t t e r  s i g n a l s  f a l l i n g  

n e a r  o r  w i t h i n  t h e  r e c e i v e r  bandwidth ( B W C K T ) .  The c o u p l e r s  

and a n t e n n a s  p rov ide  adequa t e  s u p p r e s s i o n  o f  unwanted s i g n a l s  

e x c e p t  i n  a few c a s e s  where a d d i t i o n a l  f i l t e r i n g  may be 

r e q u i r e d .  

A p r e s e l e c t o r  f i l t e r  i s  r e q u i r e d  immedia te ly  ahead o f  

t h e  r e c e i v e r  i n  e v e r y  r e p e a t e r  i n s t a l l a t i o n .  When a m u l t i -  

p l i c i t y  o f  communication networks  s h a r e  t h e  same w i r e p l a n t  con- 

d u c t o r s ,  t h e  b a s e  s t a t i o n s  a s s o c i a t e d  w i t h  each  network 

must a l s o  i n c l u d e  a p r e s e l e c t o r  f i l t e r  ahead o f  e a c h  ba se  

s t a t i o n  r e c e i v e r .  From a s a f e t y  and r e l i a b i l i t y  s t a n d p o i n t ,  

p r e s e l e c t o r  f i l t e r s  are recommended f o r  u s e  i n  a l l  hau l age  

and h o i s t  t r a n s c e i v e r s .  Except  i n  s imp le  f r equency  p l a n s  

t h a t  have o n l y  one a s s i g n e d  f requency .  



F i e l d  t e s t i n g  o f  v e h i c u l a r  t r a n s c e i v e r s  on mine v e h i c l e s  

i n d i c a t e s  t h a t  r e c e i v e r s  a r e  a l s o  d e s e n s i t i z e d  by r a d i o  

f r e q u e n c y  i n t e r f e r e n c e  (RFI)  g e n e r a t e d  i n  t h e  e l e c t r i c a l  

sy s t em.  RFI s o u r c e s  such  as a i r  compressors  on t r o l l e y  l o c o -  

m o t i v e s ,  DC motors  on b a t t e r y  powered s e r v i c e  v e h i c l e s ,  and 

g e n e r a t o r s  on d i e s e l  powered v e h i c l e s  produce  e l e c t r o m a g n e t i c  

spec t rums  i n  t h e  r e c e i v e r  passband .  F i l t e r i n g  a t  t h e  sou rce  

o f  RFI i s  mandatory .  

1. P r e s e l e c t o r  F i l t e r  Network D i s c r i m i n a t i o n  

S u f f i c i e n t  i s o l a t i o n  must be p rov ided  i n  t h e  t r a n s m i t t e r  

t o  r e c e i v e r  s i g n a l  p a t h  t o  p r e v e n t  r e c e i v e r  d e s e n s i t i z a t i o n  

by h i g h  power t r a n s m i t t e r  s i g n a l s .  

FIGURE 4 9 .  TRANSMITTER TO RECEIVER ISOLATION 
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The t r a n s m i t t e r  s e c t i o n  o f  e i t h e r  a r e p e a t e r  o r  ba se  s t a t i o n  

produces  t h e  t r a n s m i t  s i g n a l  a t  t h e  a s s i g n e d  f r equency  ( F l ) .  

The s i g n a l  i s  coupled t o  t h e  " w i r e p l a n t t '  and r e a c h e s  t h e  

r e c e i v e r  i n p u t  t e r m i n a l  th rough  t h e  RF l i n e  c o u p l e r  and 

p r e s e l e c t o r  f i l t e r .  The t r a n s m i t t e r  s i g n a l  d i s c r i m i n a t i o n  

l o s s  r e q u i r e m e n t s  can  be de te rmined  by c o n s i d e r i n g  t h e  d a t a  

p r e s e n t e d  i n  Tab le  M .  

TABLE M 

SIGNAL PATH 
POWER LEVEL AND 

DISCRIMINATION LOSS 

T r a n s m i t t e r  S i g n a l  

Fundemental Harmonics 

T r a n s m i t t e r  Output  Power 

Coupling Loss 

P r e s e l e c t o r  F i l t e r  Loss 

Level  o f  S i g n a l  A t  
Rece ive r  I n p u t  T e r m i n t a l  



There  are two c o n d i t i o n s  under  which t h e  r e c e i v e r  can  b e  

d e s e n s i t i z e d  by unwanted s i g n a l s .  F i r s t ,  whenever t h e  un- 

wanted s i g n a l  r e a c h e s  t h e  r e c e i v e r  a t  a l e v e l  g r e a t e r  t h a n  

-28 dBm, t h e  r e c e i v e r  RF a m p l i f i e r  and mixer  w i l l  commence 

t h e  a u t o m a t i c  r e d u c t i o n  of  g a i n  ( c o m p r e s s i o n ) .  To a v o i d  t h e  

l o s s  o f  RF g a i n ,  t h e  p r e s e l e c t o r  f i l t e r  must s u p p r e s s  a l l  

unwanted s i g n a l s  below -28 dBm. Secondly ,  any unwanted s i g n a l  

f a l l i n g  n e a r  o r  w i t h i n  t h e  r e c e i v e r  passband w i l l  a l s o  cause  

r e c e i v e r  d e s e n s i t i z a t i o n  ( c a p t u r e  e f f e c t ) .  The r e c e i v e r  pa s s -  

band and s e l e c t i v i t y  i s  de t e rmined  by a h i g h  q u a l i t y  c r y s t a l  

f i l t e r  f o l l o w i n g  t h e  mixer .  I t  i s  t h i s  f i l t e r  t h a t  d i s c r i -  

m i n a t e s  a g a i n s t  unwanted s i g n a l s  w i t h  f r e q u e n c i e s  j u s t  beyond 

i t s  1 2  kHz passband .  

A s  l o n g  as t h e  unwanted s i g n a l  f r e q u e n c i e s  (and harmonics )  

are a s s i g n e d  beyond 50  kHz from t h e  r e c e i v e r  o p e r a t i n g  f r e -  

quency,  t h e  p r e s e l e c t o r  f i l t e r  i s  r e q u i r e d  t o  produce a 

minimum d i s c r i m i n a t i o n  l o s s  o f  52 dB. 

The t r a n s i e n t  r e s p o n s e  of  t h e  p r e s e l e c t o r  and I F  f i l t e r s  

d e t e r m i n e s  how w e l l  t h e  r e c e i v e r  w i l l  pe r fo rm when n e a r  

e l ec t r i ca l  n o i s e  s o u r c e s .  Impuls ive  e l e c t r o m a g n e t i c  n o i s e  

s o u r c e s  s u c h  as t r o l l e y  "shoefT a r c i n g  a i d  t h e  d i s c o n t i n u o u s  

t r o l l e y  r e c t i f i e r  c u r r e n t  waveform may cause  t h e  f i l t e r s  t o  

r i n g .  Ring d e g r a d e s  r e c e i v e r  performance.  Ring d e g r a d a t i o n  

may be  reduced  i n  t h e  d e s i g n  by a p p r o p r i a t e  f i l t e r i n g  

t e c h n i q u e s .  



The p r i n c i p a l  t e c h n i q u e  i s  the  s e l e c t i o n  o f  a f i l t e r  t r a n s f e r  

f u n c t i o n  w i t h  minimum r i n g  behav io r .  T r a n s f e r  f u n c t i o n  t h a t  

e x h i b i t s  more l i n e a r  phase  r e sponse  t h rough  t h e  passband 

r e g i o n  e x h i b i t  l e s s  r i n g .  

A c l a s s  o f  t r a n s f e r  f u n c t i o n s  i n c l u d i n g  t h e  Bessel and 

Gauss ian  e x h i b i t  minimal r i n g ;  however, t h e  s topband  d i s -  

c r i m i n a t i o n  l o s s  i s  a lways  l e s s  t h a n  o t h e r  c l a s s e s  o f  t r a n s f e r  

f u n c t i o n s  o f  t h e  same o r d e r  (N). 

Transfer  f u n c t i o n s  t h a t  e x h i b i t  good passband phase  

c h a r a c t e r i s t i c s  and s t i l l  a c h i e v e  a c c e p t a b l e  s topband  d i s -  

c r i m i n a t i o n  l o s s  a r e  d e r i v e d  from t h e  Bu t t e rwor th  .and 

Legendre po lynomia l s  o f  mathemat ica l  p h y s i c s .  Chebyshev 

t r a n s f e r  f u n c t i o n s  are optimum i n  t h e  s ense  t h a t  t h e y  produce 

t h e  maximum s topband  d i s c r i m i n a t i o n  l o s s ;  however, t h e  phase  

r e sponse  i s  a lways  l e s s  d e s i r a b l e  t h a n  e i t h e r  t h e  Bu t t e rwor th  

o r  Legendre t r a n s f e r  f u n c t i o n s .  The Legendre t r a n s f e r  fun-  

c t i o n s  a r e  optimum i n  t h e  s e n s e  t h a t  t h e y  e x h i b i t  minimum 

r i p p l e  i n  t h e  passband.  They produce c o n s i d e r a b l e  more 

s topband d i s c r i m i n a t i o n  l o s s  t h a n  Bu t t e rwor th  ( 4 3 ) ( 4 4 ) ( 4 5 ) .  

The Legendre t r a n s f e r  f u n c t i o n s  are u s e f u l  i n  a p p l i c a t i o n  

which r e q u i r e s  good d i s c r i m i n a t i o n  l o s s  as w e l l  as good phase 

l i n e a r i t y  and t r a n s i e n t  r e sponse  b e h a v i o r .  Legendre f i l t e r s  

a r e  recomnended f o r  use  i n  narrowband a n g l e  modulated comm- 

u n i c a t i o n s  sys tems .  



The d i s c r i m i n a t i o n s  loss of  w e l l  known t r a n s f e r  f u n c t i o n s  

are  shown i n  F i g u r e  5 0 .  

NORMALIZED FREQUENCY 

F I G U R E  5 0 .  COMPARISON O F  THE D I S C R I M I N A T I O N  L O S S  O F  WELL 
KNOWN TRANSFER F U N C T I O N S  ( 5 T H  ORDER) 



2 .  C a l c u l a t i n g  The D i s c r i m i n a t i o n  Loss o f  Bandpass F i l t e r  
Networks 

The o p e r a t i n g  f requency  ( f o )  and c i r c u i t  bandwidth 

(BWCKT) a r e  a lways  known i n  t h e  i n i t i a l  s t a g e s  of  s p e c i f y i n g  

t h e  f i l t e r  d i s c r i m i n a t i o n  l o s s  r e q u i r e m e n t .  

The c i r c u i t  bandwidth d e f i n e s  t h e  passband r e g i o n  

t h e  f i l t e r  where t h e  d i s c r i m i n a t i o n  l o s s  i s  a lways  l e s s  t h a n  

4,  1, ... 3 ,  dB, e t c .  Other  bandwidths  are a lways  s p e c i f i e d  

i n  a f i l t e r  d e s i g n  problem. For example,  t h e  6 0  dB bandwidth 

( B W 6 0 )  d e f i n e s  t h e  bandwidth where t h e  l o s s  i s  a lways  l e s s  

t h a n  60 dB. The lower  and upper  bandedge f r e q u e n c i e s  can 

be  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n s .  

The bandwidth i s  d e f i n e d  as 

when D r e p r e s e n t s  t h e  d i s s i p a t i o n  l o s s  v a l u e ,  

f H  t h e  upper  bandedge f r equency ,  and 

fL t h e  lower  bandedge f r equency .  

The bandedge f r e q u e n c i e s  are g i v e n  by 

L ' and 
2 2 



The d i s c r i m i n a t i o n  l o s s  provided by a  f i l t e r  network a t  t h e  

bandedge f r e q u e n c i e s  can be determined from t h e  d a t a  pre-  

s e n t e d  i n  Appendix A. 

I n  t h e  t a b l e s ,  d i s c r i m i n a t  i on  (normal ized  a t t e n u a t i o n )  

l o s s  of t h e  Legendre f i l t e r  t r a n s f e r  f u n c t i o n  a r e  given f o r  

d i f f e r e n t  f i l t e r  o r d e r s  ( N ) .  The normal ized f requency  

( aLp)  used i n  t h e  t a b l e  can be s imply c a l c u l a t e d  from 

The f i l t e r  o r d e r  ( N )  r e p r e s e n t s  t h e  number o f  r e a c t i v e  

e lements  r e q u i r e d  i n  t h e  low pass  p r o t o t y p e  network.  By 

w e l l  known f requency  t r a n s f o r m a t i o n s ,  p ro to type  networks a r e  

t ransformed i n t o  bandpass as w e l l  as o t h e r  f requency  res- 

ponse c h a r a c t e r i s t i c s  such as low p a s s ,  h i g h  p a s s  and band 

e l i m i n a t i o n .  

3 .  D i sc r imina t ion  Loss of Couplers  and Antenna 
F i l t e r  Networks 

The d i s c r i m i n a t i o n  l o s s  encountered  by t h e  t r a n s m i t t i n g  

f requency  s i g n a l  i n  t h e  r e c e i v i n g  c o u p l e r s  ( a l s o  an tennas )  

w i l l  be determined from t h e  t a b u l a r  d a t a .  Th i s  i s  t h e  va lue  

o f  coup l ing  l o s s  shown i n  Table  L .  



The c o u p l e r  ( a n t e n n a )  3  dB d e s i g n  bandwidth (BW3) i s  

1 2  kHz. The 1 0 0  kHz bandedge f r equency  f o r  a c o u p l e r  

( a n t e n n a )  o p e r a t i n g  a t  400 kHz may be  c a l c u l a t e d  from 

Equa t i on  ( 6 9 )  and (70 )  as 

kHz, and 

f L  = 353.1 kHz. 

It s h o u l d  be  n o t e d  t h a t  t h e s e  f r e q u e n c i e s  a r e  s l i g h t l y  

skewed because  o f  geome t r i c  symmetry i n  t h e  l o s s  c h a r a c t e r -  

i s t i c .  R e f e r r i n g  t o  Appendix A ( N - - 1  d a t a )  , a t  a no rma l i zed  

f r e q u e n c y  g i v e n  by 

0 1 0 0  kHz = 8 . 3 ,  
LP= 7 7 LTJv 

t h e  d i s c r i m i i l a t i o n  (no rma l i zed  a t t e n u a t i o n )  l o s s  i s  found t o  

be  1 8 . 3  dB f o r  a l l  f r e q u e n c i e s  o u t s i d e  o f  t h e  1 0 0  kHz band- 

w id th .  T h i s  l o s s  i s  i d e n t i f i e d  as c o u p l i n g  l o s s  i n  Tab le  L .  

4 .  ~ i s c r i m i n a t i o n  and D i s s i p a t i o n  Loss o f  The 
Y r e s e ~ e c t o r  lue L W O X ' K  

The r e q u i r e d  p r e s e l e c t o r  f i l t e r  o r d e r  (N) may be de-  

t e rmined  from t h e  Appendix A d a t a .  A 3rd  o r d e r  f i l t e r  can 

p r o v i d e  62.8 dB o f  d i s c r i m i n a t i o n  l o s s .  Thus a 3 rd  o r d e r  

f i l t e r  d e s i g n  i s  r e q u i r e d .  P r e s e l e c t o r  f i l t e r s  e x h i b i t  

s i g n a l  d i s s i p a t i o n  l o s s  a t  t h e  c e n t e r  f r equency .  T h i s  l o s s  

can be  de te rmined  from Appendix B d a t a .  



I n  t h e  Appendix B d a t a ,  t h e  t a b l e  e l emen t  Q(QLp) i s  d e f i n e d  

by 

where Qu i s  t h e  unloaded Q o f  t h e  i n d u c t o r s  used  i n  t h e  

f i l t e r  (measured a t  f o ) .  

I n  t h e  MF band ,  Qu's  a r e  t y p i c a l l y  g r e a t e r  t h a n  250 i n  a 

w e l l  d e s i g n e d  i n d u c t o r .  Thus w i t h  

t h e  band c e n t e r  d i s s i p a t i o n  l o s s  i s  e s t i m a t e d  t o  be  l e s s  

t h a n  3 dB. 

5 .  Des ign ing  F i l t e r  Networks 

The d e s i g n  d a t a  f o r  Legendre f i l t e r s  h a s  been i n c l u d e d  

i n  Appendix C .  The e lement  v a l u e s  a r e  g iven  f o r  a no rma l i zed  

low p a s s  p r o t o t y p e  f i l t e r  t h a t  h a s  a c u t - o f f  f r e q u e n c y  ( R )  

o f  one  r a d i a n  p e r  second and e q u a l  l o a d  and s o u r c e  t e r m i n a t i o n  

r e s i s t a n c e s  o f  one ohm. 

FIGURE 51. LOW PASS PROTOTYPE FILTER 



Thi s  p a r t i c u l a r  n o r m a l i z a t i o n  o f  f i l t e r  e l ement  v a l u e s  make 

t h e  d e s i g n  o f  a c t u a l  f i l t e r s  as s imp le  as p i e  ( a ) .  

a .  Des ign ing  Low Pass  F i l t e r s  

The a c t u a l  low p a s s  f i l t e r  e l ement  v a l u e s  a r e  g iven  

and ,  

where f c  i s  t h e  c u t - o f f  f r e q u e n c y ,  and C and L are t h e  low 

p a s s  p r o t o t y p e  e l emen t  v a l u e s .  

Equa t i ons  ( 7 4 )  and ( 7 5 )  t e l l  u s  a g r e a t  d e a l  abou t  a 

f i l t e r  ne twork .  F i r s t  o f  a l l ,  i n c r e a s i n g  t h e  c u t - o f f  f r e -  

quency a lways  r e d u c e s  t h e  s i z e  o f  t h e  a c t u a l  e l emen t  v a l u e s .  

Secondly ,  t h e  t e r m i n a t i n g  ( s o u r c e  and l o a d )  r e s i s t a n c e s  

i n f l u e n c e  t h e  s i z e  o f  t h e  a c t u a l  e lement  v a l u e s  i n  d i f f e r e n t  

ways. I n c r e a s i n g  t h e  t e r m i n a t i o n  r e s i s t a n c e  i n c r e a s e s  t h e  

i n d u c t a n c e  v a l u e s  wh i l e  d e c r e a s i n g  t h e  c a p a c i t a n c e  v a l u e s  

i n  t h e  a c t u a l  ne twork.  The t opo logy  o f  t h e  low p a s s  network 

i s  i n v a r i a n t  i n  t h e  d e s i g n  o f  an  a c t u a l  low p a s s  f i l t e r .  

The d i s s i p a t i o n  l o s s  o f  t h e  low p a s s  f i l t e r  ne twork i s  

de te rmined  w i t h  t h e  u se  o f  t h e  t a b l e  i n  Appendix B - 
D i s s i p a t i o n  Loss of t h e  Legendre T r a n s f e r  Func t i on .  



The Q o f  e ach  i n d u c t o r  used  i n  t h e  f i l t e r  network i s  

measured w i t h  a Q mete r  a t  t h e  c u t - o f f  f r equency  o f  t h e  

f i l t e r .  The Q may a l s o  be de t e rmined  from d a t a  s u p p l i e d  by 

t h e  i n d u c t o r  manufac tu r e r .  

