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PERFORMANCE EVALUATION OF ELECTROMAGNETIC TECHNIQUES 
FOR THE LOCATION OF TRAPPED MINERS 

By John Durkin 1 

ABSTRACT 

The Bureau of Mines has  conducted f i e l d  s t u d i e s  i n  c o a l  mines through- 
o u t  t h e  Uni ted S t a t e s  t o  de te rmine  t h e  e f f e c t i v e n e s s  of e l e c t r o m a g n e t i c  
t e c h n i q u e s  i n  l o c a t i n g  miners  t r apped  underground f o l l o w i n g  a mine a c c i -  
d e n t .  Data from t h e s e  tests have been used t o  g e n e r a t e  models of 
expec ted  s i g n a l  and n o i s e  d i s t r i b u t i o n s  a s  found above mines throughout  
t h e  c o a l f i e l d s .  These d i s t r i b u t i o n s  have a i d e d  i n  p l a c i n g  t h e  expec ted  
performance of a through-the-ear th  e l e c t r o m a g n e t i c  c o m m n i c a t i o n s  t ech-  
n i q u e  i n t o  a p r o b a b i l i s t i c  framework. R e s u l t s  show t h a t  a t  a 10-pct 
f a l s e  alarm r a t e ,  t h e  expec ted  p r o b a b i l i t y  of d e t e c t i n g  a miner ' s  s i g n a l  
from a d e p t h  of 1 ,000 f t  i s  54 p c t ;  a t  500 f t  i t  i s  95 p c t .  These 
d e p t h s  exceed t h e  a c t u a l  d e p t h s  of 90 p c t  and 50 p c t ,  r e s p e c t i v e l y ,  of 
U.S. c o a l  mines. S e n s i t i v i t y  s t u d i e s  have shown t h a t  a t  a dep th  of 
1 ,000 f t ,  f o r  e v e r y  3 db of improvement i n  s igna l - to -no i se  r a t i o ,  t h e  
p r o b a b i l i t y  of d e t e c t i o n  i n c r e a s e s  6 t o  8 p c t .  

' ~ l e c t r i c a l  e n g i n e e r ,  P i t t s b u r g h  R e s e a r c h  C e n t e r ,  Bureau of Mines, P i t t s b u r g h ,  Pa. 



INTRODUCTION 

Fol lowing  t h e  Farmington mine d i s a s t e r  
i n  1968, t h e  Bureau of Mines c o n t r a c t e d  
w i t h  t h e  N a t i o n a l  Academy of Engineer-  
i n g  ( 8 ) 2  t o  recommend means t o  i n c r e a s e  - 
t h e  p r o b a b i l i t y  of s u r v i v a l  and r e s c u e  
o f  men t r a p p e d  i n  underground mines. 
The Bureau cons idered  t h e s e  recommenda- 
t i o n s  a s  t h e  s t a r t i n g  p o i n t  f o r  
a c o n t i n u i n g  c o n c e n t r a t e d  r e s e a r c h  
e f f o r t  t o  improve s u r v i v a l  and r e s c u e  
c a p a b i l i t y .  

The c o n d i t i o n  of a mine a f t e r  a f i r e  o r  
e x p l o s i o n  i s  u n p r e d i c t a b l e ;  f o r  example, 
c a b l e s  may be c u t  and passages  blocked. 
A hardened c o m m n i c a t i o n  system t h a t  
advances  w i t h  t h e  working f a c e  would be 
p r o h i b i t i v e l y  expens ive  and might be 
i n o p e r a t i v e  when needed. D e t e c t i o n  of 
and communication w i t h  miners  t r a p p e d  
underground r e q u i r e s  s i g n a l i n g  from t h e  
s u r f a c e  through t h e  mine workings o r  
d i r e c t l y  through t h e  s t r a t a .  

F IGURE 1. - Illustration of the operation of the trapped-miner transmitter. 

'under l ined numbers i n  p a r e n t h e s e s  r e f e r  t o  i tems i n  t h e  l i s t  of r e f e r e n c e s  a t  t h e  
end of t h i s  r e p o r t .  



The two major a r e a s  i n v e s t i g a t e d  i n  
r e s c u e  communications a r e  e l e c t r o m a g n e t i c  
(EM) and s e i s m i c .  A review of t h e  opera-  
t i o n  and c a p a b i l i t y  of s e i s m i c  communica- 
t i o n s  w i t h  t r a p p e d  miners  was p u b l i s h e d  
i n  1 9 8 1  (3). The p r e s e n t  paper  examines 
t h e  p o t e n t i a l  e f f e c t i v e n e s s  of t h e  EM 
s i g n a l i n g  sys tem and i s  p a r t i c u l a r l y  
concerned w i t h  t h e  s t a t i s t i c a l  a n a l y s i s  
of e x p e r i m e n t a l  magnet ic  f i e l d  s t r e n g t h  
d a t a  t a k e n  a t  94 c o a l  mine s i t e s  w e l l  
d i s t r i b u t e d  o v e r  t h e  U.S. c o a l f i e l d s .  
T h i s  d a t a - g a t h e r i n g  v e n t u r e  was i n t e n d e d  
t o  p rov ide  t h e  n e c e s s a r y  i n f o r m a t i o n  f o r  
s t u d i e s  of p robab le  e f f e c t i v e n e s s  of t h e  
EM s i g n a l i n g  sys tem p r i o r  t o  i n i t i a t i n g  
t h e  f o r m u l a t i o n  and promulgat ion of new 
r e g u l a t i o n s  b e a r i n g  on t h e  u s e  of such a  
system. 

During t h e  l a s t  decade t h e o r e t i c a l  
s t u d i e s  and f i e l d  t e s t s  have i n d i c a t e d  
t h a t  t h e  b e s t  chance of s u c c e s s f u l l y  r es -  
c u i n g  t r apped  miners  r e s t s  i n  a  sys tem 
c o n s i s t i n g  of a n  underground narrowband 
t r a n s m i t t e r  and a  s u r f a c e  r e c e i v e r ,  
e i t h e r  used  i n  a  h e l i c o p t e r  o r  hand- 
c a r r i e d  by s u r f a c e  p e r s o n n e l ,  t h a t  would 
b o t h  d e t e c t  t h e  s i g n a l  and l o c a t e  i t s  
o r i g i n .  F i g u r e  1 i l l u s t r a t e s  t h e  p r i n c i -  
p l e  of o p e r a t i o n  of t h e  EM trapped-miner 
s i g n a l i n g  d e v i c e  and a s s o c i a t e d  s u r f a c e  
r e c e i v i n g  hardware. The t r a n s m i t t e r  and 
r e c e i v e r  were developed by C o l l i n s  Ra- 
d i o  ( 1 )  .3 An improved v e r s i o n  h a s  
recenFly  been b u i l t  by General  Ins t rument  
Corp. ( G I )  (5) and is  shown i n  f i g u r e  2 .  