For example ,  a QU of  250 i s  e a s i l y  r e a l i z a b l e  i n  a low 

p a s s  f i l t e r  w i t h  a c u t - o f f  f r equency  o f  1 0 0  kHz. The z e r o  

f r equency  i n s e r t i o n  l o s s  i n  a t h i r d  o r d e r  low p a s s  Legendre 

f i l t e r  i s  0.09 dB. 

b .  Des ign ing  A High Pass  F i l t e r  From a Low Pas s  
P r o t o t y p e  Network 

The f i r s t  s t e p  r e q u i r e d  i s  t o  r ed raw  t h e  low p a s s  p r o t o -  

t y p e  f i l t e r  such  t h a t  t h e  i n d u c t o r s  become c a p a c i t o r s  and 

c a p a c i t o r s  become i n d u c t o r s  w i t h  i n v e r t e d  v a l u e s .  The r e -  

drawn f i l t e r  i s  a h i g h  p a s s  p r o t o t y p e  f i l t e r  w i t h  a c u t - o f f  

f r equency  o f  one r a d i a n  p e r  second .  The a c t u a l  low p a s s  

f i l t e r  e lement  v a l u e s  a r e  c a l c u l a t e d  from t h e  redrawn f i l t e r .  

Use Equa t ions  ( 7 2 )  and ( 7 3 )  t o  c a l c u l a t e  t h e  e lement  v a l u e s  

o f  t h i s  f i l t e r .  

c .  Des ign ing  Bandpass F i l t e r s  From Low Pass  P r o t o t y p e  
F i l t e r s  

Bandpass f i l t e r s  are des igned  from t h e  low p a s s  p r o t o -  

t y p e  f i l t e r  e lement  v a l u e s  by u s e  o f  t h e  f o l l o w i n g  f r equency  

t r a n s f o r m a t i o n s  : 



The mechanics  o f  t h e  f r equency  t r a n s f o r m a t  i o n  are s imply  

c a r r i e d  o u t  by d i v i d i n g  e a c h  i n d u c t a n c e  and c a p a c i t a n c e  i n  t h e  

low p a s s  p r o t o t y p e  f i l t e r  by t h e  bandwidth  ( i n  H e r t z )  o f  t h e  

band-pass f i l t e r  ( i n s t e a d  o f  t h e  c u t - o f f  f r equency  as was t h e  

case i n  t h e  low pas s  f i l t e r  d e n o r m a l i z a t i o n  p r o c e s s )  and 

r e s o n a t i n g  e a c h  o f  t h e  f i l t e r  e l e m e n t s  a t  t h e  c e n t e r  f r equency  

o f  t h e  f i l t e r .  That  i s  

C ,  C and - - 1 
2nBW R ' 2 

CKT ( 2 n f 0 )  

- 
L =  LR and C - 1 

n B W ~ ~ ~  ( 2 ~ f ~ ) ~ ~  

where BWCKT i s  t h e  bandpass  f i l t e r  bandwidth and f o  i s  t h e  

c e n t e r  f r e q u e n c y .  Equa t i ons  ( 7 7 )  and ( 7 8 )  p r o v i d e  a g r e a t  

d e a l  o f  i n s i g h t  i n t o  t h e  d e s i g n  c h a r a c t e r i s t i c s  o f  a band- 

p a s s  f i l t e r .  

The low p a s s  p r o t o t y p e  e l e m e n t s  a r e  changed by d i v i d i n g  

by t h e  c i r c u i t  bandwidth o f  t h e  a c t u a l  f i l t e r .  These f i l t e r  

e l emen t s  i n c r e a s e  i n  v a l u e  as t h e  f i l t e r  bandwidth i s  de-  

c r e a s e d .  Thus t h e  s e r i e s  i n d u c t o r s  and s h u n t  c a p a c i t o r s  i n  

t h e  bandpass  network a lways  i n c r e a s e  i n  v a l u e  when t h e  

c i r c u i t  bandwidth ( B W C K T )  i s  r educed .  F u r t h e r ,  t h e s e  e l emen t s  

are i n f l u e n c e d  by t h e  f i l t e r  t e r m i n a t i o n  r e s i s t a n c e  as d e f i n e d  

i n  Equa t i on  ( 7 7 )  and ( 7 8 ) .  



I n  many p r a c t i c a l  f i l t e r  d e s i g n  problems,  t h e  " sp r ead"  i n  

f i l t e r  e l emen t  v a l u e s  may be t o o  g r e a t .  Impedance l e v e l s  

w i t h i n  t h e  f i l t e r  c an  be changed by a l t e r n a t i n g  o p e r a t i n g  

impedance l e v e l s  ( R )  w i t h i n  t h e  network as i n d i c a t e d  by 

Equa t i ons  ( 7 7 )  and ( 7 8 ) .  

The d i s s i p a t i o n  l o s s  ( i n s e r t i o n  l o s s )  a t  t h e  band c e n t e r  

( f o )  of a bandpass  f i l t e r  i s  a l s o  e a s i l y  and a c c u r a t e l y  

de t e rmined  w i t h  t h e  u s e  o f  Appendix B .  Equa t i on  ( 7 5 )  i s  

used  t o  d e t e r m i n e  Q L p .  

d .  Des ign ing  Band-El iminat ion F i l t e r  Networks From Low 
Pas s  P r o t o t v ~ e  F i l t e r  Networks 

Band-e l imina t ion  f i l t e r s  are de s igned  from low p a s s  

p r o t o t y p e  f i l t e r s  by f i r s t  c o n s t r u c t i n g  a h i g h  p a s s  p r o t o -  

t y p e  network and t h e n  f i n d i n g  t h e  a c t u a l  e l emen t  v a l u e s  

( <  and 5)  by u s i n g  E q u a t i o n s  ( 7 5 )  and ( 7 6 ) .  

e .  De t e rmina t i on  o f  t h e  D i s c r i m i n a t i o n  Loss o f  A c t u a l  
Bandpass and Band-El iminat ion F i l t e r s  From t h e  
D i s c r i m i n a t i o n  Loss o f  a Low Pass  P r o t o t y p e  F i l t e r  

The d i s c r i m i n a t i o n  l o s s  o f  t h e  low p a s s  Legendre p r o t o -  

t y p e  f i l t e r s  o r d e r s  ( n = 1 , 2 ,  ... 9 )  are shown i n  Appendix A .  

F i g u r e s  5 2  and 5 3  show t h e  d i s c r i m i n a t i o n  l o s s  p l o t t e d  

f o r  odd o r d e r  f i l t e r s .  A no tewor thy  f e a t u r e  i s  t h e  f ac t  t h a t  

t h e  f r e q u e n c y  scale ( f )  i s  normal ized  by t h e  c i r c u i t  band- 

w id th  ( B W C K T ) .  S i m i l a r l y ,  t h e  low p a s s  o r  h i g h  p a s s  p r o t o -  

t y p e  f i l t e r  e l e m e n t s  a r e  de-normal ized by d i v i d i n g  by (BWCKT)  . 

t o  f i n d  t h e  a c t u a l  f i l t e r  e l emen t  v a l u e s .  T h i s  n e c e s s a r i l y  

f o l l o w s  f rom Equa t i on  ( 7 4 ) .  



FIGURE 5 2 .  LEGENDRE BAND PASS F I L T E R  DISCRIMINATION LOSS 
FOR ORDERS n =  3 , 5 ,  and 7 



NORMALIZED FREQUENCY ,aLp 

0 I 2 3 4 5 4  3 2 I .  0 

FIGURE 5 3 .  LEGENDRE BAND ELIMINATIOIJ  F I L T E R  DISCRIMINATION 
LOSS FOR ORDERS n=3,5,anC 7 



The figures also show the direct relationship between the low 

pass prototype normalized frequency ( Q L p )  and circuit band- 

width (BWCKT). 

The discrimination loss characteristic can be plotted 

on multiple cycle semi log graph paper. The y axis is labled 

in discrimination loss (dB) and the x axis is labled in units 

of operating frequency. 



SYSTEM DESIGN SPECIFICATIONS 

SUMMARY 

The d e s i g n  d o c t r i n e  f o r  t h e  whole mine r a d i o  communi- 

c a t i o n s  system i n c l u d e s  t h e  system l e v e l  s p e c i f i c a t i o n s  as 

w e l l  as t h e  flowdown s p e c i f i c a t i o n s  f o r  t h e  equipment and 

module l e v e l  p r i n t e d  c i r c u i t  boards .  To i n s u r e  i n t e r f a c e  

c o m p a t a b i l i t y  t h roughou t  t h e  system,  s t a n d a r d i z e d  i n t e r -  

connec t ing  l o a d s  and l e v e l s  have been s t r i c t l y  adhered t o  

i n  t h e  d e s i g n  p r a c t i c e .  

The t h e o r e t i c a l  b a s i s  f o r  t h e  des ign  s p e c i f i c a t i o n s  

f o l l o w s  from d i s c u s s i o n s  s e t  f o r t h  i n  Chapter  I V .  , 

B .  I N T R O D U C T I O N  

The equipment used i n  t h e  MF r a d i o  cornrnunications system 

c o n s i s t s  o f :  

. Remote C o n t r o l  Console ( R C C )  and Remote Con t ro l  

Terminal  ( R C T )  u n i t s  t o  o p e r a t e  a m u l t i p l i c i t y  o f  

f i x e d  l o c a t i o n  and mobile t r a n s c e i v e r s  i n  an under-  

ground mine. 

. A base  s t a t i o n  compris ing a s t a n d a r d  t r a n s c e i v e r  and 

RCT u n i t  f o r  c r e a t i n g  a c e l l  o f  r a d i o  coverage .  

. A v e h i c u l a r  t r a n s c e i v e r  compris ing a s t a n d a r d  t r a n s -  

c e i v e r  and Remote Audio Head (RAH) u n i t  f o r  comrnuni- 

c a t i o n s  on mobile p l a t f o r m s .  



. Vest  t r a n s c e i v e r  f o r  communications w i t h  r o v i n g  

mine r s .  

. Globa l  r e p e a t e r  t o  i n c r e a s e  t h e  o p e r a t i n g  r ange  between 

mobi le  t r a n s c e i v e r s  a l o n g  t h e  " w i r e p l a n t t l .  

. C e l l u l a r  r e p e a t e r  t o  i l l u m i n a t e  a working f a c e .  

. Highly  e f f i c i e n t  RF l i n e  c o u p l e r s  and a n t e n n a s  t o  

" i l l u m i n a t e u  t h e  " w i r e p l a n t " .  

A c e l l  o f  r a d i o  coverage  i s  c r e a t e d  by i n s t a l l i n g  an  RCC 

u n i t  ( s )  i n  t h e  network "nerve"  c e n t e r (  s )  . The base  s t a t i o n  

i s  r emo te ly  c o n t r o l l e d  by a two-wire remote c o n t r o l  ( R C )  

c a b l e .  The RCC u n i t  can r emo te ly  c o n t r o l  f i x e d  l o c a t i o n  

b a s e  s t a t i o n  and r e p e a t e r  t r a n s c e i v e r s  f o r  d i s t a n c e s  g r e a t e r  

t h a n  f i v e  m i l e s .  A d d i t i o n a l  networks  are c r e a t e d  by i n s t a l l i n g  

s e p a r a t e  network RCC u n i t s ,  RC c a b l e s ,  and base  s t a t i o n s .  

C . GENERAL SYSTEM SPECIFICATIONS 

The g e n e r a l  sys tem s p e c i f i c a t i o n s  s e t  f o r t h  t h e  p r i n c i p a l  

d e s i g n  o b j e c t i v e s  f o r  t h e  equipment.  Equipment de s igned  t o  

t h e s e  s p e c i f i c a t i o n s  w i l l  a c h i e v e  e x c e l l e n t  r a d i o  coverage  i n  

t h e  mining complex. The equipment w i l l  a l s o  e x h i b i t  ex t r eme ly  

h i g h  r e l i a b i l i t y  when o p e r a t i n g  i n  t h e  h o s t i l e  mine environment .  

S t r i c t  adherence  w i t h  t h e  equipment i n t e r c o n n e c t i o n  ( i n t e r f a c e )  

s p e c i f i c a t i o n s  w i l l  i n s u r e  a deg ree  o f  c o m p a t a b i l i t y  among 

r a d i o  equipment deployed i n  t h e  N a t i o n ' s  underground mines .  



1. SIGNAL EMISSIONS: 

Emiss ion 

Frequency Range 

Tuning 

Peak Dev ia t i on  

Frequency S e p a r a t i o n  

N a t i o n a l  Rescue Team 
Frequency 

2 .  MODULATION: 

P r o c e s s i n g  ( v o i c e )  

Frequency Range 

3 .  SQUELCH: 

Type 

SIGNALLING TONE 
FREQUENCY 

OPERATING RANGE: 

6 .  ENVIRONMENTAL: 

Ope ra t i ng  Temperature  
Range 

Shock (Drop) 

Narrow band FM 

10F3 

60 kHz t o  1000 kHz 

5  kHz inc r emen t s  

2 . 5  kHz 

50 kHz ( m i d  f o r  r e p e a t e r s  

400 kHz 

Enhanced a v e r a g e  v o i c e  s i g n a l  pro-  
c e s s i n g  

Two ( 2 )  a l t e r n a t e  t y p e s  o f  s q u e l c h  
c o n t r o l  : 
Noise Operated Sque l ch ,  and 
Tone Opera ted  Sque lch  

1 0 0  Hz + 2 0  Hz f o r  s u b a u d i b l e  t o n e  
1 0 0 0  Hz-+ - 100 Hz f o r  inband  s i g n a l l i n g  

2 0 0  t o  400 me te r s  ( i n  c o a l  q u a s i - f r e e  
conduc to r  a r e a )  
2 0 , 0 0 0  f e e t  1 . 5  m e t e r s  f rom w i r e p l a n t  
c o n d u c t o r s  

- 2 0  t o  60  d e g r e e s  c .  

4  f e e t  o n t o  s o f t  p i n e  board  2 i n c h e s  
t h i c k .  

Dust Dust R e s i s t a n t  



S p e c i a l  C ond i t i on  Wi ths tand  s u l f i d e  o r e  body ground 
w a t e r  d r i p  

V i b r a t i o n  0.045 i n c h e s  P-P amp l i t ude  v i b r a t i o n  
10  t o  55 Hz 

7 .  CONSTRUCTION: Sea l ed  S t a i n l e s s  S t e e l  e n c l o s u r e s  
A c t i v a t e d  Des i ccan t  p e r  Mil-D-3464D 
I n t e r i o r  p r o t e c t e d  w i t h  vapor  c o r r o -  
s i v e  i n h i b i t o r s  
Use o f  aluminum i s  p r o h i b i t e d  
Humiseal c o a t e d  p r i n t e d  c i r c u i t  boa rds  

STANDARIZED INTERCONNECTION LOADS AND LEVELS 

RF S i g n a l  

50 ohm l o a d  p l a n e  Load Impedance 

Remote C o n t r o l  Cable  

. Load Impedance 300 ohms  win l e a d  c a b l e )  

Audio I n t e r f a c e  

Load Impedance 600 ohms 

Leve l  f o r  r a t e d  
o u t p u t  

Sq F l a g  (1) Sque lch  F l a g  

Unsquelched Less t h a n  0.7 V DC 

Squelched More t h z n  7 V DC 

T rans  Kev (1) Key T r a n s m i t t e r  
Command (PTT) 

Less  t h a n  0 .7  V DC 

F1-+ F2 T rans  (1 Tuning Command 

Less t h a n  0 . 7  V DC 

DC Comd RCC Un i t  

DC Command More t h a n  7 V DC i n t o  300 ohms 

Tone More t h a n  4  V r m  i n t o  300 ohms 

(1) Under l ined  Command Symbol i n d i c a t e s  t h a t  s i g n a l  must go 
low ( s i n k  100 MA o f  c u r r e n t ) .  



PERMISSIBILITY 

1 0 .  CABLING E CONNECTORS 

Remote Con t ro l  
( R C )  Cable 

RF S i g n a l  
(RS) Cable 

Remote Con t ro l  Head 
( R C H )  Cable 

1 2  V DC Power Cable 

11. Vehicu la r  T r a n s c e i v e r  
Hazard P reven t ion  

Vehicu la r  T r a n s c e i v e r  
Power Supply 

Vest  p e r  UL 913 and MSHA CFR, 
T i t l e  30,  P a r t  23 

2 Conductors 

3 Conductors ( l ) ~ y p e  S g  w i t h  
Connector 

7 Conductors 
(1) 

Type SO wi th  
Connector 

2 Conductors 
(1) 

Type SO w i t h  
Connector 

Every me ta l  t r a n s c e i v e r  e n c l o s u r e  
must be grounded t o  v e h i c l e  frame 
ground.  

I n s t a l l a t i o n  of  a t r a n s c e i v e r  on 
v e h i c l e s  w i th  f l o a t i n g  pr imary 
b a t t e r y  sou rces  and DC motors 
r e q u i r e s  mandatory use  of  i s o l a t e d  
DC t o  DC c o n v e r t e r  t o  supp ly  
power t o  t h e  t r a n s c e i v e r .  

(1) One conduc tor  t o  be a t t a c h e d  t o  frame ground.  



BASE STATION AND VEHICULAR TRANSCEIVER SPECIFICATIONS 

The e l e c t r i c a l  s p e c i f i c a t i o n s  f o r  t h e  f i x e d  l o c a t i o n  

base  s t a t i o n  and mobi le  v e h i c u l a r  t r a n s c e i v e r  a r e  i d e n t i c a l .  

They b o t h  u s e  t h e  same s t a n d a r d  t r a n s c e i v e r  e n c l o s u r e .  T h i s  

g r e a t l y  s i m p l i f i e s  maintenance t r a i n i n g  and r e p a i r  a c t i v i t i e s  

because  t h e  maintenance man o n l y  needs  t o  become f a m i l a r  w i t h  

one t r a n s c e i v e r  d e s i g n .  

Remote Audio Head (RAH) p e r m i t s  a s t a n d a r d  t r a n s c e i v e r  t o  

be i n s t a l l e d  on a l l  v e h i c l e s  used i n  t h e  mining p r o c e s s .  The 

RAH i s  mounted on t h e  v e h i c l e  i n  a p h y s i c a l  l o c a t i o n  t h a t  i s  

conven i en t  f o r  motormen usage .  The RAH u s e s  a Remote C o n t r o l  

Head ( R C H )  c a b l e  t o  i n t e r f a c e  w i t h  t h e  t r a n s c e i v e r .  

A Remote C o n t r o l  Terminal(RCT) u n i t  p e r m i t s  t h e  s t a n d a r d  

t r a n s c e i v e r  t o  o p e r a t e  a s  a  ba se  s t a t i o n .  The RCT u n i t  i s  

mounted on t h e  r i b  n e x t  t o  t h e  t r a n s c e i v e r .  The RCT u n i t  

a l s o  u s e s  t h e  RCH c a b l e  t o  i n t e r f a c e  w i t h  t h e  t r a n s c e i v e r .  

Thus,  bo th  t h e  RAH and RCT a r e  p lug  compatable w i t h  t h e  

t r a n s c e i v e r .  The remote c o n t r o l  ( R C )  c a b l e  i n t e r f a c i n g  

t h e  "nerve"  c e n t e r  RCC connec t s  d i r e c t l y  t o  t h e  RCT u n i t .  