I n  p r a c t i c e ,  t h e  miner would a t t a c h  t h e  
belt-worn t r a n s m i t t e r  t o  a  caplamp bat -  
t e r y  and deploy 300 f t  of /I18 copper  w i r e  
around a  c o a l  p i l l a r .  I f  t h e  loop cannot 
be deployed around a  c o a l  p i l l a r ,  i t  
can  be deployed a l o n g  a  passageway 
where a t t e m p t s  a r e  made t o  maximize 
t h e  loop  a r e a .  The t r a n s m i t t e r  d e l i v e r s  
t o  t h e  loop  a  pu l sed  s q u a r e  wave 
v o l t a g e  of 630, 1,050,  1 ,950,  o r  3,030 Hz 
of 100-msec d u r a t i o n  and a  10-pct du ty  
c y c l e .  The e s t a b l i s h e d  EM f i e l d  i s  
t h e n  d e t e c t e d  by s u r f a c e  pe r sonne l .  Once 

3 ~ s e  of brand names is f o r  i d e n t i f i c a -  
t i o n  purposes o n l y  and does  n o t  imply 
endorsement by t h e  Bureau of Mines. 

FIGURE 2. - Trapped-miner EM transmit ter wi th  

caplanip battery.  

t h e  s i g n a l  i s  d e t e c t e d ,  t h e  s u r f a c e  crew 
dep loys  a  l a r g e  loop  of wire  coupled t o  a  
high-power a u d i o  a m p l i f i e r  t h a t  can be 
used f o r  t r a n s m i t t i n g  v o i c e  comrnunica- 
t i o n s  t o  t h e  t r a p p e d  miner. The under-  
ground t r a n s m i t t e r  c o n t a i n s  a  baseband 
r e c e i v e r  t o  r e c e i v e  t h e  vo ice  s i g n a l s  
from t h e  s u r f a c e ,  and t h e  miner can 



respond i n  code by key ing  t h e  t r a n s m i t t e r  
o f f  and on. F i g u r e  3 shows t h e  l i f e  
expectancy of t h e  caplamp b a t t e r y  when 
o p e r a t i n g  t h e  t r a n s m i t t e r .  The range of 
v a l u e s  was o b t a i n e d  when u s i n g  a n  o l d  
b a t t e r y  w i t h  an  8-hr d i s c h a r g e  t o  a n  
upper  bound where a  new b a t t e r y  w i t h  no 
d i s c h a r g e  was used.  A 2-ohm r e s i s t a n c e  
was used a s  a  load  on t h e  t r a n s m i t t e r  f o r  
t h e s e  r e s u l t s .  From f i g u r e  3 i t  can be 
s e e n  t h a t  t h e  t r a n s m i t t e r  can be expec ted  
t o  o p e r a t e  f o r  approx imate ly  2  t o  4  
days.  

The o b j e c t i v e  of t h e  f i e l d  t e s t s  was 
twofo ld :  F i r s t ,  t o  d e f i n e  a  s i g n a l  
t r a n s m i s s i o n  measurement and a n a l y s i s  
program t o  o b t a i n  a  r e l i a b l e  d a t a  base  
f o r  c h a r a c t e r i z i n g  t h e  s i g n a l  t r ansmis -  
s i o n  p r o p e r t i e s  of overburdens i n  t h e  
U.S. c o a l f i e l d s ;  and second,  t o  u s e  t h i s  
d a t a  base t o  p r e d i c t  t h e  l i k e l i h o o d  of 
s u c c e s s f u l  performance of t h e  EM t rapped-  
miner  s i g n a l i n g  system. The mines sam- 
p l e d  f o r  t h e s e  t e s t s  were s e l e c t e d  from a  
p o p u l a t i o n  of a l l  c o a l  mines on t h e  b a s i s  

of both t h e  overburden d e p t h  and f o r  t h e  
number of miners  employed a t  t h e  mine. 
The sample r e f l e c t e d  concern  both f o r  t h e  
p h y s i c a l  dependence of s i g n a l  p e n e t r a t i o n  
on dep th  and f o r  t h e  number of miners  
exposed t o  p o t e n t i a l  emergencies w i t h i n  
e a c h  d e p t h  i n t e r v a l .  F i g u r e  4  shows t h e  
cumulat ive  d i s t r i b u t i o n  of mines a s  
r e l a t e d  t o  t h e  maximum d e p t h  and demon- 
s t r a t e s  t h a t  approx imate ly  90 p c t  of t h e  
c o a l  mines w i t h i n  t h e  Uni ted  S t a t e s  a r e  
l e s s  t h a n  1 ,000 f t  deep. These tests  
were performed by Westinghouse (17)  - and 
Bureau pe r sonne l .  The a n a l y s i s  of t h e  
d a t a  a s  p r e s e n t e d  i n  t h i s  paper  was pe r -  
formed by p e r s o n n e l  of Arthur  D. L i t t l e  
Inc .  and t h e  Bureau; d e t a i l s  of t h i s  work 
can be found i n  a n  e x c e l l e n t  r e p o r t  by 
Lagace ( 7 ) .  Numerical v a l u e s  of f i e l d  
s t r e n g t h e  and n o i s e  l e v e l s  a r e  s l i g h t l y  
i n  e r r o r  i n  t h e  Lagace r e p o r t  owing t o  
c a l i b r a t i o n  e r r o r s  i n  t h e  an tenna  which 
were d i s c o v e r e d  l a t e r .  Adjustments were 
made, and t h e  d a t a  a r e  c o r r e c t l y  r e p o r t e d  
i n  t h i s  r e p o r t .  

EARTH TRANSMISSION LOSS 

To p r e d i c t  t h e  s u r f a c e  s i g n a l  l e v e l  as 
produced from a n  underground t r a n s m i t t e r ,  
i t  i s  necessa ry  t o  unders tand  t h e  
e x p e c t e d  l o s s  t h e  s i g n a l  i n c u r s  when 
t r a n s m i t t e d  through t h e  e a r t h .  Unfortu- 
n a t e l y ,  t h e  g e o l o g i c a l  s t r u c t u r e  of t h e  
overburden above c o a l  mines d i f f e r s  from 
mine t o  mine, which g i v e s  r i s e  t o  d i f f e r -  
i n g  e l e c t r i c a l  conduc t ing  p r o p e r t i e s .  
T h e r e f o r e ,  f o r  a  g iven  mine d e p t h  i t  can 
be expec ted  t h a t  s i g n a l  t r a n s m i s s i o n  
c h a r a c t e r i s t i c s  w i l l  vary s i g n i f i c a n t l y  
f rom mine t o  mine. Consequent ly ,  one 
must r e l y  on s t a t i s t i c a l  i n f o r m a t i o n  of 
t h e  e a r t h ' s  t r a n s m i s s i o n  l o s s .  A major 
o b j e c t i v e  of t h e  94-mine f i e l d  tes t  was 
t o  o b t a i n  enough d a t a  on t h e  e a r t h ' s  
t r a n s m i s s i o n  l o s s ,  as found over  a l a r g e  
p o p u l a t i o n  of c o a l  mines,  t o  c o n f i d e n t l y  
c h a r a c t e r i z e  expec ted  s i g n a l  l o s s  from a n  
underground t r a n s m i t t e r .  

To i n s u r e  s u c c e s s  i n  o b t a i n i n g  t h e s e  
d a t a  d u r i n g  t h e  f i e l d  tes ts ,  magnet ic  
moments of t h e  underground t r a n s m i t t e r  

were used t h a t  were a r t i f i c i a l l y  h i g h e r  
t h a n  would be expec ted  from a  t r a n s m i t t e r  
t o  be used by a  miner. T h e r e f o r e ,  i n  
most c a s e s ,  an  e a r t h  t r a n s m i s s i o n  l o s s  
v a l u e  f o r  each  mine was ob ta ined .  
A s t r a t e g y  could  t h e n  be forlned t o  
p r e d i c t  t h e  expec ted  s u r f a c e  s i g n a l  
s t r e n g t h  based upon a  g iven  magnet ic  
moment. 

The r o o t  mean-square  (RMS) v a l u e s  of 
t h e  v e r t i c a l  magnet ic  f i e l d ,  H z ,  of a l l  
of t h e  d a t a  t aken  were normal ized 
t o  a  t r a n s m i t t e r  magnet ic  moment ( M )  of 
M = 1  amp-m*. S ince  t h e  s u r f a c e  f i e l d  i s  
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  magnet ic  
moment of t h e  underground t r a n s m i t t e r ,  
t h e  expec ted  l e v e l  of t h e  s u r f a c e  f i e l d  
f o r  a  g iven  t r a n s m i t t e r  could  t h e n  be 
found by a c c o u n t i n g  f o r  t h e  a c t u a l  mag- 
n e t i c  moment used.  Fol lowing t h i s  nor-  
m a l i z a t i o n ,  s t a t i s t i c a l  s t u d i e s  were pe r -  
formed t o  r e l a t e  t h e  s u r f a c e  f i e l d  
s t r e n g t h  and mine d e p t h  a t  each f requency 
t e s t e d .  



TIME, hr 
FIGURE 3, = Caplamp voltage va r i a t~on  wi th  time wh i le  operating the trapped-miner transmitter 

MINE DEPTH, ft 

FIGURE 4. - Cumulat ive d is t r ibut ion of coul mine dep t l ~s  throughout the United States. 



Each normal ized d a t a  p o i n t  can be de- 
n o t e d  a s  S i j ,  where t h e  s u b s c r i p t  i 
r e p r e s e n t s  t h e  s p e c i f i c  f requency and t h e  
s u b s c r i p t  j r e p r e s e n t s  t h e  s p e c i f i c  d e p t h  
of t e s t  f o r  each  mine. Thus, each s u r -  
f  a c e  measurement S  t a k e n  can be con- 
s i d e r e d  a s  a  s i n g l e  o b s e r v a t i o n  of s i g n a l  
s t r e n g t h  a t  a  predetermined f requency and 
overburden d e p t h  l e v e l  a t  a  p a r t i c u l a r  
mine. 

The r e l a t i o n s h i p  between f i e l d  s t r e n g t h  
and mine dep th  was found through r e g r e s -  
s i o n  a n a l y s i s .  T h i s  work assumes t h a t  
t h e  e r r o r s  a r e  normally d i s t r i b u t e d  and 
t h e  v a r i a n c e  is  e q u a l  a c r o s s  t h e  inde-  
pendent v a r i a b l e .  These assumpt ions  were 
c o n s i d e r e d ,  and i t  was concluded t h a t  
meaningful  s t a t i s t i c a l  i n f e r e n c e s  from 
t h e  r e g r e s s i o n  a n a l y s i s  were a c c e p t a b l e .  

S e v e r a l  l i n e a r  r e g r e s s i o n  models were 
hypo thes ized  and t r i e d .  The model found 
t o  b e s t  f i t  t h e  behavior  of t h e  d a t a  i s  
one i n  which t h e  mean v a l u e  of t h e  nor- 
ma l ized  s i g n a l  s t r e n g t h  S  i s  l i n e a r l y  
r e l a t e d  t o  t h e  l o g a r i t h m  of overburden 
dep th .  Th i s  is  shoyn i n  e q u a t i o n  1:  

S i  = a i  + 13 l o g  ( d e p t h )  + E i j. ( 1 )  

Here S  is  t h e  normal ized v e r t i c a l  mag- 
n e t i c  f l e l d  s i g n a l  s t r e n g t h  ( e x p r e s s e d  i n  
d e c i b e l s  r e  1  pamp/m-RMS f o r  t h e  i t h  
f r equency  and d e p t h  j f o r  a  t r a n s m i t  
magne t i c  moment of M = 1  ampm2).  

The pa ramete r s  a and 6 a r e  t o  be 
e s t i m a t e d  from t h e  d a t a ,  where dep th  i s  
known i n  meters .  The parameter  c i j  
r e p r e s e n t s  a  random v a r i a b l e  t h a t  is  nor- 
mal ly  d i s t r i b u t e d ,  w i t h  expec ted  v a l u e  
z e r o  and v a r i a n c e  oZi  j, which i s  t h e  same 
f o r  a l l  v a l u e s  of j. 

The d e r i v e d  r e g r e s s i o n  l i n e s  f o r  each  
of t h e  f o u r  f r e q u e n c i e s  a r e  p l o t t e d  i n  
f i g u r e s  5  through 8. The ~2 s t a t i s t i c ,  a  
measure of goodness of f i t ,  i n d i c a t e s  
t h a t  t h e  l o g - l i n e a r  r e l a t i o n s h i p  i s  
a p p r o p r i a t e .  

Two t y p e s  of i n t e r v a l s  have been es t i -  
mated from t h e  d a t a .  One i s  known a s  a  
conf idence  i n t e r v a l ,  which is  d e f i n e d  a s  
a  range of v a l u e s  computed frorn t h e  sam- 
p l e  t h a t  can be expec ted  t o  i n c l u d e  t h e  
t r u e  ( b u t  unknown) mean v a l u e  w i t h  a  
known p r o b a b i l i t y .  F i g u r e s  9  th rough  12 
d i s p l a y  95-pct conf idence  i n t e r v a l s  w i t h  
dashed l i n e s .  To i l l u s t r a t e  t h i s  concept  
u s i n g  f i g u r e  9,  i t  f o l l o w s  from t h e  
f i e l d  exper iment  t h a t  t h e  p r o b a b i l i t y  i s  
0.95 t h a t  t h e  i n t e r v a l  from -8 t o  -14 db 
i n c l u d e s  t h e  t r u e  mean normal ized s i g n a l  
s t r e n g t h  f o r  a  t r a n s m i t t e r  of magne t i c  
moment M = 1  amp-m2 a t  630 Hz and an 
overburden d e p t h  of 190 f  t .  

While t h e  conf idence  i n t e r v a l  r e p r e -  
s e n t s  a  p r o b a b i l i t y  s t a t e m e n t  about  a  
mean v a l u e  over  many t r i a l s ,  i t  is  a l s o  
of i n t e r e s t  t o  q u a n t i f y  t h e  expec ted  ou t -  
come of a  s i n g l e  t r i a l .  For example, 
what s i g n a l  s t r e n g t h  could  be expec ted  i f  
a  t e s t  were conducted a t  a  predetermined 
f requency  and overburden depth?  Th i s  
s i t u a t i o n  i s  d e p i c t e d  by p r e d i c t i o n  
i n t e r v a l s ,  a l s o  p l o t t e d  i n  f i g u r e s  9  
through 12. To i l l u s t r a t e  t h i s  concep t ,  
a g a i n  u s i n g  f i g u r e  9,  t h e  p r o b a b i l i t y  i s  
0.95 t h a t  a n o t h e r  t e s t  performed a t  
630 Hz a t  a  dep th  of 500 f t  would y i e l d  a  
s i g n a l  s t r e n g t h  between -51 and -24 db. 
Also  p l o t t e d  i n  f i g u r e s  9  through 12,  f o r  
comparison,  i s  a  curve  of t h e  f ree - space  
v e r t i c a l  f i e l d  s t r e n g t h  t h a t  would be 
measured on t h e  s u r f a c e  i n  t h e  absence 
of t h e  l o s s y  overburden media. 
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20 - Surface vertical magnetlc field, Hz, versus log (depth) for 
a transmit moment M= l omp-m2 
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s ion log (depth) model at 1,950 Hz.  
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FIGURE 9. - Uplink regression results for 630- 
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strength versus depth. 
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FIGURE 11. - Uplink regression results for 
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F i g u r e  13 summarizes t h e  no rmal i zed  
a v e r a g e  ove rburden  r e s p o n s e  a s  a  f u n c t i o n  
of  d e p t h  and f r e q u e n c y  by p l o t t i n g  t h e  
f o u r  r e g r e s s i o n  l i n e s  and t h e  f r e e  s p a c e  
c u r v e  on one g r a p h .  T h i s  f i g u r e  shows 
t h a t  t h e  f r e q u e n c y  dependence  of s i g n a l  
s t r e n g t h  i s  r e l a t i v e l y  i n s i g n i f i c a n t  f o r  
d e p t h s  l e s s  t h a n  500 f t ,  and t h a t  t h e  
change a c r o s s  t h e  band i s  o n l y  abou t  
10 db  even  a t  t h e  maximum d e p t h  of 
1 ,500  f t .  