The e l e c t r i c a l  s p e c i f i c a t i o n s  f o r  t h e  t r a n s c e i v e r  a r e  

shown i n  Tab l e  N. The b lock  diagrams o f  t h e  equipment 

a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  



Standa rd  T r a n s c e i v e r  

The t r a n s c e i v e r  s p e c i f i c a t i o n s  a r e  g i v e n  i n  Tab le  N . 
The b lock  d iagram i s  i l l u s t r a t e d  i n  F i g u r e  5 4  . The c o n t r o l  

board  ( A l l )  i s  t h e  mother  board  f o r  t h e  r e c e i v e r  ( A l l ,  

s y n t h e s i z e r  ( A 2 ) ,  e x c i t e r  (A31 and RF power a m p l i f i e r  (A41 

p r i n t e d  c i r c u i t  modules. T h i s  board  d e t e r m i n e s  t h e  ope ra -  

t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  t r a n s c e i v e r  (1) . 

(1) A similar board  ( A 1 1 R )  i s  used  t o  c o n s t r u c t  a 
r e p e a t e r  t r a n s c e i v e r .  



TABLE N 

USE : 

OUTPUT POWER : 

RF OUTPUT LOAD: 

STANDARD 
TRANSCEIVER SPECIFICATIONS 

POWER REQUIREMENTS : 

Opera t i ng  Vol tage  Range 

Demand Cur r en t  

Rece iv ing  Standby 

Rece iv ing  Audio 

Transmi t  

ELECTRICAL SPECIFICATIONS: 

Rece ive r  

S y n t h e s i z e r  

E x c i t e r  

T r a n s m i t t e r  

Audio Power A m p l i f i e r  

U n i v e r s a l  t r a n s c e i v e r  f o r  u se  as 
e i t h e r  a base  s t a t i o n  o r  v e h i c u l a r  
t r a n s c e i v e r .  

Watts ( a d j u s t a b l e )  

Optimized t o  d r i v e  l o o p  a n t e n n a ,  
200 ohm t r a n s m i s s i o n  l i n e  o r  RF 
l i n e  c o u p l e r .  

11 t o  15 VDC 

35 rnA (max) 

300 rnA (max) 

3 .5  Amperes 

A 1  S p e c i f i c a t i o n s  

A2 S p e c i f i c a t i o n s  

A3 S p e c i f i c a t i o n s  

A4 S p e c i f i c a t i o n s  

A5 S p e c i f i c a t i o n s  



CONNECTORS: 
PIN 

RF S i g n a l  

RF Output  

Frame Ground 

F1-2 ( T r a n s )  

1 2  V DC Power (1) ( 2 )  

( b a s e  s t a t i o n  a p p l i c a t i o n )  

Ground 

Remote C o n t r o l  Head 

SQ F l a g  

Fl-F2 ( t r a n s )  

Audio Output  (A l l  

Audio I n p u t  ( A 2  ) 

Trans  Key 

1 2  V DC 

Frame Ground 

(1) Enc losu re  hardware grounded t o  P in  2 .  

( 2 )  1 2  V DC power s u p p l i e d  t h rough  Remote C o n t r o l  Head 
c o n n e c t o r  i n  ba se  s t a t i o n  a p p l i c a t i o n .  
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Recovered a u d i o  s i g n a l s  ( a u d i o  ou t -Al )  from t h e  re- 

c e i v e r  ( A l l  are a p p l i e d  t o  t h e  n o i s e  o p e r a t e d  s q u e l c h  n e t -  

work on t h e  C o n t r o l  Board ( A l l ) .  Audio s i g n a l s  ( a u d i o  i n p u t -  

A 2 )  f rom t h e  microphone are connec t ed  t h r o u g h  p r i n t e d  c i r c u i t  

w i r i n g  on t h e  A l l  board  t o  t h e  i n p u t  t e r m i n a l  o f  t h e  s i g n a l  

p r o c e s s o r  ne twork on t h e  s y n t h e s i z e r  board  (A2) .  A f t e r  

p r o c e s s i n g ,  t h e  a u d i o  s i g n a l  modula tes  t h e  d i g i t a l  s y n t h e s i z e r  

l o c a l  o s c i l l a t o r  (LO) o u t p u t  s i g n a l  f r equency .  

The power c o n n e c t o r  i s  used t o  s o u r c e  DC s u p p l y  v o l t a g e  

t o  t h e  t r a n s c e i v e r .  The microphone push t o  t a l k  (PTT) s w i t c h  

g e n e r a t e s  a s t a n d a r d  t r a n s m i t t e r  key  command. T h e , T r a n s  Key 

command t u r n s  on t h e  t r a n s m i t t e r  by s w i t c h i n g  on t h e  DC s u p p l y  

v o l t a g e  t o  t h e  RF power a m p l i f i e r  (A41 and t u r n s  o f f  t h e  r e -  

c e i v e r  ( A l l  by s w i t c h i n g  o f f  t h e  r e c e i v e r  DC s u p p l y  v o l t a g e .  

The s t a n d a r d  t r a n s m i t  f r equency  s e l e c t  command F1-F2 

( T r a n s )  c a u s e s  t h e  A l l  board  t o  g e n e r a t e  a d i g i t a l  b i n a r y  

f r e q u e n c y  code t o  t u n e  t h e  s y n t h e s i z e r  t o  t h e  f r e q u e n c y  F2. 

I n  t h e  absence  o f  Fl-FZ ( T r a n s )  command, t h e  s y n t h e s i z e r  i s  

a lways  t u n e d  t o  t h e  f r equency  F1. 

The t r a n s m i t  f r e q u e n c y  s e l e c t  command F 1 d F 2  ( T r a n s )  

a l s o  a p p e a r s  a t  t h e  RF c o n n e c t o r  and i s  u sed  t o  t u n e  e i t h e r  

t h e  a n t e n n a  o r  c o u p l e r  t o  t h e  f r equency  F2. 

The n o i s e  o p e r a t e d  s q u e l c h  network g e n e r a t e s  t h e  s t a n d a r d  

s q u e l c h  f l a g  (SQ F l a g )  s i g n a l .  



The A l l  board  u s e s  r e l a y '  s w i t c h i n g  t o  d i r e c t  RF s i g n a l s  

t o  t h e  r e c e i v e r  i n  t h e  r e c e i v i n g  mode and t o  send RF power 

a m p l i f i e r  s i g n a l s  t o  t h e  RF s i g n a l  c o n n e c t o r .  

The Remote C o n t r o l  Head ( R C H ) ,  1 2  V DC power and RF 

s i g n a l  c o n n e c t o r s  are l o c a t e d  on t h e  e n c l o s u r e .  

2 .  Remote C o n t r o l  Terminal  ( R C T )  u n i t  

The s p e c i f i c a t i o n s  are shown i n  Tab le  0 . Figu re  5 5  

i l l u s t r a t e s  t h e  b l o c k  diagram o f  Remote C o n t r o l  Terminal  ( R C T )  

u n i t .  The RCT u n i t  i s  used when t h e  s t a n d a r d  t r a n s c e i v e r  i s  

o p e r a t e d  as a base  s t a t i o n .  The RC c a b l e  i s  connec ted  t o  

t h e  RCT u n i t  l i n e  matching t r a n s f o r m e r  t e r m i n a l s .  . The 

t r a n s f o r m e r s  are des igned  t o  c a n c e l  unwanted common mode 

s i g n a l s  and p a s s  l e g i t i m a t e  d i f f e r e n t i a l  mode s i g n a l s .  The 

l e g i t i m a t e  s i g n a l s  a r e :  

Audio baseband ( v o i c e )  s i g n a l s ,  

DC command s i g n a l s ,  and 

Subaudib le  c o n t r o l  s i g n a l s .  



TABLE 0  

REMOTE CONTROL TERMINAL (RCT) 
SPECIFICATIONS 

USE : Used w i t h  s t a n d a r d  t r a n s c e i v e r s  
and r e p e a t e r s  t o  p rov ide  remote  
c o n t r o l  c a p a b i l i t i e s  from t h e  
remote  c o n t r o l  c o n s o l e  u n i t .  

STANDARD LOADS : 

300 ohm 

600 ohms 

RC Cable  

T r a n s c e i v e r  Audio 

AC POWER SOURCE: 

DC OUTPUT: 

Ope ra t i ng  Vol tage  

Regu la t i on  

Over Shoot Max v o l t a g e  16 V DC 

DEMAND CURRENT 

Rece iv ing  Standby 40 mA ( m i d  

4 .0  amperes 

Lead Ac id ,  5 AH c a p a c i t y  

Transmi t  

Standby B a t t e r y  

CONNECTORS: 

RC Cable  

Remote C o n t r o l  Head 
P in  NO.  

7 SQ F lag  

F1 +F2 ( T r a n s )  

Audio Output  ( A l l  

Audio I n p u t  (A2 ) 



T r a n s  Key 

F r a m e  G r o u n d  

ENCLOSURE: 

S IGNALLING:  

R e m o t e  C o n t r o l  Socket 

S Q  F l a g  

0 d B  A u d i o  Output  ( A l l  

T r a n s  Key 

F1-F2 ( T r a n s )  

A u d i o  I n p u t  ( A l l  

0  dBM 

S e a l e d  E n c l o s u r e  

DC Comd 

3 V AC (RMS) 

DC Comd ( 3  V DC r n i n ) (  

1 0 0  Hz s i g n a l  
1 / 2  V AC r m s  ( m i n )  

1 V AC rms 



RC CABLE 
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FIGURE 55 BLOCK DIAGRAM REMOTE CONTROL TERMINAL (RCT) UNIT 
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FIGURE 56 REMOTE AUDIO HEAD (RAH) BLOCK DIAGRAM 



Any RC c a b l e  DC command s i g n a l  i s  d e t e c t e d  by t h e  DC 

decode r .  The decoder  g e n e r a t e s  t h e  Trans  Key command, key ing  

base  s t a t i o n  t r a n s m i s s i o n s  a t  t h e  f r e q u e n c y  ( F 1 ) .  Any 

t r a n s c e i v e r  s q u e l c h  f l a g  command (SQ F l a g )  c a u s e s  t h e  DC 

encode r  t o  g e n e r a t e  a DC command s i g n a l  ( D C  Comd) and a p p l y  

i t  t o  t h e  RC c a b l e .  T h i s  a l l o w s  t h e  b a s e  s t a t i o n  t o  key any 

o t h e r  ba se  s t a t i o n s  ( o r  r e p e a t e r s )  i n  t h e  network as w e l l  as 

e n a b l i n g  t h e  "nerve"  c e n t e r s  RCC u n i t s  t o  r e c e i v e  a u d i o  base  

band messages r e c o v e r e d  i n  t h e  b a s e  s t a t i o n  r e c e i v e r .  Any 

s u b a u d i b l e  t o n e  on t h e  RC c a b l e  i s  decoded g e n e r a t i n g  t h e  

Fl-FZ ( T r a n s )  command. T h i s  p e r m i t s  t h e  RCC u n i t  t o  r e -  

mo te ly  s w i t c h  t h e  b a s e  s t a t i o n  t o  t h e  t r a n s m i t  f r equency  (F2). 

The base  s t a t i o n  can a c q u i r e  any g l o b a l  r e p e a t e r  i n  t h i s  mode 

o p e r a t i o n .  Any RCC u n i t  c an  be used  t o  t a l k  t h rough  a s t a n d  

a l o n e  g l o b a l  r e p e a t e r  t o  an  o u t  o f  r a n g e  mobi le  t r a n s c e i v e r .  

The RCT u n i t  i n c l u d e s  t h e  AC t o  DC c o n v e r t e r  and s t and -  

by b a t t e r y  f o r  t h e  ba se  s t a t i o n .  

3 .  Remote Audio Head ( R A H )  

The s p e c i f i c a t i o n s  are shown i n  Tab l e  P . F i g u r e  5 6  

i l l u s t r a t e s  t h e  RAH b lock  diagram.  

The Audio Power A m p l i f i e r  ( A S )  i s  c o n t r o l l e d  by t h e  

SQ F l a g  command. The a m p l i f i e r  i s  t u r n e d  on when t h e  t r a n s -  

c e i v e r  i s  unsquelched by a r e c e i v e d  r a d i o  s i g n a l .  The message 

lamp a l s o  t u r n s  o n ,  s i g n a l l i n g  t h e  motorman o f  a message. 



Microphone aud io  i n p u t  s i g n a l s  a r e  t r a n s f e r r e d  d i r e c t l y  

t o  t h e  remote c o n t r o l  s o c k e t .  PTT s w i t c h  s i g n a l s  become 

Trans  Key commands. 

The Fl/F2 swi t ch  p o s i t i o n  F2 g e n e r a t e s  t h e  Fl-FZ (Trans )  

command. 

The RAH i s  enc losed  i n  a s e a l e d  box. I t  o b t a i n s  i t s  DC 

supp ly  v o l t a g e  from t h e  t r a n s c e i v e r .  



TABLE P  

USE : 

STANDARD LOADS: 

T r a n s c e i v e r  Audio 

DC SUPPLY: 

Ope ra t i ng  Vol tage  

Demand Cur r en t  

Standby 

F u l l  Audio 

CONTROLS : 

Audio Output  Level  

Push t o  Ta lk  

F l 4 F 2  ( T r a n s )  

CONNECTORS : 

Microphone 

Microphone 

Ground 

PTT Switch 

REMOTE CONTROL HEAD ( R C H )  
SPECIFICATIONS 

Used w i t h  s t a n d a r d  t r a n s c e i v e r  t o  
a l l o w  c o n v e n i e n t  t r a n s c e i v e r  
o p e r a t i o n  by motorman. 

6 0 0  ohms 

Volume C o n t r o l  

On Microphone 

SPDT Swi tch  

P i n s  

1 

2 

3 



REMOTE CONTROL SOCKET 

SQ F l a g  

Fl-F2 ( T r a n s )  

Audio Outpu t  ( A l l  

Audio I n p u t  ( A 2  ) 

T r a n s  Kev 

Frame Ground 

SIGNALLING: 

Remote C o n t r o l  S o c k e t  

SQ F l a g  

T r a n s  Key 

SQ F l a g  

E n c l o s u r e  

RAH Unit 

E n a b l e s  a u d i o  . 

Depress  PTT 

Message lamp on 

S e a l e d  c a s e  



E .  REMOTE CONTROL CONSOLE 

The s p e c i f i c a t i o n s  a r e  shown i n  Table  Q . The b lock  

diagram o f  t h e  Remote Con t ro l  Console ( R C C )  u n i t  i s  shown 

i n  F igure  5 7  . 
Depress ing t h e  PTT s w i t c h e s  t h e  s t a n d a r d  DC command 

( D C  Comd) o n t o  t h e  RC c a b l e .  Microphone vo ice  messages a r e  

s imu l t aneous ly  a p p l i e d  t o  t h e  c a b l e .  

Depress ing t h e  F2 s w i t c h  g e n e r a t e s  a 1 0 0  Hz subaud ib l e  

t o n e .  The t o n e  i s  a p p l i e d  t o  t h e  RF c a b l e  t o  command t h e  

base  s t a t i o n  t o  t h e  t r a n s m i t  f requency  ( F 2 ) .  Th i s  a l l o w s  t h e  

base  t o  a c q u i r e  t h e  g l o b a l  r e p e a t e r  f o r  F1 t r a n s m i s s i o n s  t o  

an o u t  o f  range  mobile t r a n s c e i v e r .  

Depress ing t h e  PAGE swi t ch  g e n e r a t e s  s e q u e n t i a l  t o n e s  

r e q u i r e d  t o  unsquelch pocket  pagers  (1) . 

( 1 )  These a r e  paging t o n e s  used t o  unsquelch "pocket"  pager  
r e c e i v e r s  des igned  by t h e  P i t t s b u r g h  Research Center  (PRC). 



TABLE Q 

USE : 

STANDARD LOAD : 

RC Cable 

AC POWER: 

Standby B a t t e r y  

CONNECTOR: 

Microphone 

RC Cable 

ENCLOSURE : 

SIGNALLING: 

Depress ing F2 
Switch 

Depress ing PAGE 
Switch 

Depress PTT Switch 

REMOTE CONTROL CONSOLE ( R C C )  
SPECIFICATIONS 

Used i n  t h e  mining complex "nerven  
c e n t e r s  t o  g e n e r a t e  remote c o n t r o l  
s i g n a l l i n g .  

3.0 0 ohms 

1 1 7  V AC 

1 2  V l a n t e r n  b a t t e r y  

Type 

Type 

Sea led  e n c l o s u r e  

Genera tes  1 0 0  Hz + 2 0  Hz - 

Genera tes  1 0 0 0  Hz + 1 0 0  Hz tone  - 
and DC Comd 

DC Comd 



RC CABLE 

FIGURE 57 REMOTE CONTROL CONSOLE ( RCC) 
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VEST TRANSCEIVER SPECIFICATIONS 

The e l e c t r i c a l  s p e c i f i c a t i o n s  f o r  t h e  v e s t  t r a n s c e i v e r  

are shown i n  Tab l e  R . They a r e  similar t o  t h e  s t a n d a r d  

t r a n s c e i v e r  s p e c i f i c a t i o n s  w i t h  many n o t a b l e  e x c e p t i o n s .  

F i r s t ,  t h e  RF o u t p u t  power i s  l i m i t e d  t o  4 Watts. T h i s  

p r e v e n t s  t h e  t r a n s c e i v e r  magne t ic  moment (?I) from exceed ing  

t h e  s a f e  l i m i t  o f  2 . 5  ampere t u r n  meter. The d e s i g n  i n c l u d e s  

t o n e  s i g n a l l i n g  c a p a b i l i t i e s  ( 1 0 0  and 1000 H z ) .  Secondly ,  

and most i m p o r t a n t l y ,  t h e  t r a n s c e i v e r  modules have been de- 

s i g n e d  e x c l u s i v e l y  f o r  u se  i n  hazardous  a tmosphere  p e r  

Unde rwr i t e r s  Labora to ry  Document UL 913 (and MSHA . r equ i r emen t s ) .  

The r e c e i v e r ,  s y n t h e s i z e r ,  t r a n s m i t t e r ,  a n t e n n a ,  and 

b a t t e r y  pack p lug  i n t o  a w i r i n g  h a r n e s s  t h a t  i n c l u d e s  t h e  

s p e a k e r s  and c o n t r o l  head .  Maintenance r e q u i r e s  t r o u b l e -  

s h o o t i n g  t o  t h e  module l e v e l .  Module s e r v i c i n g  i s  s t r i c t l y  

p r o h i b i t e d  o t h e r  t h a n  by f a c t o r y  c e r t i f i e d  e l e c t r i c a l  t e c h -  

n i c i a n s .  

The b l o c k  diagram i s  shown i n  F i g u r e  5 8 .  



TABLE R 

USE : 

MSHA Approved Model 

RF OUTPUT LOAD: 

VEST 
TRANSCEIVER SPECIFICATIONS 

POWER REQUIREMENTS: 

Ope ra t i ng  Vol tage  

Demand C u r r e n t s  

Rece iv ing  Standby 

Rece iv ing  Audio 

Transmi t  

Enc lo su re  

Garment 

Wire Harness  (1) 

Antenna Module : 

Type 

Magnetic Moment 

T r a n s c e i v e r  f o r  u se  by r o v i n g  mine r s  
and r e s c u e  t eams .  

ART-29 T r a n s c e i v e r  

Optimized t o  d r i v e  t u n e d  l oop  
a n t e n n a .  

ABS p l a s t i c  2kx5%x1 i n c h e s  (WLD) 
w i t h  canyon t y p e  DS connec , to r s  . 
Nylon mesh w i t h  pocke t s  fo:r modules.  

Vest  w i r i n g  h a r n e s s  i nc lud . i ng  c o n t r o l  
head e p a u l e t  s p e a k e r s ,  t uned  l o o p  
connec tor , ,  s p e a k e r  j a c k  and conn- 
e c t e d  f o r  t r a n s c e i v e r  modu:Les. 

Tuned l o o p  w i t h  s e a l e d  t u n i n g  u n i t .  
Switch  f o r  F1 F2 ( T r a n s )  command. 

2 . 1  amper t u r n  me te r  

(1) Wire h a r n e s s  for approved v e s t  w i l l  n o t  a c c e p t  power from 
s t a n d a r d  b a t t e r y  pack.  



Con t ro l  Head Func t i ons  : 

Volume Con t ro l  

Squelch Con t ro l  

Page Switch 

S i g n a l  Switch 

PTT Switch 

Rece ive r  Module: 

Enc lo su re  Symbol 

Frequency Range 

S e n s i t i v i t y  

S e l e c t i v i t y  

3 dB BW 

70 dB BW 

Two S i g n a l  S e l e c t i v i t y  

Spu r ious  Response 
R e j e c t o r  

Image 

I F  

Audio Output  

Sque lch  

Thresho ld  

T i g h t  

Ad jus t  speake r  volume 

S e t  Thresho ld  sque l ch  

Subaudib le  t o n e  

1 0 0  Hz t o n e  

Key t r a n s m i t t e r  

I n t r i n s i c a l l y  s a f e  A 1  r e c e i v e r  
ART-29 P/N 301C193 

6 0  t o  1000 kHz 

1 .0  m i c r o v o l t  1 2  dB s i n a d  

1 0  kHz (minimum) 

2 2  kHz 

65 dB (minimum) 

B e t t e r  t h a n  9 0  dB 

B e t t e r  t h a n  6 0  dB 

0.4 Watt i n t o  8 ohms 

3.0 m i c r o v o l t  

10.0 m i c r o v o l t  



S y n t h e s i z e r  Module: 

Enc lo su re  Symbol 

Frequency Range 

Tuning Inc rement  

Peak D e v i a t i o n  

T r a n s m i t t e r  Module: 

Enc lo su re  Symbol 

Output  Power 

Power F l a t n e s s  

P e r m i s s i b l e  B a t t e r y  Pack:  

Enc lo su re  Symbol 

Vest Antenna Module 

Magnetic  Moment 

Area 

Swi t ch ing  

DC C h a r a c t e r i s t i c s  

Output  Vo l t age  

Capac i t y  

L i m i t i n g  

Maximum I n s t a n t a n e o u s  
Peak C u r r e n t  

Foldback 

I n t r i n s i c a l l y  s a f e  A2 syn the -  
s i z e r   ART-^^- P/N 3 0 1 ~ 1 9 2  

60 t o  1000 kHz 

5 kHz 

+ 2.5 kHz - 

I n t r i n s i c a l l y  s a f e  A3 t r a n s -  
m i t t e r  ART-29 P/N 301C194 

4 Watts ( a d j u s t a b l e )  

I n t r i n s i c a l l y  s a f e  APP-2 Nicad 
b a t t e r y  ART-29. Must be  re- 
cha rged  i n  f r e s h  a i r .  

2 . 1  ampere t u r n  me te r  2 

F l /F2 s w i t c h i n g  

Nikel-Cadium 

11 .7  V DC 

500 mAH 

4 . 0  amperes (max) 

2 . 5  amperes 



F a i l  S a f e :  

Fuses  

Connector  

S t anda rd  B a t t e r y  Pack:  

Enc lo su re  Symbol 

Type 

Output  Vol tage  

Capac i t y  

Fuse 

Redundant c u r r e n t  l i m i t i n g  
c i r c u i t s .  

None 

Canyon DE-95 

APP-1 Nicad B a t t e r y  ART-29 

Nicad b a t t e r y  

1 1 . 7  V DC 

500 mAH 

2 A  

The v e s t  can o n l y  be u sed  i n b y  w i t h  a MSHA approved b a t t e r y  

pack.  

The v e s t  t r a n s c e i v e r  b lock  d iagram i s  i l l u s t r a t e d  i n  

F igu re  58 . 
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The tuned  l o o p  a n t e n n a  module i n c l u d e s  a F1/F2 s w i t c h .  

Depress ing  t h e  s w i t c h  g e n e r a t e s  t h e  F1+F2 ( T r a n s )  command. 

T h i s  t u n e s  t h e  s y n t h e s i z e r  t o  t h e  f r equency  (F2) and keys  

t h e  t r a n s m i t t e r  module ( A 3 ) .  

Depress ing  e i t h e r  t h e  PTT, o r  SIGNAL s w i t c h  on t h e  c o n t r o l  

head keys  t h e  t r a n s m i t t e r  t o  t h e  f r equency  ( F l ) .  The r e c e i v e r  

i s  always t uned  t o  t h e  f r equency  ( F 1 ) .  Depress ing  t h e  PAGE 

s w i t c h  keys  t h e  t r a n s m i t t e r  t o  t h e  f r equency  (F2). Thi s  i s  

used  i n  c e l l u l a r  r e p e a t e r  s w i t c h i n g  (See  F i g u r e  9 ) .  

The r e c e i v e r  ( A l l  module i n c o r p o r a t e s  a  n o i s e  o p e r a t e d  

s q u e l c h  network.  The r e c o v e r e d  a u d i o  o u t  ( A l l  s i g n a l  i s  used 

t o  d r i v e  d u a l  e p a u l e t  s p e a k e r s  and t h e  earphone j a ck .  The 

r e c e i v e r  (A l l  module p l u g  i n t o  t h e  i n t e r c o n n e c t i n g  h a r n e s s .  

The t r a n s m i t t e r  (A31 DC module i n c o r p o r a t e s  t h e  power 

and RF s w i t c h i n g  r e l a y  f u n c t i o n .  

1. P e r m i s s i b l e  B a t t e r y  Pack 

F igu re  5 9  i l l u s t r a t e s  t h e  b l o c k  diagram o f  t h e  b a t t e r y  

pack.  The b a t t e r y  c u r r e n t  l i m i t i n g  c i r c u i t r y  meets  t h e  

I n t r i n s i c a l l y  S a f e  E l e c t r i c a l  C i r c u i t s  and A p p l i c a t i o n  r e -  

qu i rements  f o r  u se  i n  hazardous  l o c a t i o n s  p e r  Unde rwr i t e r s  

Labo ra to ry  Document UL 9 1 3 .  
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The b a t t e r y  pack a t  1 1 . 7  V DC i s  l i m i t e d  t o  supp ly ing  

less t h a n  5 amperes i n s t a n t a n e o u s l y  o r  c o n t i n u o u s l y  a t  any 

a c c e s s a b l e  t e r m i n a l .  The pack c o n s i s t s  o f  an  1 1 . 7  V D C ,  

5 0 0  mah r e c h a r g e a b l e  nickel-cadmium b a t t e r y  w i t h  double  

redundant  c u r r e n t  l i m i t i n g  c i r c u i t s .  The pack i s  p o t t e d  and 

s e a l e d  i n  an  ABS p l a s t i c  c a s e .  

The c i r c u i t  c o n s i s t s  o f  t h r e e  independen t  c u r r e n t  l i m i t i n g  

c i r c u i t s  i n  s e r i e s  b u t  s h a r i n g  one common s e n s i n g  r e s i s t o r .  

When pack i s  i n  o v e r l o a d  c o n d i t i o n ,  f o l d - b a c k  c o n d i t i o n  o c c u r s  

e s s e n t i a l l y  d i s c o n n e c t i n g  t h e  b a t t e r y  from t h e  l o a d .  The 

c i r c u i t  i s  r e s e t  by s imply  removing t h e  s h o r t  o r  l o a d  t h e n  

r e a p p l y i n g  l o a d .  

2 .  ART-29 Vest T r a n s c e i v e r  

F igu re  6 0 ( a )  i l l u s t r a t e s  an  i n d i v i d u a l  wear ing t h e  v e s t  

t r a n s c e i v e r .  The v e s t  i n c l u d e s  t r a n s c e i v e r  modules and s p e a k e r  

a s s e m b l i e s .  

A w i r e  h a r n e s s  i n t e r c o n n e c t s  t h e  t r a n s c e i v e r  modules 

suppo r t ed  i n  pocke t s  on t h e  v e s t  garment .  On t h e  t o p  o f  t h e  

v e s t  a t  t h e  s h o u l d e r  b l a d e  area,  a p a i r  of  e p a u l e t  s p e a k e r s  

are enc lo sed  i n  p o c k e t s .  The e p a u l e t  s p e a k e r s  are o r i e n t e d  

t o  d i r e c t  sound waves a l o n g  t h e  neck o f  t h e  i n d i v i d u a l  towards  

t h e  m i n e r ' s  ears.  The m i n e r ' s  h a r d h a t  a c t s  as a n  a c o u s t i c a l  

c o l l e c t i o n  chamber f o r  sound waves. The v e s t  i s  des igned  

w i t h  Velcro  f a s t e n e r s  t e c h n i q u e  t o  e n a b l e  t h e  w i r e  h a r n e s s  



and all modules t o  be e a s i l y  removed f o r  t h e  purpose  of  

c l e a n i n g  t h e  v e s t .  F i g u r e  60(b)shows t h e  tuned  loop  on t h e  

back of t h e  v e s t .  

(a) FRONT VIEW 

( b )  REAR VIEW 

FIGURE 6 0 .  FRONT AND REAR VIEWS OF VEST TRANSCEIVER 



G .  REPEATER TRANSCEIVER SPECIFICATIONS 

The e l e c t r i c a l  s p e c i f i c a t i o n s  o f  t h e  g l o b a l  and c e l l u l a r  

r e p e a t e r  a r e  i d e n t i c a l .  The s p e c i f i c a t i o n s  a r e  a l s o  s imi la r  

t o  t h e  s t a n d a r d  t r a n s c e i v e r  s p e c i f i c a t i o n s  because  t h e y  u s e  

t h e  same r a d i o  c i r c u i t  modules w i t h  t h e  e x c e p t i o n  o f  t h e  

A l l R  c o n t r o l  boa rd .  

1. Repea t e r  Block Diagram 

The r e p e a t e r  b l o c k  d iagram i s  shown i n  F i g u r e  6 1 .  

The  all^ i s  t h e  mother  board  f o r  t h e  A l ,  A 2 ,  A3 and A4 

modules.  The A l l R  c o n t r o l  board  c o n n e c t s  t h e  RF power ampl i -  

f i e r  ( A q )  o u t p u t  d i r e c t l y  t o  t h e  RF o u t p u t  c o n n e c t o r .  The RF 

i n  s i g n a l  i s  connec ted  d i r e c t l y  t o  t h e  r e c e i v e r  ( A l l  i n p u t  

c i r c u i t s  . 
The r e p e a t e r  i n c o r p o r a t e s  two s y n t h e s i z e r  ( A 2 1  PC b o a r d s  

t o  e n a b l e  s i m p l e x / h a l f  dup l ex  mode o f  o p e r a t i o n .  Tha t  i s ,  F2 

RF i n  s i g n a l s  a r e  r e c e i v e d  and demodulated by t h e  r e c e i v e r  

( A l l .  S imu l t aneous ly ,  t h e  r e c o v e r e d  a u d i o  o u t p u t  ( A l l  s i g n a l  

i s  a p p l i e d  t h r o u g h  t h e  A l l R  board  t o  t h e  s y n t h e s i z e r  ( A 2 ,  F 1 ) .  

T h i s  s i g n a l  ( a u d i o  i n p u t  ( A 2  ) ) f r equency  modula tes  t h e  

s y n t h e s i z e r  low s i g n a l .  The e x c i t e r  (A3) and RF power ampl i -  

f i e r  (A41 i n c r e a s e  t h e  modula ted  s i g n a l  power t o  20 Watts. 

To conse rve  s t a n d b y  power, t h e  A l l R  i n c l u d e s  a n o i s e  

o p e r a t e d  s q u e l c h  network.  T h i s  ne twork keys  t h e  e x c i t e r  and 

RF t r a n s m i t t e r  on o n l y  when an  RF' s i g n a l  i s  a p p l i e d  t o  t h e  

r e c e i v e r  i n p u t  t e r m i n a l s .  
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The A l l R  board  a l s o  i n c l u d e s  a 1 0 0  Hz t o n e  decode r .  

Unl ike  t h e  A l l  boa rd ,  it i s  t h e  t o n e  decoder  t h a t  g e n e r a t e s  

t h e  SQ F l ag  command s i g n a l .  

The RCT u n i t  can  be d i r e c t l y  i n t e r c o n n e c t e d  w i t h  

r e p e a t e r  by a s t a n d a r d  RCH c a b l e .  

The r e p e a t e r  r e c e i v e s  i t s  DC power from t h e  s t a n d a r d  

sys tem AC t o  DC c o n v e r t e r  which a l s o  i n c l u d e s  a s tandby  

b a t t e r y .  



STANDARD MODULE SPECIFICATIONS 

The modules used  i n  t h e  r a d i o  sys tem were p rov ided  as 

p r o p r i e t a r y  p r o d u c t s  by t h e  Mine S a f e t y  Appl iances  Company 

(MSA). The MSA p a r t  numbers are shown i n  t h e  s p e c i f i c a t i o n .  

1. Rece ive r  S p e c i f i c a t i o n  

PC Board Symbol 

MSA P a r t  Number 

Frequency Range 

S e n s i t i v i t y  

Spu r ious  Response R e j e c t i o n  

Image 

I F  

Audio Output  

T r a n s c e i v e r s  

Squelch 

Thresho ld  

Audio Output  Power 

Hum and Noise 

Squelched 

Unsquelched 

A 1  

D468179 

60 t o  LOO0 kHz 

1 . 0  m i c r o v o l t  1 2  dB Sinad 

B e t t e r  t h a n  9 0  dB 

B e t t e r  t h a n  60  dB 

No o t h e r  r e s p o n s e s  

0 dBm i n t o  6 0 0  ohms f o r  
2 .5  kHz peak d e v i a t i o n  
s i g n a l  (F,= 1 kHz).  

1 . 0  m i c r o v o l t  

0 dBm 

45 dB below r a t e d  a u d i o  
o u t p u t  power 



2 .  S y n t h e s i z e r  S p e c i f i c a t i o n s  

PC Board Symbol 

MSA P a r t  Number 

Frequency Range 

Tuning Inc rement  

Peak D e v i a t i o n  

3 .  E x c i t e r  

PC Board Symbol 

MSA P a r t  Number 

Output  Power 

Power F l a t n e s s  

4 .  RF Power A m p l i f i e r  

PC Board Symbol 

MSA P a r t  Number 

Output  Power 

Power F l a t n e s s  

Load VSWR 

Ope ra t i ng  

Momentary 

6 0  t o  1000 kHz 

5 kHz 

+ 2 . 5  kHz f o r  0 dBm a u d i o  
i n p u t  ( A 2 1  s i g n a l  

200 mW ( a d j u s t a b l e )  

+ 1 / 2  dB - 
6 0  t o  1000 kHz 

2 0  Watts ( a d j u s t a b l e )  

1 dB 
6 0  t o  1000 kHz 

3 ; l  

Open o r  s h o r t  c k t .  



B a t t e r y  Pack S p e c i f i c a t i o n s  

Type 

Vol tage 

Rat ing  

Usage 

T r a n s c e i v e r  Standby 

Sea led  Lead Acid 

5 Ampere-Hour 

8 Hours ( R / T = 1 0 / 9 0 )  



RF LINE COUPLER AND ANTENNA SPECIFICATIONS 

The RF l i n e  c o u p l e r  i s  used w i t h  t h e  base  s t a t i o n  and 

r e p e a t e r  t r a n s c e i v e r .  The g l o b a l  r e p e a t e r  u s e s  two RF l i n e  

c o u p l e r s  t o  e f f i c i e n t l y  couple  MF s i g n a l s  t o  t h e  " w i r e p l a n t " .  

F i g u r e  38 i l l u s t r a t e s  t h e  e q u i v a l e n t  c i r c u i t  o f  t h e  c o u p l e r .  

F i g u r e  1 9  shows t h a t  t h e  c o u p l e r  may be e a s i l y  clamped 

around e l e c t r i c a l  conduc to r s  i n  t h e  " w i r e p l a n t " .  

Tuned l o o p  a n t e n n a s  a r e  used w i t h  v e h i c u l a r  t r a n s c e i v e r s  

and c e l l u l a r  r e p e a t e r s .  



TABLE S 

RF LINE COUPLER 
SPECIFICATIONS 

D i e l e c t r i c  W i t h s t a n d i n g  

C l a m p  a r o u n d  T y p e  

P a r t  Number  

4 "  i n s i d e  d i a m e t e r  

1" i n s i d e  d i a m e t e r  

T r a n s f e r  I m p e d a n c e  ( Z t )  

ACU-10-1 

3 5 0  kHz 

5 2 0  kHz 

8 2 0  kHz 

ACU-10-4 

5 2 0  kHz 4 . 0  o h m s  

1 0 . 0  o h m s  

1 1 . 2  o h m s  

1 7 . 8  o h m s  

t o r o i d a l  d e s i g n  

Voltage ( c a b l e  t o  c o u p i e r  5 0 , 0 0 0  V ( m i n i m i n )  
f r a m e  a n d  i n d u c t o r  w i n d i n g )  



TYPE : 

ENCLOSURE: 

MAGNETIC MOMENT: 

PHYSICAL S I Z E :  

TABLE T 

ANTENNA SPECIFICATIONS 

Twin-Loop Design 

Lexan 

Non-Reflect ing Black 

5 . 0  ~ ~ r n ~  (rnin) 

1 4  i n c h e s  h i g h  

28  i n c h e s  l o n g  



V I .  FIELD DEMONSTRATION 

The r e s u l t s  of  t h e  f i e l d  demons t r a t i ons  i n  t h e  f o u r  

mines w i l l  be d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

A .  MAGMA COPPER COMPANY, SAN MANUEL DIVISION 

The underground mine i s  l o c a t e d  n e a r  San Manuel, Arizona.  

Block cav ing  mining method i s  used on t h r e e  o p e r a t i n g  l e v e l s .  

F igu re  6 2  i s  an i l l u s t r a t i o n  of  g r i z z l y  and produc t ion  l e v e l  

d r i f t s .  