These  summary normal i zed  ove rburden  
r e s p o n s e  p l o t s ,  t o g e t h e r  w i t h  t h e  con- 
f i d e n c e  and p r e d i c t i o n  l e v e l s  of t h i s  
s e c t i o n ,  can  be used  t o  g e n e r a t e  
e s t i m a t e s  of  s i g n a l  s t r e n g t h  produced 
on  t h e  s u r f a c e  above c o a l  mines a s  a  
f u n c t i o n  of ove rburden  d e p t h  and ope r -  
a t i n g  f r e q u e n c y  f o r  t r a n s m i t t e r s  h a v i n g  
any  p r e s c r i b e d  magne t i c  moment v e r s u s  
f r e q u e n c y  c h a r a c t e r i s t i c s  i n  t h e  630- t o  

-80 
150 200 250 300 400 500 700 1,000 1,500 2,000 

OVERBURDEN DEPTH, f t  

FIGURE 13. - Norrnali zed overburden response 

curves-upl ink regression resu l t s :  Average 

surface ver t i ca l  s ignal  strength versus over- 

burden depth by frequency. 

3,030-Hz band. T h i s  assumes t h a t ,  f o r  a  
f i x e d  magne t i c  moment, t h e  s i z e  of t h e  t h a t  t h e  s i z e  of l o o p  used  d u r i n g  t h e  
t r a n s m i t t i n g  l o o p  h a s  no i n f l u e n c e  on t h e  t e s t s  and t h e  t y p i c a l  o f f s e t s  f o r  mea- 
s u r f a c e  f i e l d .  I t  i s  r e c o g n i z e d  t h a t  s u r i n g  t h e  s u r f a c e  f i e l d  were n o t  
t h i s  a s sumpt ion  i s  n o t  t o t a l l y  v a l i d ,  a s  s e v e r e  enough t o  g r e a t l y  i n f l u e n c e  t h e  
d e m o n s t r a t e d  by Wait ( 1 6 ) ,  b u t  i t  i s  f e l t  r e s u l t s .  - 

GENERAL INSTRUMENT TRANSMITTER 

Us ing  t h e  r e s u l t s  of t h e  p r e v i o u s  sec -  
t i o n  on e a r t h  t r a n s m i s s i o n  l o s s  s t a -  6 0 

t i s t i c s ,  t h e  e x p e c t e d  s u r f a c e  s i g n a l  50 

s t r e n g t h s  produced by t h e  r e c e n t l y  deve l -  - 
oped G I  t r a n s m i t t e r  can  be p r e d i c t e d  by I 40 

I- computing t h e  e x p e c t e d  m a g n e t i c  moment a t  z z  30 
e a c h  f r e q u e n c y  and t h e n  t r a n s l a t i n g  e a c h  
o f  t h e  ove rburden  r e s p o n s e  c u r v e s  of f i g -  2 20 * 3 
u r e  1 3  upwards by an  amount e q u a l  t o  t h e  n -  

J I0 
v a l u e s  of t h e  magne t i c  moment e x p r e s s e d  Y ? 
i n  re 1 amp-m2. u v  L a  O 

0 

-10 
The G I  l o o p  a n t e n n a  c o n s i s t s  of 300 f t  5 

of !I18 copper  w i r e ,  a r r a n g e d  i n  a  s q u a r e .  * -20 

T h i s  l o o p  c o n f i g u r a t i o n  was chosen 
because  i t  b e s t  r e p r e s e n t s  t h e  p r a c t i -  -30 

150 200 250 300 400 500 700 1,000 1,500 2,000 
c a l  implemen ta t ion  of t h e  s t r a t e g y  OVERBURDEN DEPTH, f t  

t h a t  t h e  mine r s  w i l l  be i n s t r u c t e d  t o  
f o l l o w .  F i g u r e  14 shows t h e  p r e d i c t e d  FIGURE 14. - P red ic ted  up l ink  response curves fo r  

s u r f a c e  f i e l d  s t r e n g t h  when t h e  G I  t r a n s -  General Instruments transmitter:  Average sur- 

m i t t e r  i s  used.  Also  shown a r e  t h e  face ver t ica l  magnetic f i e l d  signal strength ver- 

e x p e c t e d  magne t i c  moments f o r  e a c h  s i ~ s  depth by frequency. 

f r e q u e n c y  . 

I I I ' I ' I ' I ' ' I " " I  ' I -  
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- 

Magnetic moment 
of GI transmitter 

3,030 383 51 .7 \ 3,030 
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SURFACE EM NOISE 

Two independen t  s e t s  of magne t i c  f i e l d  
n o i s e  measurements were o b t a i n e d  d u r i n g  
t h e  measurement program. The f i r s t  was 
by West inghouse  u s i n g  t h e  C o l l i n s  man- 
c a r r i e d  r e c e i v e r .  T h i s  s e t  of d a t a  was 
found  t o  be i n  e r r o r  owing t o  i n t  ramodu- 
l a t i o n  problems caused by t h e  s i m u l t a n e -  
o u s  measurement of d i s c r e t e  manmade n o i s e  
and  broadband n o i s e .  The second s e t  of 
d a t a  was o b t a i n e d  by a Bureau team pe r -  
fo rming  t e s t s  a t  27 of t h e  mines t e s t e d .  

The Bureau ' s  d a t a  were g a t h e r e d  on t a p e  
and l a t e r  a n a l y z e d  i n  t h e  l a b o r a t o r y .  

For pu rposes  of s i g n a l  d e t e c t a b i l i t y ,  
t h e  RMS v a l u e  of t h e  v e r t i c a l  magne t i c  
f i e l d  i s  of i n t e r e s t .  The s t a t i s t i c a l  
d i s t r i b u t i o n  of t h i s  n o i s e ,  u s i n g  t h e  
Bureau d a t a  b a s e ,  a t  each  f r equency  f o r  a  
r e c e i v e r  bandwidth of 30 Hz i s  shown i n  
f i g u r e s  15 th rough  18. 