FIGURE 6 2 .  G R I Z Z L Y  AND PRODUCTION LEVEL DRIFTS 
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The upper  g r i z z l y  l e v e l  i s  used f o r  g a t h e r i n g  muck and l o a d i n g  

t h e  Y- t r ans fe r  r a i s e s .  The t r a n s f e r  r a i s e s  a r e  temporary muck 

s t o r a g e  b i n s  and l o a d i n g  c h u t e s  f o r  t h e  t r a i n s .  T r a i n s  on t h e  

lower  p roduc t ion  l e v e l  t r a n s p o r t  muck t o  dump and h o i s t  a r e a  o f  

t h e  mine. H o i s t s  a r e  used t o  l i f t  t h e  muck from t h e  dump s u r g e  

b i n s  t o  t h e  s u r f a c e  of  t h e  mine. T r a i n  l o a d i n g  p r o c e s s  i s  

i l l u s t r a t e d  i n  F igure  6 3 .  

FIGURE 63. ILLUSTRATION OF LOADER AND MOTORMAN LOADING TRAIN 
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I n  a c t u a l  p r a c t i c e ,  t h e  loaderman i n  t h e  pony se t  b l i n k s  

i n c a n d e s c e n t  lamps t o  s i g n a l  t h e  motorman t o  move t h e  t r a i n  

d u r i n g  t h e  l o a d i n g  p r o c e s s .  

Vest r a d i o s  were e v a l u a t e d  f o r  u s e  i n  t h e  l o a d i n g  p r o c e s s .  

The use  o f  r a d i o  r educed  t h e  t i m e  r e q u i r e d  t o  l o a d  t h e  t r a i n .  

I t  shou ld  be n o t e d  t h a t  v e s t  r a d i o s  are  expec t ed  t o  be  o f  

g r e a t  v a l u e  i n  un load ing  c logged  t r a n s f e r  r a i s e s .  

1. Maama ' s Cornmunicat i o n  Svstem 

The underground mine u s e s  t r o l l e y  r a d i o s  and an a u d i o  

sys tem t o  communicate i n  t h e  mine.  The p h y s i c a l  a o c a t i o n s  o f  

t h e s e  communicat ions r e s o u r c e s  a r e  i l l u s t r a t e d  i n  F i g u r e  64.  

COLLAR 

AUDIO I 
LINES\, 1 GRIZZLY DR 1 FT 

I 
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FIGURE 64. MAGMA COMMUNICATIONS RESOURCES 



The a u d i o  sys tem i s  similar t o  a page r  t e k p h o n e  sys tem.  Re- 

mote a u d i o  heads  ( s p e a k e r  symbol) a r e  l o c a t e d  a t  s t r a t e g i c  

l o c a t i o n s  i n  t h e  d r i f t s .  Each head i n c l u d e s  a microphone,  

s p e a k e r ,  and push - to - t a lk  s w i t c h .  A f o u r  ( 4 )  conduc to r  c a b l e  

connec t s  e ach  head t o  a c e n t r a l  a u d i o  a m p l i f i e r  ( a u d i o  room) 

and t h e  s u r f a c e  c o n t r o l  c e n t e r .  The s u r f a c e  c o n t r o l  c e n t e r  i s  

t h e  ne rve  c e n t e r  i n  t h e  Magma communication sys tem.  Roving 

s u p e r v i s o r s  on t h e  2315 g r i z z l y  and 2375 p roduc t i on  l e v e l s  u s e  

t h e  aud io  sys tem t o  c o o r d i n a t e  muck hau l age  w i t h  t h e  d i s p a t c h e r .  

The mucking s u p e r v i s o r  on t h e  g r i z z l y  l e v e l  i d e n t i f i e d  which 

t r a n s f e r  ra ises  a r e  b e i n g  f i l l e d .  The t r o l l e y  communication 

sys tem (dashed  l i n e s )  i s  used by t h e  d i s p a t c h e r s  t o  d i r e c t  t h e  

locomot ive  motormen t o  a p roduc t i on  p a n e l  w i th  l l f u l l u  t r a n s f e r  

r a i s e s .  The d i s p a t c h e r  c o n t r o l s  r a i l  t r a f f i c  t o  and from t h e  

t r a i n  c a r  dump and h o i s t  areas. F i f t e e n  (15 )  300 VDC t r a i n s  

a r e  used i n  t h e  r a i l  hau l age  sys tem.  B a t t e r y  powered s e r v i c e  

locomot ives  a r e  a l s o  used on t h e  r a i l  sys tem t o  t r a n s p o r t  men 

and m a t e r i a l s  i n  t h e  mining p r o c e s s .  Although t h e s e  l ocomot ive s  

have c a r r i e r  c u r r e n t  t r a n s c e i v e r s ,  t h e  t r a n s c e i v e r s  can o n l y  

be  used when t h e  locomot ive  i s  s topped .  The t r o l l e y  communi- 

c a t i o n  sys tem u s e s  a d e d i c a t e d  w i r e  t o  d i s t r i b u t e  t r o l l e y  

s i g n a l s  i n  t h e  main hau l age  d r i f t s .  "J Boxesu a r e  used t o  

couple  t h e  145 kHz s i g n a l  t o  t h e  t r o l l e y  w i r e .  The base  s t a t i o n  

d r i v e s  t h e  d e d i c a t e d  w i r e  and i s  r emo te ly  c o n t r o l l e d  from t h e  

c o n t r o l  c e n t e r .  Each s h a f t  cage h a s  a h o i s t  communication 

sys tem t h a t  e n a b l e s  t h e  s u r f a c e  h o i s t  o p e r a t o r  t o  communicate 

w i t h  t h e  cage  man. 



2 .  The MF Communication System 

MF r a d i o  equipment i s  used t o  c r e a t e  a  p a r t y  l i n e  pro- 

duc t ion /ma in t enance  ne twork .  The equipment i s  a l s o  used t o  

improve s h a f t  cornmunicat i o n s .  

I n  t h e  mine,  MF s i g n a l s  p ropaga t e  ( t u n n e l  mode) on t h e  

e x i s t i n g  mine w i r i n g ;  s p e c i f i c a l l y  , t h e  a u d i o  and d e d i c a t e d  

c a r r i e r  wires. F i g u r e s  6 5  and 6 6  are mine maps o f  t h e  2 3 1 5  

and 2375 l e v e l s  r e s p e c t i v e l y .  The maps i n d i c a t e  t h e  l o c a t i o n s  

of t h e s e  conduc to r s  i n  t h e  g r i z z l y  and p roduc t ion  l e v e l  d r i f t s .  

MF s i g n a l s  a r e  coup led  t o  t h e  aud io  conduc to r s  by  an RF 

l i n e  c o u p l e r  i n  t h e  aud io  room. The aud io  room MF base  s t a t i o n  

i s  remote ly  c o n t r o l l e d  from t h e  s u r f a c e  c o n t r o l  c e n t e r .  The 

aud io  conduc to r s  and base  s t a t i o n  p rov ide  r a d i o  coverage  on 

bo th  t h e  g r i z z l y  and p roduc t ion  l e v e l s .  

A MF base  s t a t i o n  and RF l i n e  c o u p l e r  a r e  a l s o  used t o  

coup le  MF s i g n a l s  t o  t h e  d e d i c a t e d  w i r e .  

F i e l d  demons t r a t i on  o f  t h e  equipment showed t h a t  t h e  

mucking and p roduc t ion  s u p e r v i s o r s  were a b l e  t o  immediate ly  

communicate f i r s t  hand i n f o r m a t i o n  abou t  t h e  hau l age  s t a t u s .  

Maintenance s u p e r v i s o r s  were immediate ly  adv i sed  o f  hau l age  

equipment problems.  The r a d i o  sys tem dec reased  t h e  t ime  r e -  

q u i r e d  t o  r e a c h  keymen from an average  o f  35  minutes  t o  

seconds .  







MF equipment on b a t t e r y  powered s e r v i c e  v e h i c l e s  enab l ed  t h e  

d i s p a t c h e r  t o  communicate w i t h  moving equipment on t h e  r a i l  

sys tem.  

An MF h o i s t  cornmunications sys tem w a s  a l s o  e v a l u a t e d  i n  

t h e  f i e l d  t e s t .  

The p r e s e n t  h o i s t  communications sys tem e x h i b i t s  s e r i o u s  

maintenance problems.  The "bat '!  an t ennas  used t o  i l l u m i n a t e  

t h e  w i r e  r o p e  a t  t h e  head frame sheave wheel i s  d i f f i c u l t  and 

c o s t l y  t o  m a i n t a i n .  An MF l o o p  an t enna  w a s  used t o  i l l u m i n a t e  

t h e  w i r e  r o p e  a t  t h e  c o l l a r .  A RF l i n e  c o u p l e r  w a s  used  t o  

e f f i c i e n t l y  coup le  s i g n a l s  t o  t h e  cage t r a n s c e i v e r . .  

3 .  T e s t  ~ e s u l ' t s  

A number o f  t e s t s  were performed a t  Magma t o  measure t h e  

s i g n a l  t o  n o i s e  r a t i o  o f  t h e  t r a n s m i t t e d  r a d i o  s i g n a l s  a t  

t h e  ba se  s t a t i o n  l o c a t i o n .  A l l  t e s t s  were performed a t  

400 kHz. 

a.  T e s t  1 - Vest  Communications To Audio Room Base S t a t i o n  
From G r i z z l y  and P roduc t i on  Leve l s  

A b a s e  s t a t i o n  was i n s t a l l e d  i n  t h e  2375 a u d i o  room. A 

1" RF l i n e  c o u p l e r  clamped around t h e  E a s t  o r  West a u d i o  "wire-  

p l a n t t r  bund le s  emerging from t h e  a u d i o  a m p l i f i e r  bank.  A 

S i n g e r  MN-25T s i g n a l  s t r e n g t h  mete r  w a s  connec ted  t o  a 4" RF 

l i n e  c o u p l e r  clamped around t h e  same wire  bundle  f o r  measure- 

ment pu rposes .  S i g n a l  l e v e l s  were measured from a r o v i n g  

miner  wear ing  an ART-29 v e s t  t r a n s c e i v e r .  A t r o l l e y  r e c t i f i e r  

i s  a l s o  l o c a t e d  i n  t h e  a u d i o  room. T h i s  r e s u l t e d  i n  n o i s e  



l e v e l  v a r i a t i o n s  and poor  signal t o  n o i s e  t es t s  a t  t i m e s .  

The a u d i o  q u a l i t y  t e s t s  a r e  p u r e l y  s u b j e c t i v e  and pegged 

t o  a  l i s t e n i n g  scale o f  0 t o  1 0  as f o l l o w s :  

0 = no s q u e l c h  b r eak  

1 = s q u e l c h  b a r e l y  broken - not  a u d i b l e  

3 = speech  approx.  8 0 %  a u d i b l e  w i t h  heavy n o i s e  

5 = speech  a u d i b l e  w i t h  medium n o i s e  

8 = speech  c l e a r  and a u d i b l e  w i t h  low n o i s e  

1 0  = speech  c l e a r  no n o i s e  

The t e s t e d  l o c a t i o n s  are keyed t o  t h e  mine maps f o r  the  2 3 7 5  

and 2 3 1 5  l e v e l s .  



TABLE U 
VEST TMMSCEIVEEI COFliiUNICATIONS 
TO A U D I O  ROOM BASE STATION 
(VIA 2 3 1 5  a n d  2 3 7 5  LEVEL AUDIO CABLES) 

TEST VEST 
N O .  LOCATION 

NOISE 
LEVEL 

dB 

SIGNAL S / N  
LEVEL dB 

dB 

AUDIO 
QUALITY NOTES 

1 2 3 7 5  20  
C r o s s o v e r  

C o u p l e r s  o n  
West a u d i o  
c a b l e s  r o u t e d  
on 2 3 7 5  E p a s t  
r e c t i f i e r  

2 0  N o r t h  36 

Raise 3 6  

Raise 50" 3 6 

T o p  Manway 2 1 
2 3 1 5  Couplers on 

East a u d i o  

l i n e  - 2 3 1 5  

away f r o m  

r e c t i f i e r  

NFD T . O .  

P a n e l  2 0  2 1 

P a n e l  1 8  2 1 

Panel 1 6  7 . 0 .  2 0  

Panel 1 4  
N o r t h  

P a n e l  1 2  
N L u n c h r o o m  

P a n e l  1 8  N 

P a n e l  4 N 

P a n e l  4 N 
1 5 0  " 

P a n e l  2 pr 
T . 0 .  

2 P a r e 1  6 
L i n e  



NOISE 
TEST VEST LET'EL 
N O .  
___I 

LOCATION dB 

SIGNAL 
LEVEL S / N  

d B  dB 
A U D I O  
QUALITY NOTES 

19 P 4 1  S o u t h  A 
2 3 1 5  Manway 35 

C o u p l e r s  o n  

\ J e s t  a u d i o  

l i n e  o n  2 3 7 5  

2 0 P 4 1  S o u t h  A 
2 3 7 5  3  5 

2 1 P 4 1  S  t o  
M a i n  L i n e  36 

P17  S t o  
Main L i n e  35 

P 1 7  B S o u t h  33 

P17 N o r t h  B 3 3  

1 6  F o o t w a l l  3 3  

1 5  N T u r n o u t  3 5  

PI0 S t u b  
T u r n o u t  

C o u p l e r s  on 

West a u d i o  

l i n e  2375  

P10 S t u b  
L u n c h r o o m  35 

1 0  C r o s s o v e r  
Main L i n e  34  

NH2 N a i n  
L i n e  

P12 3 5 0 '  
S e r v i c e  
D r i f t  

Ore P a s s  
T u r n o u t  

Ore P a s s  



Summary: 

Gene ra l ly ,  communications n e a r  audio  l i n e s  i n  t h e  g r i z z l y  

were good whi le  some s i g n a l s  became weak away from t h e  l i n e s .  

Communication w a s  a c c e p t a b l e  t o  good a t  30 of  t h e  33 l o c a t i o n s  

t e s t e d .  Th i s  t e s t  c l e a r l y  demons t ra tes  t h e  p o t e n t i a l  per -  

formance and u s e f u l n e s s  of  t h e  v e s t  r a d i o .  

Magma pe r sonne l  were ve ry  p l e a s e d  w i t h  t h i s  r a d i o  cov- 

e r a g e .  

b .  Tes t  2 - Vehicu la r  and Vest C o m u n i c a t i o n s  To Audio 
Room Base S t a t i o n  Via Audio Conductors On Produc t ion  Level  

The base  s t a t i o n  ( w i t h  c o u p l e r )  and t h e  s i g n a l  s t r e n g t h  

meter  ( w i t h  4"  c o u p l e r )  were i n s t a l l e d  i n  t h e  aud io  room as 

i n  Tes t  1 u s i n g  t h e  West c a b l e  bundle  f o r  t h e  2375 l e v e l .  

A v e h i c u l a r  r a d i o  and an tenna  were mounted on a b a t t e r y  loco-  

motive f o r  s i g n a l  s t r e n g t h  t e s t s  around t h e  e n t i r e  2375 l o o p .  

A second person wearing a v e s t  a l s o  rode  t h e  locomotive  d u r i n g  

t h e  t e s t .  Due t o  t h e  heavy p r o d u c t i o n , - t r a f f i c  t e s t s  had t o  

be made q u i c k l y  whi le  on t h e  move and could  n o t  be r e p e a t e d .  
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c .  T e s t  3 - V e h i c u l a r  Communication To Base S t a t i o n  
Re loca ted  To 3 S h a f t  (Via Dedica ted  W i r e  on 2 3 7 5  L e v e l )  

The ba se  s t a t i o n  and s i g n a l  s t r e n g t h  t e s t  s e t  were moved 

t o  5 s h a f t  and coup led  t o  t h e  d e d i c a t e d  c a r r i e r  l i n e  u s i n g  a 

1" c o u p l e r  f o r  t h e  ba se  and a 4" c o u p l e r  f o r  t h e  s i g n a l  

s t r e n g t h  t e s t  se t .  The l ocomot ive  had t h e  same v e h i c u l a r  

t r a n s c e i v e r  w i t h  a n t e n n a .  No r e c t i f i e r  w a s  n e a r  t h e  5 s h a f t  

a r e a .  Measurements were made as i n  T e s t  2 from around t h e  

2 3 7 5  l oop .  Again,  a v e s t  was used  on t h e  locomot ive .  
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Summary: 

A s  i n  T e s t  2 ,  s i g n a l  l e v e l s  and communications were good 

excep t  i n  a r e a s  l a c k i n g  a c a r r i e r  l ine.  The v e h i c u l a r  r a d i o  

aud io  q u a l i t y  w a s  a c c e p t a b l e  i n  1 2  o f  1 3  t e s t  p o i n t s .  The 

v e s t  r a d i o  audio  q u a l i t y  w a s  a c c e p t a b l e  anywhere i n  t h e  a r e a  

of  t h e  c a r r i e r  l i n e  and d i d  perform b e t t e r  from t h e  locomotive 

than  d u r i n g  t h e  aud io  l i n e  t e s t s .  

d .  T e s t  4 - Hois t  Communications T e s t  Base S t a t i o n  I n  Ho i s t  
Con t ro l  Center  - 
A v e h i c u l a r  an tenna  w a s  mounted i n  t h e  h o i s t  c o n t r o l  room 

a t  s h a f t  3C w i t h  t h e  an tenna  about  3 f e e t  from t h e  w i r e  rope  

and about  8 f e e t  from t h e  wi re  rope  drum. 

MF TRANSCEIVER I 
VEHICULAR ANTENNA 

PLER 

FIGURE 6 7 .  ILLUSTRATION OF HOIST COMMUNICATIONS SYSTEM 



T h i s  a n t e n n a  was c o u p l e d  t o  t h e  s i g n a l  s t r e n g t h  t e s t  s e t .  

A b a s e  s t a t i o n  f o r  comrnunications w a s  l o c a t e d  i n  t h e  same area 

w i t h  a v e h i c u l a r  a n t e n n a  mounted j u s t  ahead o f  t h e  l a r g e  

a n t e n n a  3 f e e t  f rom t h e  r o p e .  Ano the r  t r a n s c e i v e r  ( b a t t e r y  

powered) was mounted i n  t h e  cage  u s i n g  a 4"  c o u p l e r  on t h e  

r o p e  j u s t  above  t h e  b o n n e t .  

T e s t  r e s u l t s  are  as  f o l l o w s :  

TABLE X 
H O I S T  CO!I,"IUNICATIONS SIGNAL LEVEL 

CAGE TO BASE AT THE DRUM 

NOISE 
LEVEL 
dB 

AUDIO 
S I G  S / N  QUALITY COXMENTS 
LEVEL dB 

T E S T  
NO. 

CASE 
L13CATION 

C o l l a r  

400 ' below c o l l a r  

1000 '  g o i n g  down 
f u l l  s p e e d  

1500 '  g o i n g  down 
f u l l  s p e e d  

2075'  s t o p p e d  

2675'  g o i n g  down 

2750'  p o c k e t  

g o i n g  

Summary : 

Good t o  e x c e l l e n t  s i g n a l s  were o b t a i n e d  w i t h  no  d e a d  spots. 

A s l i g h t  n o i s e  l e v e l  was n o t e d  when t h e  h o i s t  w a s  r u n n i n g .  



T e s t  5 - Hois t  Communication T e s t  Base S t a t i o n  A t  
The C o l l a r  

A v e h i c u l a r  an tenna  was mounted on t h e  headframe a t  t h e  

c o l l a r  about  3 f e e t  from t h e  cage rope .  This antenna  w a s  

used wi th  t h e  S inge r  FSM t o  measure n o i s e  r a t i o .  A v e h i c u l a r  

an tenna  was mounted on t h e  headframe o p p o s i t e  t h e  l a r g e  a n t -  

enna.  A v e h i c u l a r  t r a n s c e i v e r  was connected t o  t h e  an tenna .  

The cage r a d i o  and c o u p l e r  remained as i n  T e s t  4 .  



T E S T  
NO 

CAGE 
LOCATION 

C o l l a r  

TABLE Y 
H O I S T  COMMUNICATION SIGNAL LEVELS 
CAGE TO BASE AT THE COLLAR 

NOISE 
LEVEL SIGNAL 
dB LEVEL 

-2  7 + 8 5  

400' moving down - 2 7  + 8 2  

1000 ' moving 
down -2 7 

2675 moving down -27 

AUDIO 
QUALITY NOTES 

1 0  C l e a r  & LOLLJ. 

Summary : 

The s i g n a l  s t r e n g t h s  on t h i s  t e s t  were o u t s t a n d i n g  a t  a l l  

l e v e l s ,  w i t h  t h e  cage  moving o r  s t opped .  

Comparing t h e  s i g n a l  l e v e l s  o f  t h e  an t enna  a t  t h e  h o i s t  

house  and a t  t h e  c o i l a r ,  t h e  l o s s e s  o v e r  t h e  " s h e a T ~ e " w h e e l  

appea r  t o  g e n e r a l l y  r ange  from 5 0  t o  6 0  dB. 

Using MF equipment  i n  h o i s t  communication d e c r e a s e  main t -  

enance  c o s t .  Servicemen need n o t  c l imb t h e  head  frame t o  

s e r v i c e  t h e  ' ' sheaveV wheel  a n t e n n a .  



Conclusion 

The t e s t s  a t  Magma c l e a r l y  show t h a t  t h e  equipment per -  

forms ve ry  w e l l  i n  a l a r g e  m u l t i p l e  l e v e l  mine. The Magma 

people  were p l e a s e d  w i t h  t h e  performance and coverage .  



PLATEAU M I N I N G  COMPANY 

The P l a t e a u  c o a l  mine i s  l o c a t e d  n e a r  P r i c e ,  Utah.  

Annual p roduc t i on  exceeds  1 MTPY. The mine p r e s e n t l y  o p e r a t e s  

a Gai-Tronics  pager  sys tem as i t s  pr imary  communications n e t -  

work. Telephone c a b l e  ( s i n g l e  p a i r )  i n t e r c o n n e c t s  e ach  page r  

t e l e p h o n e .  Pagers  a r e  l o c a t e d  a t  key p o i n t s  i n  t h e  o f f i c e ,  

warehouse,  shop,  a l o n g  b e l t w a y s ,  and i n  t h e  f a c e  a r e a s .  

A s i m p l i f i e d  drawing o f  P l a t e a u  Mine i s  shown i n  F igu re  

6 8 .  The Mud-water mining i s  i n  r e t r e a t  s t a t u s  wh i l e  t h e  South  

f a c e s  a r e  i n  an  advancing s t a t u s .  

The e x i s t i n g  " w i r e p l a n t "  i n c l u d e s  t h e  t e l e p h o n e  p a i r  

c a b l e  and AC power c a b l e .  Telephone c a b l e  r u n s  i n  t h e  be l tway .  

The be l tway  i s  more t h a n  one e n t r y  away from t h e  Mud-water 

manway and t h e  West/Main e n t r i e s .  

S e p a r a t e  7 , 1 0 0  and 1 3 , 2 0 0  v o l t  t h r e e  phase  AC power c a b l e s  

s u p p l y  power t o  t h e  Mud-water and South  f a c e s ,  r e s p e c t i v e l y .  

Trans formers  a long  t h e  c a b l e  supp ly  power t o  t h e  conveyor b e l t  

d r i v e s  i n  t h e  b e l t  e n t r i e s .  

Swi tches  a r e  a l s o  i n s t a l l e d  i n  t h e  AC c a b l e .  The AC 

power c a b l e  i s  i n s t a l l e d  i n  some, b u t  n o t  a l l  of  t h e  manway 

e n t r i e s .  

The 7 , 1 0 0  and 13,200 v o l t  c a b l e s  are i n  t h e  same e n t r y  

a t  t h e  i n t e r s e c t i o n  o f  t h e  Mud-water and Xest  e n t r i e s .  
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1. I n s t a l l a t i o n  of MF Equipment 

A base  s t a t i o n  and RF l i n e  c o u p l e r s  were l o c a t e d  a t  t h e  

i n t e r s e c t i o n  o f  t h e  Mud-water and West e n t r i e s .  The c o u p l e r s  

were i n s t a l l e d  on each  of  t h e  power c a b l e s .  The c o u p l e r s  were 

connected t o  t h e  base  s t a t i o n  th rough  a b i f i l a r  wound s i g n a l  

t r ans fo rmer .  The pager  t e l ephone  c a b l e  was p laced  i n  one 

of t h e  c o u p l e r s .  

The base  s t a t i o n  w a s  r emote ly  c o n t r o l l e d  from t h e  ware- 

house and o f f i c e  remote c o n t r o l  conso le s  ( R C C ) .  The a s s i g n e d  

o p e r a t i n g  f requency  w a s  4 0 0  kHz. 

Four v e h i c u l a r  t r a n s c e i v e r s  were i n s t a l l e d  on d i e s e l  

powered t r a c t o r s .  The mounting of t h e  v e h i c u l a r  t r a n s c e i v e r  

6 , and an tenna  on a d i e s e l  powered v e h i c l e  i s  shown i n  t h e  
t 

photograph below. 

FIGURE 6 9 .  PHOTOGRAPH OF VEHICULAR TRANSCEIVER INSTALLATION 



The v e h i c u l a r  t r a n s c e i v e r  i s  mounted on t h e  f r o n t  f e n d e r .  

FIGURE 7 0 .  PHOTOGRAPH OF VEHICULAR ANTENNA INSTALLATION 

The photographs  show t h a t  t h e  a v a i l a b l e  mounting s u r f a c e  i s  

l i m i t e d .  I n  t h e  i n s t a l l a t i o n  p r o c e s s ,  p r e c a u t i o n s  were taken  

t o  p r o t e c t  a l l  c a b l i n g .  For example, t h e  an tenna  c a b l e  i s  

p r o t e c t e d  by welding an a n g l e  i r o n  t o  t h e  fender .  The a n g l e  

i r o n  p r o t e c t s  t h e  an t enna  c a b l e  from damage. 



I n  t h e  i n i t i a l  sys tem t e s t s ,  v e h i c u l a r  t r a n s c e i v e r s  cou ld  n o t  

t a l k  back when i n  t h e  Mud-water and Sou th  f a c e  a r e a s .  L i s t e n i n g  

w a s  a l s o  a problem i n  t h e  Sou th  area manways. 

The poor  communications was due t o  e x c e s s i v e  t r a n s m i s s i o n  

l o s s  a s s o c i a t e d  w i t h  t h e  AC power t r a n s f o r m e r s  i n s t a l l e d  a l o n g  

t h e  AC power c a b l e .  T rans fo rmer s  were found t o  i n t r o d u c e  f rom 

8 t o  1 0  dB of  s i g n a l  l o s s  i n  t h e  S C  power c a b l e  s i g n a l  p a t h .  

I n  an  a t t e m p t  t o  improve communicat ions q u a l i t y ,  r e p e a t e r s  

were i n s t a l l e d  i n  t h e  Mud-water and Sou th  f a c e  a r e a s .  

2 .  I n s t a l l a t i o n  o f  R e p e a t e r s  

The p r imary  f r equency  (F1) remained a t  4 0 0  kHzqand s e c -  

onda ry  f r equency  (F2) w a s  added a t  5 2 0  kHz. T h i s  r e q u i r e d  t h a t  

a l l  a n t e n n a s  be c a p a b l e  of  two f r equency  o p e r a t i o n .  The u se  

of  two f r e q u e n c i e s  a l l o w s  a c c e s s  t o  g l o b a l  r e p e a t e r s  when 

t r a n s m i t t i n g  on t h e  f r equency  (F2). The g l o b a l  r e p e a t e r  b o o s t s  

t h e  r e c e i v e d  s i g n a l  and r e t r a n s m i t s  it on F1. 

The f i r s t  F l /F2  r e p e a t e r  was i n s t a l l e d  i n  Mud-water e n t r y ,  

app rox ima te ly  3 6 0 0  f e e t  from t h e  b a s e  s t a t i o n .  An a d d i t i o n a l  

5000 f e e t  down t h e  e n t r y  i s  t h e  f a c e .  

The second r e p e a t e r  was i n s t a l l e d  n e a r  t h e  e n t r a n c e  t o  

t h e  South  a r e a ,  app rox ima t e ly  7 3 3 0  f e e t  from t h e  base  s t a t i o n .  

From t h i s  l o c a t i o n  t o  t h e  f u r t h e s t  Sou th  f a c e  i s  app rox ima te ly  

6 5 0 0  f e e t .  



3 .  T e s t  R e s u l t s  

S i g n a l  and n o i s e  measurements were t a k e n  a t  t h e  b a s e  

s t a t i o n  l o c a t i o n  on t h e  AC power c a b l e s  s e r v i n g  t h e  Mud-water 

and main South  mining areas. Due t o  t h e  c o n s t a n t  o u t p u t  and 

f i x e d  l o c a t i o n  of  t h e  r e p e a t e r s ,  o n l y  one measurement was 

needed.  These a r e  g iven  i n  Tab le  2 .  

TABLE Z 

SIGNAL TO NOISE RATIO MEASUREMENTS 
AT BASE STATION FROM REPEATER LOCATIONS 

Mud-Water 

Noise - 1 2  dB 

S i g n a l  - 9 2  dB 

S/N R a t i o  - 8 0  dB 

South 

Noise - 2 dB 

S i g n a l  - 7 8  dB 

S/N R a t i o  - 8 0  dB 



Q u a l i t y  And Performance 

System performance w a s  found t o  be o p t i m a l  when t h e  

v e h i c u l a r  an t enna  w a s  p o s i t i o n e d  w i t h i n  6 t o  8 f e e t  o f  t h e  

power c a b l e  and t h e  v e h i c l e  w a s  n o t  running .  

Under t h e  above c o n d i t i o n s ,  e x c e l l e n t  c o m u n i c a t i o n  

q u a l i t y  was o b t a i n e d  th roughout  t h e  Mud-water e n t r y  between 

v e h i c u l a r  t r a n s c e i v e r  and base  s t a t i o n .  The o b s e r v a t i o n  p o i n t  

was t h e  remote  c o n t r o l  conso l e  ( R C C )  l o c a t e d  i n  t h e  warehouse.  

S i m i l a r  r e s u l t s  were o b t a i n e d  i n  a r e a c t i v a t e d  d r i f t  which i s  

an e n t r y  o f f  t h e  Mud-water e n t r y .  F a r t h e s t  a t t emp ted  comm- 

u n i c a t i o n  p a t h  d i s t a n c e  i n  t h e  Mud-water r e p e a t e r  network 

reached  app rox ima te ly  1 4 , 0 0 0  f e e t .  

Due t o  l i m i t a t i o n s  o f  t ime  and an  unexpected power f a i l u r e  

w h i l e  t e s t i n g  t h e  South area,  e x t e n s i v e  r e s u l t s  were n o t  

o b t a i n e d .  

5 .  Lessons Learned 

AC power c a b l e  does  p rov ide  r a d i o  coverage  i n  t h e  mine.  

However, because  o f  AC l i n e  s w i t c h e s ,  s i g n a l  d i s t r i b u t i o n  

can be i n t e r r u p t e d  when needed t h e  most .  

It i s  recommended t h a t  a f e a s i b i l i t y  s t u d y  be made t o  f i n d  

ways t o  r e d u c e  l o s s  a c o r s s  t r a n s f o r m e r s  and open s w i t c h e s .  



Twin-lead c a b l e  should  have been i n s t a l l e d  i n  t h e  manways 

o f  t h i s  mine i n s t e a d  o f  u s i n g  t h e  AC power c a b l e s  f o r  MF 

s i g n a l  d i s t r i b u t i o n .  There a r e  many advantages  seen i n  t h e  

u se  o f  twin- lead  c a b l e .  F i r s t ,  r a d i o  coverage can be  p rov ided  

a l l  a long  t h e  manways. Secondly,  r e p e a t e r s  would n o t  have 

been r e q u i r e d  l ower ing  b o t h  equipment a c q u i s i t i o n  and mainten- 

ance  c o s t .  F i n a l l y ,  t h e  complex i ty  o f  t h e  Fl/F2 s i g n a l l i n g  

cou ld  have been avo ided .  

6 .  Demonstra t ion R e s u l t s  

A s  soon as t h e  MF system w a s  i n s t a l l e d  i n  t h e  mine,  a 

con t inuous  mining machine w a s  b u r i e d  by a rock  f a l l . a t  t h e  

Mud-water f a c e .  Radio w a s  used t o  i n s t a n t l y  a l e r t  t h e  under-  

ground s u p e r i n t e n d e n t  of  t h e  problem. The s u p e r i n t e n d e n t  

p r a i s e d  t h e  u se  o f  r a d i o  f o r  t h e  i n s t a n t  a l e r t  and sav ing  

many hour s  i n  t h e  r ecove ry  e f f o r t .  

Beltmen were g iven  v e s t  t r a n s c e i v e r s  t o  use  a l o n g  t h e  

conveyor b e l t  l i n e .  They r e p o r t  t h a t  t h e  v e s t  w a s  v e r y  

comfor t ab l e  t o  wear.  The v e s t  saved a g r e a t  d e a l  o f  t i m e  

because  beltmen are no l o n g e r  r e q u i r e d  t o  walk t o  t h e  n e a r e s t  

pager  t e l e p h o n e .  



YORK CANYON COAL MINE 

The Kaiser S t e e l  Co rpo ra t i on  York Canyon Coal  Mines are 

l o c a t e d  i n  Col fax  County n e a r  Raton,  New Mexico. Both under-  

ground and s u r f a c e  mining a r e  i n  p r o g r e s s .  

The immediate a r e a  su r round ing  t h e  mine i s  composed o f  

f l o o d  p l a i n s ,  v a l l e y  s l o p e s  and b road - r i dge  c r e s t s .  Coal i s  

produced from t h e  York Canyon seam i n  a l o c a l  zone of  t h e  Raton 

f o r m a t i o n .  The fo rma t ion  i n c l u d e s  beds  of  s a n d s t o n e ,  s i l t s t o n e ,  

mudstone and c o a l .  Annual p r o d u c t i o n  from t h e  underground mines 

exceeds  1MTPY. K a i s e r  u s e s  con t inuous  mining equipment t o  mine 

ahead o f  two ( 2 )  l o n g w a l l s .  A s i m p l i f i e d  s k e t c h  o f . t h e  York 

Canyon mining complex i s  shown i n  F igu re  7 1 .  

HOUSE rn 
TO MIDDLE I I 
YORK MINE 9 L E R  I 

I( DEVELOPMENT) J 
J 

I 

gw" ' 
1 

f 1 5700' 
I 

z a 
2 "  

I 
I 

-MANWAY 
BELT 

*HAULAGE 

RETURN 
10.0 0 0'------4- AIR 

-- -TELEPHONE 
SUPPLlES 

L 
AC P W R  CABLE 

-@ BASESTATION WITH 
R F  LINE COUPLER 

FIGURE 7 1 .  SIMPLIFIED PLAN VIEW DRAWING OF THE YORK 
CANYON MINE. 



The f o u r  ( 4 )  e n t r y  underground mining complex was de- 

veloped on a South head ing  f o r  a d i s t a n c e  exceed ing  10,000 

f e e t .  The coal  seam h e i g h t  v a r i e s  a l o n g  t h e  e n t r y ;  however, 

t h e  average  h e i g h t  i s  seven ( 7 )  f e e t .  The e n t r y  passageways 

a r e  s e p a r a t e d  by f i f t y  (50) f e e t .  The f r e s h  a i r  manway i s  

used t o  t r a n s p o r t  men, s u p p l i e s  and equipment r e q u i r e d  i n  t h e  

mining p r o c e s s .  A c r o s s  s e c t i o n  o f  t h e  manway i s  shown i n  

F igu re  7 2 .  

/ ?ET!;:ONE 
CABLE 

FIGURE 7 2 .  CROSS SECTION OF MANWAY (LOOKING INBY) 

A s h i e l d e d  2 5  p a i r  t e l e p h o n e  c a b l e  i s  i n s t a l l e d  on t h e  upper  

r i g h t  hand c o r n e r .  The b e l t  haulageway i s  i n  an a d j a c e n t  

e n t r y .  The passageway c o n t a i n s  a C o n t i n e n t a l  conveyor b e l t  



hau lage  sys tem,  AC power c a b l e  and o t h e r  e l e c t r i c a l  c o n d u c t o r s  

used i n  t h e  b e l t  f i r e  d e t e c t i o n  sys tem.  The r e t u r n  a i r  

passageways were o r i g i n a l l y  used as p a r t  o f  t h e  mine v e n t i -  

l a t i o n  sys tem.  Bore h o l e s  t o  t h e  s u r f a c e  a r e  now used  t o  

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

Longwall p a n e l s  a r e  developed t o  t h e  l e f t  o f  t h e  e n t r y .  

The p a n e l s  are app rox ima te ly  5 5 0  f e e t  wide and 6 0 0 0  f e e t  l o n g .  

The s u r f a c e  s u b s t a t i o n  c o n v e r t s  t h e  6 9  kV t r a n s m i s s i o n  

l i n e  power t o  7 . 2  kV power f o r  d i s t r i b u t i o n  i n  t h e  mine. 

A G a i - t r o n i c s  t e l e p h o n e  sys tem s e r v e s  t h e  o f f i c e / s h o p  

b u i l d i n g  ( l o c a t i o n  o f  PBX),  t h e  underground mine,  and t h e  

s u r f a c e  mining shop.  The g e n e r a l  r o u t i n g  o f  t e l e p h o n e  c a b l e  

i s  i l l u s t r a t e d  by t h e  dash-dot  l i n e  symbols i n  F i g u r e  7 3 .  

B a t t e r y  powered s c o o t e r ,  d i e s e l  powered " T e r a  J e t "  j e e p s ,  

and Elkhorn man c a r r i e r s  a r e  used f o r  v e h i c u l a r  t r a n s p o r t a t i o n  

i n  t h e  mine. 

1. I n s t a l l a t i o n  o f  MF Equipment 

Medium f r equency  (MF) v e h i c u l a r  t r a n s c e i v e r s  and a n t e n n a s  

were permanent ly  i n s t a l l e d  on b a t t e r y  powered s c o o t e r s  and 

d i e s e l  powered j e e p s .  

The i n s t a l l a t i o n  o f  t h e  RF l i n e  c o u p l e r  i s  shown i n  

F i g u r e  73. 