SURFACE SIGNAL-TO-NOISE RATIO 

I n  t h e  p r e v i o u s  s e c t i o n s ,  t h e  b e h a v i o r  
of  s i g n a l  d a t a  and n o i s e  d a t a  o b t a i n e d  i n  
t h i s  s t u d y  has  been c h a r a c t e r i z e d  by s t a -  
t i s t i c a l  r e l a t i o n s h i p s .  It h a s  been 
found  t h a t  bo th  t h e  s i g n a l  and n o i s e  d a t a  
a r e  l o g  normal ly  d i s t r i b u t e d .  To deve lop  
a n  u n d e r s t a n d i n g  of d e t e c t i o n  p r o b a b i l -  
i t y ,  i t  i s  n e c e s s a r y  t o  c h a r a c t e r i z e  t h e  
p r o b a b i l i t y  d i s t r i b u t i o n s  of t h e  s u r f a c e  
RMS s i g n a l - t o - n o i s e  r a t i o  (SNK) a t  each  
f r e q u e n c y  . 

The b a s i c  i n p u t  f o r  t h e  d e r i v a t i o n  of 
RMS-SNK e s t i m a t e s  on t h e  s u r f a c e  i s  sum- 
mar i zed  i n  t a b l e  1.  Mean RMS s i g n a l  
s t r e n g t h  and s t a n d a r d  d e v i a t i o n  v a l u e s  a t  
each  f r equency  f o r  d i f f e r e n t  mine d e p t h s  
a r e  g i v e n ,  a d j u s t e d  t o  p e r t a i n  t o  t h e  G I  
t r a n s m i t t e r .  Mean RMS n o i s e  s t r e n g t h s  
and t h e i r  s t a n d a r d  d e v i a t i o n s  a r e  a l s o  
g i v e n  a t  each  f r equency .  

TABLE 1. - Es t ima ted  p a r a m e t e r s  c h a r a c t e r i z i n g  s i g n a l  and n o i s e  --- --- 
d i s t r i b u t i o n s  above c o a l  mines 

>-- 

--- 

------- 
250..................... 
500.. . . . . . . . . . . . . . . .~. . .  .................... -2.90 

ESTIMATED MEAN NOISE I N  LIECIbELS RE 1 pamp/m / 4- ----- 
A l l  dep ths . . . . . . . . . . . . . . . .  .T- 4.3 I -2.8 I -11.3 I -17.1 ...... S t a n d a r d  d e v i a t i o n . .  1 13.5 1 11.5 1 12.5 1 12.5 

The independence  of s i g n a l  and n o i s e  
d i s t r i b u t i o n s ,  i n  a d d i t i o n  t o  t h e  
p r o p e r t y  of n o r m a l i t y  e x h i b i t e d  by each 
d i s t r i b u t i o n ,  p e r m i t s  s t r a i g h t - f  orward 
combina t ion  of t h e  two d i s t r i b u t i o n s  t o  
g e n e r a t e  SNK p r o b a b i l i t y  e s t i m a t e s .  The 
sum ( o r  d i f f e r e n c e )  of two normal ly  and 
i n d e p e n d e n t l y  d i s t r i b u t e d  v a r i a b l e s  i s  
a l s o  normal ly  d i s t r i b u t e d .  

T h i s  pape r  i s  d e s i g n e d  s o  t h a t  t h e  
mean is  p l o t t e d  a t  t h e  50 p e r c e n t i l e  
p o i n t  and t h e  mean p l u s  and minus 
one s t a n d a r d  d e v i a t i o n s  a r e  p l o t t e d  
a t  t h e  16 and 84 p e r c e n t i l e  p o i n t s ,  
r e s p e c t i v e l y .  Such normal p r o b a b i l -  
i t y  p l o t s  a r e  g i v e n  i n  f i g u r e s  19 
th rough  22 f o r  f i v e  d i f f e r e n t  over-  
burden d e p t h s  a t  each  of t h e  f o u r  
f r e q u e n c i e s .  

The SNK d i s t r i b u t i o n s  a r e  c o n v e n i e n t l y  
p l o t t e d  u s i n g  normal p r o b a b i l i t y  pape r .  
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CUMULATIVE NORMAL PROBABILITY, pct 

FIGURE 15. - S ta t i s t i ca l  d i s t r i bu t ion  o f  RMS sur face no ise  at  630 Hz. 
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CUMULATIVE NORMAL PROBABILITY, pct 

FIGURE 16. - S ta t i s t i ca l  d i s t r i bu t ion  o f  RMS surface no ise  a t  1,050 Hz. 
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CUMULATIVE NORMAL PROBABILITY, pct 

FIGURE 17, = S ta t i s t i ca l  d i s t r i bu t ion  o f  RMS surface no ise at  1,950 H z  

CUMULATIVE NORMAL PROBABILITY, pct 

FIGURE 18. - S ta t i s t i ca l  d i s t r i bu t ion  of  RMS surface no ise at  3,030 Hz. 





CUMULATIVE NORMAL PROBABILITY, Pr(SNR i R, db), pct 

CUMULATIVE NORMAL PROBABILITY, Pr(SNR i R, db), pct 



These  f o u r  f i g u r e s  p r o v i d e  a  s t r a i g h t -  p r o v i d e s  t h e  p r o b a b i l i t y  of a c h i e v i n g  a n  
f o r w a r d  method t o  e s t i m a t e  t h e  p r o b a b i l -  SNR v a l u e  l e s s  t h a n  o r  e q u a l  t o  R, . 
i t y  of h a v i n g  v a r i o u s  SNR's i n  a c t u a l  T a b l e  2 shows t h e  p r o b a b i l i t y  of a c h i e v -  
p r a c t i c e  . The v e r t i c a l  a x i s  r e p r e s e n t s  i n g  a n  SNR of i n t e r e s t  f o r  e a c h  f r e q u e n c y  
t h e  a r e a  u n d e r  t h e  normal c u r v e  f rom a t  d i f f e r e n t  d e p t h s  . 
minus i n f i n i t y  t o  some SNR v a l u e  R, and 

TABLE 2 . . P r o b a b i l i t y  of a c h i e v i n g  a  s i g n a l - t o - n o i s e  r a t i o  of i n t e r e s t  
above  c o a l  mines  u s i n g  G e n e r a l  I n s t r u m e n t  t r a n s m i t t e r s  

S i g n a l - t o - n o i s e  r a t i o .  db  1 2 5 0  i t  1 500 f t  1 1. 000 f t  1 1. 500 f t  

....................... Less  t h a n  -3 

Above 12 ........................... 
1 .  95 (  

Less  t h a n  -3 ....................... 

Less  t h a n  -3 ....................... 
-3 t o  0 ............................. 
0 t o  3 ............................. 
3 t o  6 ............................. 
6 t o  9 ............................. 
9 t o  12 ............................ 
Above 12 ........................... 