FIGURE INSTALLATION LINE COUPLER 

The RF l i n e  c o u p l e r  i s  clamped around t h e  2 5  p a i r  t e l e p h o n e  

c a b l e  a t  t h e  p o r t a l .  The b e l t  f i r e  d e t e c t i o n  c a b l e  a l s o  

t h r e a d s  t h e  c e n t e r  of t h e  c o u p l e r .  T h e  f i r e  d e t e c t i o n  c a b l e  

ha s  been i n s t a l l e d  i n  t h e  manway f o r  a d i s t a n c e  of  app rox i -  

mate ly  3 0 0 0  f e e t .  Through a  c r o s s c u t  t h e  c a b l e  e n t e r s  t h e  

bel tway and t h e n  i s  r o u t e d  a long  t h e  conveyor b e l t .  





The t e l e p h o n e  c a b l e  t e r m i n a t e s  i n  s e v e r a l  j u n c t i o n  boxes 

a l o n g  t h e  manway. From t h e s e  boxes ,  t e l e p h o n e  p a i r s  e n t e r  

c r o s s c u t s  and c o n t i n u e  t o  pager  t e l e p h o n e s  a t  c r i t i c a l  

l o c a t i o n s .  The c a b l e  i s  f i n a l l y  t e r m i n a t e d  i n  a j u n c t i o n  box, 

6 1 0 0  f e e t  from t h e  ba se  s t a t i o n .  A s i n g l e  p a i r  c o n t i n u e s  a- 

l ong  t h e  manway f o r  an  a d d i t i o n a l  3000 f e e t .  The c a b l e  t h e n  

e n t e r s  t h e  Nine Le f t  l ongwa l l  manway. 

The v e h i c u l a r  t r a n s c e i v e r  mounting on t h e  "Tera J e t "  j e ep  

i s  shown i n  F i g u r e  7 4 .  

FIGURZ 7 4 .  PHOTOGRAPH OF THE TERA J E T  JEEP ANTENNA 
INSTALLATION 



The v e h i c u l a r  t r a n s c e i v e r  remote c o n t r o l  head ( R C H )  i s  

mounted n e a r  t h e  s t e e r i n g  wheel .  The an t enna  i s  mounted i n  a  

v e r t i c a l  p l ane  t o  t h e  r i g h t  o f  t h e  d i e s e l  e n g i n e  compartment.  

2 .  Measurement R e s u l t s  

Communications s i g n a l  l e v e l s  were measured a t  t h e  ba se  

s t a t i o n  w i t h  t h e  t e s t  s e t -up  shown i n  F i g u r e  2 6 .  

The q u a l i t y  o f  t h e  communications s i g n a l s  were e x c e l l e n t  

a l o n g  t h e  manways w i t h  t h e  t e l e p h o n e  c a b l e .  

The measured induced  l i n e  c u r r e n t  a t  520 kHz w a s  p r e -  

v i o u s l y  shown i n  F i g u r e  2 7 .  F igu re  75 shows t h e  measured l i n e  

c u r r e n t  a t  350 kHz. The ave rage  a t t e n u a t i o n  r a t e  is appro-  

x i m a t e l y  1 dB/1000 f e e t  as compared t o  2 . 4  dB/1000 f e e t  a t  

520 kHz. 

The dashed l i n e  r e p r e s e n t s  t h e  induced  l i n e  c u r r e n t  r e -  

q u i r e d  so  t h a t  a t  l e a s t  7 0  p e r c e n t  of t h e  spoken words a r e  

i n t e l l i g i b l e .  The d i f f e r e n c e  ( i n  dB) between t h e  induced  l i n e  

c u r r e n t  s i g n a l  ( u p p e r  s o l i d  l i n e )  and t h e  dashed  ( C / N  = 2 0  dB) 

l i n e  a t  any d i s t a n c e  r e p r e s e n t s  t h e  margin i n  t h e  communi- 

c a t i o n s  sys tem.  The margin exceeds  35 dB a t  one m i l e  f rom t h e  

b a s e  s t a t i o n .  The i n t e r s e c t i o n  o f  t h e  s i g n a l  and dashed  l i n e s  

( n o t  shown) p r e d i c t s  t h a t  t h e  maximum communication r ange  w i l l  

exceed  34,000 f e e t  a t  350 kHz.  his compares f a v o r a b l y  t o  

t h e  18,000 f e e t  e x p e c t a t i o n  a t  5 2 0  kHz. 
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Equat ion  ( 1 4 )  shows t h a t  t h e  e f f i c i e n c y  o f  c o u p l i n g  s i g n a l s  

from loop  a n t e n n a s  t o  c a b l e  i n c r e a s e s  w i t h  f r equency .  I f  

t h e  t r a n s m i t t i n g  l o o p  a n t e n n a s  are g e n e r a t i n g  e q u a l  magne t ic  

moments, t h e  520 kHz induced  c u r r e n t  cu rve  must be  above t h e  

35  kHz cu rve  a t  s h o r t  r a n g e .  The 350 kHz cu rve  must e v e n t u a l l y  

c r o s s  t h e  520 kHz cu rve  owing t o  t h e  h i g h e r  a t t e n u a t i o n  r a t e  

o f  t h e  520 kHz s i g n a l s  a l o n g  t h e  t e l e p h o n e  c a b l e .  Comparison 

o f  t h e  350 kHz and 520 kHz induced l i n e  c u r r e n t  d a t a  i n d i c a t e s  

t h a t  t h e  c r o s s i n g  o c c u r s  a t  app rox ima te ly  3 0 0 0  f e e t .  

T e s t s  were made t o  de t e rmine  t h e  d i f f e r e n c e s  i n  induced  

l i n e  c u r r e n t  caused  by t h e  o r i e n t a t i o n  o f  t h e  v e h i c u l a r  a n t e n n a  

i n  t h e  manway. The measured d a t a  i n  F i g u r e s  2 7  and 75 a p p l i e s  

when t h e  v e h i c u l a r  a n t e n n a  i s  i n  a v e r t i c a l  p l a n e  (HMD) and 

t h a t  t h e  p l a n e  i s  p a r a l l e l  t o  t h e  t e l e p h o n e  c a b l e .  When t h e  

an t enna  i s  i n  a h o r i z o n t a l  p l a n e  ( V M D ) ,  t h e  induced  c u r r e n t  

l e v e l  i s  reduced  by 2 dB. Mounting t h e  v e h i c u l a r  an t enna  i n  

a h o r i z o n t a l  (as w i l l  be  r e q u i r e d  i n  low c o a l )  w i l l  n o t  s i g n i -  

f i c a n t l y  degrade  sys tem performance.  

Some i n t e r e s t i n g  c o u p l i n g  e f f e c t s  were n o t e d  when t h e  

an t enna  w a s  i n  a p l a n e  o r t h o g o n a l  t o  t h e  c a b l e .  I n  c o a l ,  when 

t h e  an t enna  (HMD) was l o c a t e d  more t h a n  40  f e e t  from t h e  c a b l e  

maximum induced c u r r e n t  was measured a t  t h e  b a s e .  When t h e  

a n t e n n a  (HMD) w a s  r o t a t e d  t o  p l a n e  p a ~ a l l e l  t o  t h e  c a b l e ,  

induced c u r r e n t  was minimum. T h i s  i s  j u s t  t h e  o p p o s i t e  e f f e c t  

obse rved  i n  t h e  manways w i t h  c a b l e .  



It i s  i n t e r e s t i n g  t o  n o t e  t h a t  v e s t  s i g n a l  l e v e l  a r r i v i n g  

a t  t h e  base  s t a t i o n  l o c a t i o n  was app rox ima te ly  8 dB l e s s  t h a n  

v e h i c u l a r  s i g n a l  l e v e l s .  T h i s  co r r e sponds  c l o s e l y  w i t h  t h e  

d i f f e r e n c e s  i n  v e s t  and v e h i c u l a r  a n t e n n a  magne t ic  moments, 

2 . 0  and 5 . 2  ATM*, r e s p e c t i v e l y .  

The v e s t  t r a n s c e i v e r  r a d i o  coverage  a r e a s  i n  t h e  mine are 

shown i n  t h e  f o l l o w i n g  s k e t c h e s  o f  c r o s s c u t  i n t e r s e c t i o n s  

a l o n g  t h e  manway. 

FIGURE 7 6 .  RADIO COVERAGE AREA AT CROSS CUT 31 ALONG MANWAY 





The t a l k b a c k  ( t r a n s m i t t i n g )  range ( d o t  symbol) i nc luded  

t h e  manway and t h e  bel tway.  I t  a l s o  extended a l o n g  a f e e d e r  

bel tway.  The l i s t e n i n g  ( r e c e i v i n g )  range  (shaded a r e a )  

extended i n t o  t h e  d r i f t  a d j a c e n t  t o  t h e  manway. Note t h a t  

range measurements were l i m i t e d  by s e a l e d  s t o p p i n g s  i n  t h e  

c r o s s c u t s .  

FIGURE 7 7 .  RADIO COVERAGE AT CROSSCUT 9 1  ALONG MANWAY 
( 9 1 0 0  FEET FROM BASE STATION) 





The N i n e L e f t  l o n g w a l l  e n t r y  i s  a t  c r o s s c u t  9 1 .  The 

l o n g w a l l  f a c e  i s  5 6 0 0  f e e t  f rom t h e  c r o s s c u t  9 1 .  A s i n g l e  

p a i r  t e l e p h o n e  c a b l e  e x t e n d s  t o  t h e  f a c e  i n  t h e  e n t r y .  The 

t a l k  back  r a n g e  i s  l i m i t e d  t o  t h e  l o n g w a l l  e n t r y .  The t o t a l  

t a l k  back r a n g e  f rom t h e  l o n g w a l l  f a c e  t o  t h e  b a s e  i s  1 4 , 7 0 0  

f e e t .  The l i s t e n i n g  r a n g e  e x t e n d s  t o  d r i f t s  a d j a c e n t  t o  

t h e  manway. 

The s u r f a c e  t e l e p h o n e  c a b l e  e x t e n d s  t o  t h e  shop.  The 

t a l k  back  r a n g e  i s  l i m i t e d  t o  w i t h i n  5 3  f e e t  o f  t h e  c a b l e .  

The l i s t e n i n g  r a n g e  l i m i t  i s  a p p r o x i m a t e l y  2 0 0  f e e t  f rom t h e  

c a b l e .  The r a n g e  i n c l u d e s  t h e  shop  and o f f i c e  a r e a s .  

3 .  Mine Rescue Communications 

The a b i l i t y  of r e s c u e  team members t o  communicate w i t h  

MF ~ a d i o  w a s  e v a l u a t e d  a t  t h e  York Canyon Mine. 

The s i n g l e  p a i r  c a b l e  t h a t  i s  u s e d  by t h e  mine r e s c u e  team 

f o r  sound power a u d i o  communica t ions  w a s  p u l l e d  from a  t a k e  

up r e e l  and l a i d  on t h e  s u r f a c e  o f  t h e  e a r t h  as shown i n  t h e  

f o l l o w i n g  F i g u r e  78. 
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Range from t h e  c a b l e  w a s  maximum when t h e  p l a n e  o f  t h e  v e s t  

a n t e n n a  was p a r a l l e l  t o  t h e  c a b l e .  The ba se  s t a t i o n  induced 

s i g n a l  w a s  100 dB g r e a t e r  t h a n  t h e  l i n e  n o i s e  measured on t h e  

c a b l e  a few f e e t  from t h e  RF l i n e  c o u p l e r .  The t e s t  c l e a r l y  

i n d i c a t e s  t h a t  r e s c u e  team members w i t h  a p e r m i s s i b l e  v e s t  

can communicate w i t h  t h e  f r e s h  a i r  b a s e  s t a t i o n  v i a  t h e  two 

p a i r  c a b l e .  

Members o f  award winning mine r e s c u e  teams from t h e  York 

Canyon Mine and t h e  Colorado Westmoreland Mine n e a r  Paon ia ,  

Colorado ,  made a number o f  i n t e r e s t i n g  o b s e r v a t i o n s  conce rn ing  

t h e  u se  o f  MF r a d i o .  F i r s t ,  u se  o f  r a d i o  w i l l  r e v o l u t i o n i z e  

mine r e s c u e  p rocedu re s .  The p r e s e n t  l i f e  l i n e  communications 

c a b l e  i s  bu lky  and d i f f i c u l t  t o  u s e .  I t  i s  so  onerous  t h a t  

it i s  n o t  f r e q u e n t l y  used i n  mine r e s c u e  c o m p e t i t i o n .  The 

c a b l e  can  be  r e d e s i g n e d  w i t h  a s m a l l e r  d i a m e t e r  c a b l e .  T h i s  

a l l o w s  c a b l e s  l e n g t h  t o  be  g r e a t l y  i n c r e a s e d .  A s  i s  t h e  

p r e s e n t  p r a c t i c e ,  t h e  team would l a y  t h e  c a b l e  as t h e y  advance 

i n t o  t h e  mine.  When t h e y  a r r i v e  a t  a b locked  e n t r y  ( r o c k  f a l l ,  

haza rdous  env i ronmen t ) ,  t h e  c a b l e  can be s imply  c u t  and 

abandoned t o  h a s t e n  r e t r e a t .  By s imply  s p l i c i n g  t h e  c a b l e ,  

t h e  team can advance a long  a new r o u t e .  Secondly ,  t h e  v e s t  

c o u l d  be  e a s i l y  equipped w i t h  a t e l e m e t r y  c a p a b i l i t y  t o  

t r a n s m i t  l o c a l  mine c o n d i t i o n s  immedia te ly  t o  t h e  f r e s h  a i r  

ba se  s t a t i o n .  A r e c o r d e r  a t  t h e  b a s e  l o c a t i o n  c o u l d  a u t o -  

m a t i c a l l y  r e c o r d  d a t a .  F i n a l l y ,  r a d i o  w i l l  speed recovery,  

an e x c e e d i n g l y  impor t an t  f a c t o r  i n  s u c c e s s f u l  r e s c u e s .  



The use  o f  MF r a d i o  by mine r e s c u e  teams i s  d e s c r i b e d  

i n  a USBM p u b l i s h e d  r e p o r t  by Dobroski  and S t o l a r c z y k  ( 2 9 ) .  

4 .  Demonstra t ion R e s u l t s  

With o n l y  f o u r  v e h i c u l a r  and f o u r  v e s t  t r a n s c e i v e r s ,  r a d i o  

communications i s  l i m i t e d  t o  s u p e r v i s o r y  p e r s o n n e l .  On many 

o c c a s i o n s ,  t h e  p roduc t i on  s u p e r i n t e n d e n t  used t h e  r a d i o  t o  

immediate ly  summon emergency r e p a i r  work on mining equipment .  

H e  e s t i m a t e s  t h a t  t h e  MF sys tem r e d u c e s  down t ime  by more t han  

one hour  p e r  s h i f t .  

Maintenance crew members use  t h e  v e s t  t r a n s c e i v e r s  i n  

t h e i r  work. The maintenance foreman u s e s  t h e  r a d i o '  t o  comrn- 

u n i c a t e  t o  t h e  p o i n t  o f  equipment breakdown. The foreman 

ass is ts  i n  t r o u b l e s h o o t i n g  and o b t a i n i n g  r e p a i r  p a r t s  from t h e  

warehouse.  

The mine s u p e r i n t e n d e n t  i s  p l a n n i n g  t o  i n s t a l l  a d d i t i o n a l  

equipment on a l l  s e r v i c e  v e h i c l e s .  

Do  RANCHERS EXPLORATION AND DEVELOPMENT COXP. 

The Redco S i l v e r  ( E s c a l a n t e  S i l v e r )  Mine i s  owned and 

o p e r a t e d  by Ranchers E x p l o r a t i o n  and Development Corp . ,  1775 

Montano Road, N.W., Albuquerque,  New Mexico. The mine i s  

l o c a t e d  i n  I r o n  County ( 4 2  m i l e s  west of  Cedar C i t y )  Utah.  

The p r o p e r t y  h a s  been known as t h e  H o l t  Mine, The E n t e r p r i s e  

Mine and The E s c a l a n t e  Mine. F i r s t  claims were l o c a t e d  i n  



1896 by Heber Ho l t .  Between 1900 and 1930,  t h r e e  i n c l i n e  

s h a f t s  were sunk on t h e  v e i n  ( 2 0 1 ,  3 0 f ,  and 130 '  deep)  and 

one v e r t i c a l  s h a f t  w a s  sunk i n  t h e  f o o t w a l l  t o  1 2 0 ' .  I n  1959 ,  

t h e  s h a f t  w a s  ex tended  t o  t h e  w a t e r  t a b l e .  F i r s t  w a t e r  draw- 

down t e s t  were made i n  1 9 6 0 .  Shipments o f  o r e  t o t a l l i n g  

13,500 t o n s  a t  8 . 7  oz /T  s i l v e r  were made i n  1966. The h o s t  

r ock  a r e  w a t e r - l a i n  t u f f a c e o u s  s ed imen t s  o f  m i d - t e r t i a r y  age .  

The beds  a r e  composed of  v o l c a n i c  m a t e r i a l  w i t h  t h e  compos i t ion  

of l a t i t e  t o  r h y o l i t e .  The m a t e r i a l  i s  f i n e  g r a i n e d  t o  con- 

g l o m e r a t i c ,  rounded t o  sub-rounded,  and o c c u r s  i n  beds  r a n g i n g  

from a few i n c h e s  t o  4 f e e t  i n  t h i c k n e s s  t h a t  d i p  l o 0  - 15O 

sou thwes t .  A c r o s s  c u t  o f  t h e  o r e  body i s  shown i n  F i g u r e  7 9 .  

F I G U R E  7 9 .  REDCO S I L V E R  ORE BODY 



The v e i n  s t r i k e s  N25E and d i p s  70' - 75' west. Nor thwest  

t r e n d i n g  f r a c t u r e  zones  i n t e r s e c t  t h e  v e i n  i n  t w o  o r  more 

areas. The o r e  r e s e r v e  p o r t i o n  o f  t h e  v e i n  a v e r a g e s  2 0  f e e t  

i n  t h i c k n e s s .  

A m o d i f i e d  v e r t i c a l  c ra ter  r e t r e a t  (VCR) d e v e l o p e d  i n  

Canada i s  used  i n  t h e  mining p r o c e s s .  A p l a n  view of  VCR 

mining a t  t h e  f a c e  i s  i l l u s t r a t e d  i n  F i g u r e  8 0 .  

SECTION A-A 
FIGURE 8 0 .  PLAN VIEW AND ENTRY CROSS SECTION OF THE 4 9 7 0  

LEVEL D R I L L  SUB-LEVEL NORTH UNDERCUT.. 



High p r e s s u r e  ( 2 5 0  p s i )  a i r  l i n e  (dash  l i n e  symbols)  i s  

suspended by c h a i n s  from t h e  l e f t  hand s i d e  o f  t h e  roo f  i n  t h e  

d r i f t .  (See  A-A' c r o s s  s e c t i o n  v i e w ) .  B l a s t i n g  c a S l e  (dashed-  

d o t  symbols)  i s  suspended from hooks mounted on t h e  w a l l  o f  

t h e  d r i f t .  The b l a s t i n g  machine i s  connected t o  c a b l e  on t h e  

hau lage  d r i f t  ( a t  t h e  TX l o c a t i o n ) .  The c a b l e  i s  t e r m i n a t e d  

i n  t h e  b l a s t i n g  cap  i n  t h e  unde rcu t  ( a t  t h e  M l o c a t i o n ) .  De- 

t o n a t i n g  cord  c o n n e c t s  t h e  b l a s t i n g  cap  t o  each  of  t h e  n i n e  

( 9 )  d e l a y / b o o s t e r / e x p l o s i v e  c h a r g e s  i n  t h e  d r i l l  h o l e s .  The 

b l a s t i n g  d e l a y  sequence i s  shown by t h e  number n e x t  t o  t h e  

h o l e  i n  t h e  down-hole p a t t e r n .  