Above 12 ........................... 
3 .  03(  

0.5306 . 0821 . 0773 . 0697 . 0602 . 0497 . 1304 

L e s s  t h a n  -3 ....................... 
-3 t o  0 ............................ 
0 t o  3 ............................. 
3 t o  6 ............................. . 0845 ............................. 6 t o  9 . 0010 . 0809 
9 t o  12 ............................ . 07 40 

0.0057 
0045 . 0072 . 0113 . 0167 . 0238 . 9308 

0.7993 . 0535 . 0430 . 033 1 . 0243 . 0172 . 0296 

Above 12 ........................... . 99601 . 84411 . 2646 1 . 0561 

0.1101 . 0446 . 0552 . 0653 . 0740 . 0802 . 5707 

It i s  i n s t r u c t i v e  t o  o b s e r v e  t h e  behav- per formance  o c c u r s  i n  t h e  upper  p a r t  of 
i o r  of p r o b a b i l i t y  e s t i m a t e s  a s s o c i a t e d  t h e  f r e q u e n c y  band even  though more l o s s  
w i t h  e x c e e d i n g  a  g i v e n  SNR a s  a  f u n c t i o n  o c c u r s  th rough  t h e  e a r t h  a t  t h e  h i g h e r  
o f  ove rburden  d e p t h  and f r e q u e n c y  . Fig-  f r e q u e n c i e s  . T h i s  c a n  be e x p l a i n e d  by 
u r e  23 g i v e s  t h e  p r o b a b i l i t y  of t h e  RMS t h e  r a p i d  d e c r e a s e  i n  s u r f a c e  n o i s e  l e v e l  
s i g n a l  b e i n g  a t  l e a s t  g r e a t e r  t h a n  a s  f r e q u e n c y  i n c r e a s e s  . 
t h e  RMS n o i s e  . Note t h a t  t h e  b e s t  



KEY - -  1,950 

OVERBURDEN DEPTH, f t  
FIGURE 23, - P robab i l i t y  that  mean RMS s igna l  i s  greater than or equal  t o  Rh4S no ise  for 

the Genera I Instruments t ransmit ter .  

SIGNAL DETECTION CRITERIA 

R e c o a n i t i o n  D i f f e r e n t i a l  Method 

The s u c c e s s  of a r e s c u e  e f f o r t  when 
u s i n g  a t rapped-miner  t r a n s m i t t e r  rests 
o n  t h e  a b i l i t y  of  s u r f a c e  p e r s o n n e l  t o  
c o n f i d e n t l y  d e t e c t  t h e  s i g n a l  from t h e  
underground t r a n s m i t t e r .  The p u l s e d  s i g -  
n a l s  from t h e  underground t r a n s m i t t e r s  
a r e  d e t e c t e d  by s e a r c h e r s  c a r r y i n g  r e s c u e  
r e c e i v e r s  equ ipped  w i t h  a  handheld  l o o p  
a n t e n n a  and h e a d s e t s .  The mode of d e t e c -  
t i o n  i s  a u r a l ,  based  on t h e  h e a d s e t  s i g -  
n a l s  p e r c e i v e d  by t h e  e a r .  It i s  t h e n  
n e c e s s a r y  t o  e s t a b l i s h  a r e l a t i o n s h i p  
be tween t h e  n a t u r e  of  t h e  s i g n a l ,  SNR, 
and  t h e  p r o b a b i l i t y  of a u r a l  s i g n a l  
d e t e c t i o n .  

The a s p e c t s  of t h e  s i g n a l  t h a t  i n f l u -  
e n c e  d e t e c t i o n  a r e  ( a )  f r e q u e n c y ,  
( b )  s i g n a l  l e n g t h ,  and ( c )  s i g n a l  r e p e t i -  
t i o n .  The p r imary  a s p e c t  of  t h e  n o i s e  

f o r  d e t e c t i o n  c o n s i d e r a t i o n s ,  b e s i d e s  i t s  
l e v e l ,  i s  i t s  bandwidth.  How e a c h  of 
t h e s e  p a r a m e t e r s  a f f e c t s  t h e  s i g n a l  
d e t e c t i o n  c a p a b i l i t y  must be u n d e r s t o o d ;  
t h e n  t h e i r  r e s u l t s  c a n  be combined t o  
g e n e r a t e  a p r o b a b i l i t y - o f - d e t e c t i o n  c u r v e  
a s  a f u n c t i o n  of SNR. 

The p r e s e n t  r e c e i v e r  mixes t h e  r e c e i v e d  
s i g n a l  w i t h  a n  i n t e r n a l  o s c i l l a t o r  t o  a  
h i g h e r  f r e q u e n c y  f o r  p u r p o s e s  of narrow- 
band f i l t e r i n g ,  and t h e n  mixes t h e  f i l -  
t e r e d  s i g n a l  a g a i n  t o  p r e s e n t  a l i s t e n i n g  
s i g n a l  of  978 Hz t o  t h e  o p e r a t o r .  The 
a b i l i t y  t o  d e t e c t  a  t o n e  masked by broad- 
band n o i s e  as a f u n c t i o n  of f r e q u e n c y  h a s  
been s t u d i e d  by Urick  (15) .  - I n  t h i s  
work, a n  e n t i t y  known a s  c r i t i c a l  band- 
w i d t h  evo lved .  When t h e  e a r  l i s t e n s  f o r  
a t o n e ,  i t  a c t s  a s  a  narrowband f i l t e r  
c e n t e r e d  a t  t h e  s i g n a l  f r equency .  The 
masking of t h e  s i g n a l  by t h e  n o i s e  w i l l  



on ly  be i n £  luenced by t h e  n o i s e  w i t h i n  sys t ems  w i t h  bandwidths a p p r o x i m a t e l y  
t h i s  c r i t i c a l  band. Noise o u t s i d e  t h i s  one-half  t h e  c r i t i c a l  bandwidth w i l l  
band w i l l  have no i n f l u e n c e  on s i g n a l  behave i n  t h e  same manner d e t e c t i o n - w i s e  
d e t e c t a b i l i t y .  F i g u r e  24 i l l u s t r a t e s  t h e  a s  t h o s e  h a v i n g  a  sys t em bandwidth e q u a l  
c r i t i c a l  bandwidth v a l u e s  a s  a  f u n c t i o n  t o  t h e  c r i t i c a l  bandwidth. T h e r e f o r e ,  
of  f r equency  and shows t h a t  c r i t i c a l  f o r  pu rposes  of t h e  trapped-miner sys t em,  
bandwidth i s  approx ima te ly  60 Hz a t  t h e  a n  SNK of 23-10 l o g  30 = 8 db is needed 
978-Hz l i s t e n i n g  f r e q u e n c y  of t h e  r e s c u e  t o  y i e l d  a  50-pct p r o b a b i l i t y  of 
r e c e i v e r s  ( 1 5 ) .  - d e t e c t  i on .  

The e f f e c t  of t h e  l e n g t h  of a  p u l s e d  
t o n e  i s  shown i n  f i g u r e  25. Psychoacous- 
t i c  d a t a  t a k e n  by a  number of i n v e s t i g a -  
t o r s  a r e  combined i n  t h i s  f i g u r e  t o  show 
t h e  " r e c o g n i t i o n  d i f f e r e n t i a l "  r e q u i r e d  
v e r s u s  p u l s e  l e n g t h  f o r  a  50-pct proba- 
b i l i t y  of d e t e c t i o n  ( 1 5 ) .  The r ecogn i -  
t i o n  d i f f e r e n t i a l  i s  tG amount i n  d e c i -  
b e l s  by which t h e  s i g n a l  l e v e l  needs  t o  
exceed  t h e  measured n o i s e  spec t rum l e v e l  
( n o i s e  l e v e l  i n  1  Hz w i t h i n  c r i t i c a l  band 
of  i n t e r e s t )  t o  p r o v i d e  a  50-pct proba- 

A f i n a l  f a c t o r  a f f e c t i n g  d e t e c t i o n  i s  
t h e  s i g n a l  r e p e t i t i o n  r a t e .  Garne r  ( 4 )  
p r o v i d e s  d a t a  on t h e  e f f e c t  of t h e  
r e p e t i t i o n  of a  p u l s e d  t o n e  on s i g n a l  
d e t e c t a b i l i t y .  F i g u r e  26 i l l u s t r a t e s  
t h e s e  f i n d i n g s .  T h i s  work shows t h a t  a s  
t h e  r e p e t i t i o n  r a t e  of a  50-msec p u l s e  of 
a  1,000-Hz s i g n a l  i s  changed f rom 1  p e r  
4  s e c  t o  1  p e r  s e c ,  2  d b  less SNR i s  
r e q u i r e d .  Reviewing G a r n e r f s  d a t a  would 
i n d i c a t e  t h a t  an  even  g r e a t e r  improvement 
n i g h t  be e x p e c t e d  f o r  t h e  t rapped-miner  

b i l i t y  of d e t e c t i o n .  t r a n s m i t t e r ,  but  t h e  l a c k  of d a t a  a t  
r e p e t i t i o n  r a t e s  l e s s  t h a n  1  p e r  4  s e c  

The G I  t r a n s m i t t e r s  have a f i x e d  p u l s e  p r e c l u d e s  a  g u a r a n t e e  of t h i s .  There-  
d u r a t i o n  of 100 msec, which p r e s c r i b e s  a  f o r e ,  a  c o n s e r v a t i v e  2-db improvement 
r e c o g n i t i o n  d i f f e r e n t i a l  of 23 d b  t o  v a l u e  w i l l  he used .  The 50-pct proba- 
a c h i e v e  a  50-pct p r o b a b i l i t y  of d e t e c -  b i l i t y  of d e t e c t i o n  SNK c r i t e r i o n  of (8- 
t i o n .  To d e t e r m i n e  t h e  s i g n i f i c a n c e  of 2 )  db ,  o r  6  db,  w i l l  be used .  
t h e  23-db r e c o g n i t i o n  d i f f e r e n t i a l  i n  
terms of r e q u i r e d  SNK, a  bandwidth must T h i s  work q u a n t i f i e s  t h e  n e c e s s a r y  SNK 
be chosen.  The bandwidth used  i n  t h e  t o  e s t a b l i s h  a  50-pct d e t e c t i o n  p r o b a b i l -  
r e c e i v e r  i s  30 Hz, one-half  of t h e  c r i t i -  i t y .  It i s  a l s o  n e c e s s a r y  t o  e x t e n d  t h i s  
c a l  bandwidth of t h e  e a r  a t  t h e  l i s t e n i n g  work t o  d e t e r m i n e  d e t e c t i o n  p r o b a b i l i t i e s  
f r e q u e n c y .  It i s  assumed h e r e  t h a t  t h e  a t  any o t h e r  SNK. The r e s u l t s  of t h i s  
n o i s e  r e a c h i n g  t h e  o p e r a t o r ' s  e a r  i s  e x t e n s i o n  a r e  shown i n  f i g u r e  27 and 
produced s o l e l y  by t h e  r e c e i v e r  and t h a t  t a b l e  3. T h i s  p l o t  can  be used  w i t h  t h e  
t h e  a t t e n u a t i o n  p rov ided  by t h e  h e a d s e t  e a r l i e r  e s t a b l i s h e d  e x p e c t e d  SNK f o r  t h e  
i s  s u f f i c i e n t  t o  j u s t i f y  d i s r e g a r d i n g  underground G I  t r a n s m i t t e r  t o  e s t a b l i s h  
ambient  a c o u s t i c  n o i s e  i n  t h e  a r e a  of t h e  s i g n a l  d e t e c t i o n  p r o b a b i l i t i e s .  
o p e r a t o r .  S t u d i e s  ( 1 0 )  have shown t h a t  - 

TABLE 3. - P r o b a b i l i t y  of s i g n a l  d e t e c t i o n  by o b s e r v e r  v e r s u s  s i g n a l - t o - n o i s e  
r a t i o  f o r  t h e  r e c o g n i t i o n  d i f f e r e n t i a l  method 

S i g n a l - t o - n o i s e  P r o b a b i l i t y  of 
r a t i o ,  db d e t e c t i o n  

S i g n a l - t  o-noise  P r o b a b i l i t y  of 
r a t i o ,  db d e t e c t i o n  
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REPETITION RATE, tones per second 
FIGURE 26. - E f fec t  of repet i t inr :  rute o f  short tones on the masked threshold.  
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FIGURE 27. - Aural  probabi l i ty  of detect ion versus RMS s igna l - to-no ise ra t i o  for trapped miner 
pulsed w i t h  the s igna ls  in  Gaussian background no ise.  
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R e c e i v e r  O p e r a t i n g  C h a r a c t e r i s t i c  Method -- 

The r e c o g n i t i o n  d i f f e r e n t i a l ,  a s  d i s -  
c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  may pro- 
v i d e  m i s l e a d i n g  c o n c l u s i o n s  s i n c e  t h e  
p e r c e n t a g e  of c o r r e c t l y  i d e n t i f i e d  s i g -  
n a l s  i s  g i v e n  unaccompanied by informa-  
t i o n  abou t  e i t h e r  f a l s e  a l a rms  o r  c o r r e c t  
r e j e c t i o n s .  T h i s  problem o c c u r s  because  
a s sumpt ions  made abou t  an  o b s e r v e r ' s  per-  
f  orlnance a r e  no t  n e c e s s a r i l y  c o r r e c t .  I f  
t h e  o b s e r v e r  i s  t o l d  t o  be c e r t a i n  t h a t  a  
s i g n a l  i s  p r e s e n t ,  t h e n  t h e  curve  of f i g -  
u r e  27 would be s h i f t e d  t o  t h e  r i g h t  and 
t h e  r e c o g n i t i o n  d i f f e r e n t i a l  would be 
h i g h e r .  I f ,  however, t h e  o b s e r v e r  i s  
t o l d  t o  be very  s u r e  no t  t o  miss  any s i g -  
n a l s ,  t h e n  t h e  curve  of f i g u r e  27 would 
be s h i f t e d  t o  t h e  l e f t .  I n  t h e  f i r s t  
c a s e ,  t h e  o b s e r v e r  misses  t h e  s i g n a l  more 
o f t e n ;  i n  t h e  second c a s e ,  t h e  o b s e r v e r  
p roduces  more f a l s e  a l a rms .  I d e a l l y  i t  
would be d e s i r a b l e  t o  have a  c r i t e r i o n -  
f r e e  measure i n  o r d e r  t o  make meaningful  
s t a t e m e n t s  abou t  a n  o b s e r v e r ' s  perform- 
a n c e  i n  s i g n a l  d e t e c t i o n .  