The B-B '  c r o s s  s e c t i o n  o f  t h e  down-hole p a t t e r n  i s  shown 

i n  F igu re  81. 

UNDER 

= 

CHARGE 

FIGURE 81. B-B '  VIEW OF THE ORE BODY (VCR M I N I N G )  



Escalante Communication System 

The Escalante radio communication system is shown in the 

block diagram below. 

 GENERAL- 
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-7-- 
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f l  

I------ 
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--- 

CONTROL 
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FIGURE 82. SYSTEM BLOCK DIAGRAM 



The r a d i o  communications sys tem b lock  diagram o v e r l a y s  

t h e  o r g a n i z a t i o n a l  c h a r t  (shown by dashed b lock  and connec t ing  

l i n e s ) .  The dashed  l i n e s  show t h e  e x i s t i n g  communication 

p a t h s .  The s h i f t e r  ( f r o n t  l i n e  foreman) i n s u r e  t h a t  t h e  mining 

p r o c e s s  i s  c a r r i e d  o u t  i n  an e f f i c i e n t  and o r d e r l y  manner. 

The s h i f t e r s  r e p o r t  t o  t h e  mine s u p e r i n t e n d e n t  ( M r .  Led ing ) .  

Four d i e s e l  powered hau lage  v e h i c l e s  a r e  s e l f  d i s p a t c h e d  

i n  t h i s  mine. Up d e c l i n e  v e h i c l e s  have t h e  r ight-of-way t o  t h e  

dump. Round t r i p  t i m e  on each  v e h i c l e  i s  approx imate ly  2 1  

minu tes .  The p e r  s h i f t  muck r a t e  i s  4 5 7  t o n s  p e r  hau l age  

v e h i c l e .  Haulage c o s t  i n c r e a s e s  because  down-decline v e h i c l e s  

must f r e q u e n t l y  back-up t o  a t u r n - o u t  t o  y i e l d  t o  t h e  up- 

d e c l i n e  v e h i c l e .  

Veh icu l a r  r a d i o s  were needed t o  enhance s a f e t y  and pro-  

d u c t i v i t y  of  muck h a u l a g e .  Radio communications between t h e  

s u p e r i n t e n d e n t ,  s h i f t e r ,  and hau l age  v e h i c l e  d r i v e r  were a l s o  

needed t o  i n c r e a s e  hau lage  e f f i c i e n c y .  S ince  t h i s  i s  a small 

mine t h e  maintenance and s u p e r v i s i o n  networks  were combined 

i n t o  one network (FT = 4 0 0  kHz). 

2 .  I n s t a l l a t i o n  of MF Equipment 

F igu re  8 3  i l l u s t r a t e s  t h e  hau lage  d r i f t  d e c l i n e  use  t o  

t r a n s p o r t  muck o u t  o f . t h e  mine. 
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An MF t r a n s c e i v e r  and a n t e n n a  were mounted on e a c h  t w e n t y  t o n  

Eimco" h a u l a g e  t r u c k s .  

FIGURE E I M C O  TRUCK SHOWING VEHICULAR ANTENNA 

Because o f  t h e  d i e s e l  t r u c k  e n g i n e  n o i s e ,  t h e  t r u c k  d r i v e r  u s e s  

t h e  a c o u s t i c a l  t r a n s d u c e r s  shown i n  F i g u r e  85.  

AEirnco S a l t  Lake C i t y ,  Utah s p e a k e r s  w i t h  q u i c k  d i s c o n n e c t  
s p e a k e r  c a b l e .  



FIGURE 8 5 .  CIRCUII-AURAL EARCUPS 

3 .  F i e l d T e s t  

I n  t h e  i n i t i a l  i n s t a l l a t i o n ,  s i g n a l s  were measured a t  t h e  

base s t a t i o n .  The measured s i g n a l  l e v e l s  a r e  shown on Figure 

83 .  A comparison of v e h i c u l a r  and v e s t  s i g n a l  l e v e l s  a r e  shown 

on Figure 8 6 .  
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The measured s i g n a l  a t t e n u a t i o n  ra te  w a s  app rox ima te ly  

2 . 4  dB/1000 f e e t  a l o n g  t h e  t e l e p h o n e  c a b l e .  The t e l e p h o n e  

c a b l e  t e r m i n a t e d  1000 f e e t  from t h e  b a s e  s t a t i o n .  High 

p r e s s u r e  a i r  p i p e  con t inued  t o  t h e  d r i l l  l e v e l .  

The c a r r i e r  t o  n o i s e  r a t i o  o f  r e c e i v e d  base  s t a t i o n  

s i g n a l s  exceeded 32 dB f o r  mobi le  t r a n s m i s s i o n s  a l o n g  t h e  p i p e  

(beyond t h e  end o f  t h e  t e l e p h o n e  p a i r ) .  T e s t  measurements 

r e v e a l e d  t h a t  t h e  s i g n a l  c o u p l i n g  l o s s  between t h e  t e l e p h o n e  

p a i r  and a i r  p i p e  i n  t h e  same d r i f t  w a s  app rox ima te ly  30  dB. 

The q u a l i t y  o f  t h e  r e c e i v e d  v o i c e  s i g n a l s  was e x c e l l e n t .  

Base s t a t i o n  messages cou ld  be r e c e i v e d  t h r o u g h o u t  t h e  mine. 

The a c o u s t i c a l  n o i s e  l e v e l  o f  t h e  d i e s e l  eng ine  e x h a u s t  

sys tem i n  t h e  d e c l i n e  was h i g h .  Communications from moving 

d i e s e l  powered v e h i c l e s  r e q u i r e d  t h e  u s e  o f  c i r cum-au ra l  e a r -  

cups  and n o i s e  c a n c e l l i n g  microphones.  

When t h e  ba se  s t a t i o n  was e x c i t i n g  t h e  "wi r ep l an t l 1  t h e  

maximum s i g n a l  measured i n  t h e  b l a s t i n g  c a b l e  was 0 .34 micro- 

amperes .  A t r a n s m i t t i n g  v e h i c u l a r  a n t e n n a  n e x t  t o  t h e  t e l e -  

phone p a i r  c o u l d  e x c i t e  less  t h a n  1 . 2  m i l l i a m p e r e  o f  l i n e  

c u r r e n t .  When t h e  v e h i c u l a r  a n t e n n a  w a s  i l l u m i n a t e d  t h e  

sending-end of t h e  b l a s t i n g  c a b l e ,  t h e  d i f f e r e n t i a l  c u r r e n t  

i n  t h e  t e rmina l - end  of  t h e  c a b l e  was l e s s  t h a n  1 2  microamperes.  



I n  summary, t h e  wors t  case r a d i o  f r equency  r a d i a t i o n  

h a z a r d  s a f e t y  f a c t o r  was b e t t e r  t h a n  t h r e e  ( 3 )  t i m e s  l e s s  

t h a n  t h e  CFR s a f e  l i m i t  of 50 m i l l i a m p e r e s .  Under normal 

o p e r a t i n g  c o n d i t i o n s ,  t h e  r a d i a t i o n  haza rd  s a f e t y  f a c t o r  was 

b e t t e r  t h a n  4 0  t i m e s  l e s s  t h a n  t h e  CFR l i m i t .  

Bes ides  t h e  h igh  vo i ce  q u a l i t y  ach i eved  i n  t h e  sys tem,  

t h e  most n o t i c a b l e  f e a t u r e  w a s  t h e  low a t t e n u a t i o n  r a t e  o f  

MF s i g n a l s  on t h e  e x i s t i n g  " w i r e p l a n t " .  Low s i g n a l  a t t e n u a t i o n  

r a t e  ( 2 . 4  dB/lOO1) means t h a t  t h e  sys tem Is c a p a b l e  of  oper -  

a t i o n s  beyond 1 5 , 0 0 0  f e e t .  Th i s  can  be  ach i eved  w i t h o u t  

t h e  u s e  o f  a r e p e a t e r .  



V I I .  RECOMMENDATIONS 

The MF communications sys tem i s  expec t ed  t o  emerge a s  

t h e  p r i n c i p a l  comrnunications r e s o u r c e  i n  mining.  

The underground mine t e s t s  s u g g e s t  t h e  need t o  improve 

and add a d d i t i o n a l  equipment t o  t h e  MF sys tem.  The needs  

w i l l  be  b r i e f l y  d e s c r i b e d  i n  t h e  f o l l o w i n g  pa rag raphs .  

A .  BIDIRECTIONAL AMPLIFIER 

Manways w i t h o u t  conduc to r s  a r e  u s u a l l y  a d j a c e n t  t o  

e n t r i e s  w i t h  conduc to r s .  S i n c e  t w i n - l i n e  c a b l e  must be i n -  

s t a l l e d  i n  t h o s e  manways, i n s t a l l a t i o n  cou ld  be s i m p l i f i e d  

i f  b i d i r e c t i o n a l  a m p l i f i e r s  were a v a i l a b l e  t o  p rov ide  an  

e f f i c i e n t  i n t e r f a c e  w i t h  g a i n  between t h e  " w i r e p l a n t "  c o u p l e r  

and t h e  tw in - l ead  c a b l e .  

B .  REDUCE LOSS ACROSS AC POWER TRANSFORMERS AND SWITCHES 

The AC power c a b l e  MF s i g n a l  r e l i a b i l i t y  can be  improved 

by deve lop ing  e f f i c i e n t  c o u p l e r s  f o r  u s e  around h i g h  l o s s  

t r a n s f o r m e r s  and s w i t c h e s .  

C .  BETTER WAYS TO DEPLOY TWIN-LEAD CABLE 

E f f i c i e n t  methods o f  a t t a c h i n g  twin- lead  c a b l e  t o  t h e  

r i b  o r  r oo f  shou ld  be deve loped  f o r  t h e  sys tem.  

D .  TELEPHONE SYSTEM INTERFACE NETWORKS 

D i a l  t e l e p h o n e  c a p a b i l i t y  shou ld  be added t o  t h e  v e s t  

t r a n s c e i v e r .  T h i s  w i l l  e n a b l e  t h e  - y e s t  t o  o p e r a t e  as a 

B e l l  System compatable  r a d i o  t e l e p h o n e .  



E .  PAGING AND EMERGENCY COMMUNICATIONS 

S i n c e  MF s i g n a l s  can  b e  r e c e i v e d  everywhere  e l e c t r i c a l  

- c o n d u c t o r s  e x i s t ,  MF can  b e  used  f o r  p a g i n g  and emergency 

communica t ions .  

A low c o s t  t o n e  a c t i v a t e d  r e c e i v e r  s h o u l d  be  made p a r t  

o f  t h e  c a p  lamp b a t t e r y  d e s i g n .  The MF r e c e i v e r  can  b e  u s e d  

i n  non-emergency s i t u a t i o n s  t o  "pagefT  and g i v e  m i n e r s  v i t a l  

i n f o r m a t i o n  ( e v e n  music  - t o  i n s u r e  t h a t  t h e  miner  w i l l  

r e p o r t  a d e f e c t i v e  p a g e r ) .  

An i l l u s t r a t i o n  o f  t h e  u s e  o f  a cap lamp r e c e i v e r  i s  

shown i n  F i g u r e  8 7 .  

FIGURE USE CAP LAMP RECEIVER FOR EMERGENCY 



I n  emergency s i t u a t i o n s ,  e v a c u a t i o n  r o u t e s  can be g i v e n  

t o  underground mine r s .  I f  t r a p p e d ,  t h e  miner  can  r e c e i v e  MF 

s i g n a l s  and know t h a t  h e l p  i n  unde r  way. 

A t o n e  o s c i l l a t o r  can be  added t o  t h e  c a p  lamp t o  e n a b l e  

a t r a p p e d  miner  t o  s i g n a l  t o  r e s c u e  teams. F i g u r e  8 8  

i l l u s t r a t e s  t h e  u s e  o f  t h e  t r a p p e d  miner t r a n s c e i v e r .  

FIGURE 8 8 .  LOCATION AND RESCUE BY MEDIUM FREQUENCY TECHNIQUES 



I n  energy  s i t u a t i o n s ,  e v a c u a t i o n  r o u t e s  can be g iven  t o  

underground miners .  If t r a p p e d ,  t h e  miner  can r e c e i v e  MF 

s i g n a l s  and know t h a t  h e l p  i s  under  way. 

A t o n e  o s c i l l a t o r  can  be added t o  t h e  cap  lamp t o  e n a b l e  

a t r a p p e d  miner  t o  s i g n a l  t o  r e s c u e  teams.  F igu re  88 

i l l u s t r a t e s  t h e  use  o f  t h e  t r a p p e d  miner  t r a n s c e i v e r .  

FIGURE 8 8 .  LOCATION AND RESCUE BY MEDIUM FREQUENCY TECHNIQUES 



M
in

e 
un

rin
g/

 
T
W
)
 

M
eC

llu
m

 T
re

qU
en

Cy
 

si
gn

al
s 

-
 R
ep

ea
te

r 

, 
' 

Tr
ap

pe
d 

m
in

er
 

tr
an

sc
ei

ve
r 

LO
C

A
TI

O
N

 A
N

D
 R

E
S

C
U

E
 B

Y
 

M
E

D
IU

M
 

FR
E

Q
U

E
N

C
Y

 T
E

C
H

N
IQ

U
E

S
 



A b a s t  s t a t i o n  a t  t h e  p o r t a l  can  be  used  t o  communicate 

w i t h  a t r a p p e d  miner .  I n  t h e  e v e n t  t h a t  t h e  p o r t a l  ba se  

s t a t i o n  h a s  been r ende red  i n o p e r a b l e ,  f o r  any r e a s o n ,  a ba se  

s t a t i o n  and RF l i n e  c o u p l e r  can  be  used  t o  coup l e  MF s i g n a l s  

t o  b o r e  h o l e  c o n d u c t o r s .  Thus,  bo re  h o l e  ba se  s t a t i o n  can  

be used t o  communicate w i t h  t r a p p e d  mine r s .  

F. RESCUE TEAM COMMUNICATIONS 

The v e s t  t r a n s c e i v e r  w i l l  r e v o l u t i o n i z e  mine r e s c u e  

methods and speed  r e c o v e r y  o f  t h e  mine. The u s e  o f  t h e  v e s t  

t r a n s c e i v e r  by r e s c u e  team members i s  i l l u s t r a t e d  i n  F i g u r e  

89. Vest  t r a n s c e i v e r s  shou ld  be used  f o r  t h e  communications 

m a n , t o  in fo rm t h e  ba se  o f  c o n d i t i o n s  encoun t e r ed  i n  t h e  

m i s s i o n .  

FIGURE 89. BASIC MF COMMUNICATIONS BETWEEN RESCUE 
TEAM MEMBERS. 
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A s  t h e  r e s c u e  team a d v a n c e s  f rom t h e  f r e s h  a i r  b a s e ,  a 

two c o n d u c t o r  l i f e  l i n e  c a n  be  dep loyed  as shown i n  t h e  

f i g u r e .  The l i f e  l i n e  p r o v i d e s  a r e l i a b l e  MF s i g n a l  p a t h  

between t h e  f r e s h  a i r  b a s e  s t a t i o n  and t h e  r e s c u e  t e a m .  I f  

a b l o c k e d  o r  h a z a r d o u s  a r e a  i s  e n c o u n t e r e d  by t h e  r e s c u e  t e a m ,  

t h e  l i f e  l i n e  can be l e f t  i n  p l a c e .  The team can  r e t r e a t  

a l o n g  t h e  l i n e  t o  an  a c c e p t a b l e  passageway.  A b r a n c h  o f  t h e  

l i f e  l i n e  can  be  c o n n e c t e d  t o  t h e  o r i g i n a l  l i n e  t o  e n a b l e  a n  

MF s i g n a l  p a t h  a l o n g  t h e  r e v i s e d  r e s c u e  team r o u t e .  

Improved communicat ions e n a b l e  t h e  t e a m  t o  r a p i d l y  

d e t e r m i n e  e n t r y  c o n d i t i o n s .  By e q u i p p i n g  t h e  f r e s h  a i r  b a s e  

w i t h  a t a p e  r e c o r d e r ,  t h e  r e s c u e  r e c o r d  can  be a u t o m a t i c a l l y  

r e c o r d e d  ( l o g g e d ) .  

The v e s t  t r a n s c e i v e r  c a n  be  equ ipped  w i t h  a t e l e m e t r y  

module. Methane, C O ,  e t c . ,  m o n i t o r  d a t a  can  be immedia te ly  

s e n t  t o  t h e  f r e s h  a i r  b a s e .  The b r i e f i n g  o f f i c e r  w i l l  be 

immedia te ly  aware o f  e n v i r o n m e n t a l  c o n d i t i o n s  e n c o u n t e r e d  

by t h e  r e s c u e  team. 



G. HOIST COMMUNICATIONS 

H o i s t  communications s a f e t y  and r e l i a b i l i t y  can be 

ach i eved  w i t h  t h e  MF r a d i o  equipment.  

H o i s t  s i g n a l l i n g  m i c r o p r o c e s s o r s  are r e q u i r e d  t o  e n a b l e  

t r a n s m i s s i o n  of  t h e  b e l l  code and emergency s i g n a l s .  

Because t h e  h i g h l y  e f f i c i e n t  v e h i c u l a r  an t enna  can  be  

used a t  t h e  c o l l a r  t o  i l l u m i n a t e  t h e  w i r e  r o p e ,  t h e  MF 

sys tem i s  much s a f e r  t o  m a i n t a i n .  MF equipment shou ld  be 

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

H .  NATIONAL EMERGENCY FREQUENCY 

The mine main tenance  network and n a t i o n a l  r e s c u e  f r e q -  

u e n c i e s  shou ld  be  i d e n t i c a l .  The n a t i o n a l  r e s c u e  f r equency  

i s  4 0 0  kHz. 

I. EMERGENCY COMMUNICATIONS 

A v e s t  t r a n s c e i v e r  shou ld  be  a s s i g n e d  t o  each  l o c a t i o n  

of s t o r e d  underground s e l f - r e s c u e  b r e a t h i n g  a p p a r a t u s .  

J. TRAINING MINE MANAGERS 

Mine manager t r a i n i n g  seminar  m a t e r i a l s  a r e  needed t o  

i n s u r e  l e a d e r s h i p  i n  a d o p t i n g  t h e  r a d i o  r e s o u r c e  i n  mining.  



APPENDIX A 

NORMALIZED DISCRIMINATION 
LOSS (NORMALIZED ATTENUATION) 

OF THE 
LEGENDRE TRANSFER FUNCTION 
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APPENDIX B 

DISSIPATION LOSS 

OF THE 

LEGENDRE TRANSFER FUNCTION 
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