F o r t u n a t e l y ,  t h i s  c r i t e r i o n - f r e e  mea- 
s u r e  can be o b t a i n e d  from e a r l i e r  
work by P e t e r s o n  (10) on t h e  t h e o r y  of 
s i g n a l  d e t e c t a b i l i t y - ( ~ s ~ ) .  T h i s  work 
r e l a t e s  s t a t i s t i c a l  d e c i s i o n  t h e o r y  t o  
t h e  g e n e r a l  d e t e c t i o n  problem. The 
t h e o r y  was o r i g i n a l l y  developed t o  
d e s c r i b e  ma themat ica l ly  i d e a l  o r  o p t i m a l  
d e t e c t i o n  p r o c e s s e s ,  but  i t  has  become 
a p p a r e n t  t h a t  i t  r e p r e s e n t s  a  good 
approx imat ion  t o  a  d e s c r i p t i v e  t h e o r y  
of human d e t e c t i o n  and r e c o g n i t i o n  
b e h a v i o r  (13). - 

The fundamenta l  d e t e c t i o n  problem of 
TSD d e f i n e s  two p a r a m e t e r s ,  t h e  i n d e x  of 
d e t e c t a b i l i t y  ( d ' )  and t h e  t h r e s h o l d  
c r i t e r i o n  ( c ) ,  which when combined pro- 
v i d e  a  u s e f u l  measure of performance.  To 
u n d e r s t a n d  t h e  concept  of t h e s e  two 
p a r a m e t e r s ,  r e f e r  t o  f i g u r e  28. P l o t t e d  
i n  t h i s  f i g u r e  a r e  t h e  p r o b a b i l i t y  den- 
s i t y  f u n c t i o n s  f o r  n o i s e  a l o n e  (N) and 
f o r  s i g n a l  p l u s  n o i s e  (SN). The mean of 
t h e  N d i s t r i b u t i o n  has  been p l a c e d  a t  
z e r o  s o  t h a t  d '  i s  r e a d  d i r e c t l y  a s  t h e  
p o s i t i o n  a l o n g  t h e  a b s c i s s a  of t h e  mean 
of t h e  SN d i s t r i b u t i o n .  

The d i s t a n c e  between t h e  means may be 
r e g a r d e d  a s  a  measure of t h e  o b s e r v e r ' s  
s e n s i t i v i t y .  It i s  a  measure of t h e  d i f -  
f e r e n c e  i n  s e n s o r y  re sponse  t o  n o i s e  and 
s i g n a l  p l u s  n o i s e  s t i m u l i  and i s  ana lo -  
gous t o  SNK. However, d e s p i t e  t h i s  c l o s e  
ana logy ,  i t  i s  i m p o s s i b l e  t o  a s s i g n  
d e f i n i t e  v a l u e s  of SNR t o  d ' .  The v a l u e  
c  a s  shown i n  f i g u r e  28 i s  analogous  t o  a  
t h r e s h o l d ,  and i n  t h e  c a s e  f o r  d ' ,  no 
d e f i n i t e  v a l u e  can be a s s i g n e d  t o  i t .  

To o b t a i n  a  measure of d '  and c  and of 
t h e  e f f e c t i v e n e s s  of t h e  t e s t  sys tem,  a n  
exper iment  i s  performed i n  which an  
o b s e r v e r  i s  p rov ided  a  s e r i e s  of observa-  
t i o n  p e r i o d s .  A t  t h e  end of each  p e r i o d ,  
t h e  o b s e r v e r  r e p o r t s  h i s  o r  h e r  observa-  
t i o n  a s  n o i s e  o n l y ,  o r  a s  s i g n a l  p l u s  
n o i s e .  To accompl i sh  t h i s  t a s k ,  t h e  
o b s e r v e r  e s t a b l i s h e s  a  c r i t e r i o n ,  r e p r e -  
s e n t e d  by c  of f i g u r e  28,  and responds  
"no" when a  p a r t i c u l a r  o b s e r v a t i o n  i s  
l e s s  t h a n  c  and "yes" when i t  i s  
g r e a t e r .  

FIGURE 28. - N and SN d is t r ibut ions showing d' and c relat ionships. 



Of t h e  two parameters  of i n t e r e s t ,  d '  
i s  f i x e d  by t h e  exper imenta l  c o n d i t i o n s  
and d e f i n e s  t h e  l i m i t a t i o n  imposed on t h e  
o b s e r v e r  by t h e  c h a r a c t e r i s t i c s  of N and 
SN, and by h i s  o r  h e r  own s e n s i t i v i t y  t o  
t h e s e  c h a r a c t e r i s t i c s .  The o b s e r v e r  t o  
some degree  c o n t r o l s  c ,  but  t h i s  con- 
t r o l  i s  t o  a  l a r g e  e x t e n t  d i c t a t e d  
by t h e  p h y s i o l o g i c a l  framework of t h e  
t e s t .  

I n  a  t y p i c a l  t e s t ,  a s  d i s c u s s e d  e a r -  
l i e r ,  t h e  o b s e r v e r  may be g iven  such 
i n s t r u c t i o n s  a t  t h e  s t a r t  of t h e  t e s t  a s  
"Don't miss any s i g n a l s , "  o r  "Be very 
s u r e  you have a  s i g n a l  when you say  yes.  " 
What i t  is  necessa ry  t o  do t h e n  i s  t o  
s t r u c t u r e  t h e  t e s t  p r o p e r l y  i n  o r d e r  t o  
o b t a i n  r e s u l t s  t h a t  w i l l  both  demonstra te  
t h e  o b s e r v e r ' s  a b i l i t y  t o  a c c u r a t e l y  
d e t e c t  t h e  s i g n a l  and p rov ide  a  measure 
of t h e  f a l s e  a la rm r a t e .  A form t h a t  
p r o v i d e s  t h i s  d e s i r e d  r e s u l t  is  commonly 
known a s  t h e  r e c e i v e r  o p e r a t i n g  charac-  
t e r i s t i c  (ROC) curve and i s  i l l u s t r a t e d  
i n  f i g u r e  29. 

The ROC curve can be g e n e r a t e d  d i r e c t l y  
f rom t h e  N and SN d i s t r i b u t i o n s  of f i g -  
u r e  28. The a r e a  under t h e  N d i s t r i b u -  
t i o n  t o  t h e  r i g h t  of c  r e p r e s e n t s  t h e  

FIGURE 29. - Receiver operat ing character is t ic  
curve. 

p r o b a b i l i t y  of f a l s e  a larm,  P(Y I N). The 
a r e a  under  t h e  SN d i s t r i b u t i o n  t o  t h e  
r i g h t  of c  r e p r e s e n t s  t h e  p r o b a b i l i t y  of 
d e t e c t i o n ,  P(Y ( SN) . Each p o s s i b l e  va lue  
of c  g e n e r a t e s  a  p a i r  of va lues  t h a t  may 
be mapped a s  a  p o i n t  i n  t h e  P(Y 1SN)- 
P(YIN) p lane  a s  shown i n  f i g u r e  29. The 
d '  parameter  va lue  i s  t h e  d i s t a n c e  a l o n g  
t h e  n e g a t i v e  d i a g o n a l  between t h e  ROC 
curve and t h e  chance l i n e .  Thus, a  s e t  
of v a l u e s  of d '  d e f i n e s  a  family  of ROC 
curves .  

I n  p r a c t i c e ,  t h e  s i m p l e s t  way t o  o b t a i n  
t h e  d '  v a l u e  i s  t o  p r e s e n t  t o  t h e  
observer  a  s e r i e s  of t e s t s  i n  which a  
s i g n a l  may o r  may not  be p r e s e n t  on each 
t e s t .  From t h e s e  t e s t s ,  r e s u l t s  a r e  
ob ta ined  on t h e  p r o b a b i l i t y  of c o r r e c t l y  
i d e n t i f y i n g  a  s i g n a l ,  P(YISN); p r o b a b i l -  
i t y  of f a l s e  a larm,  P(YIN); p r o b a b i l i t y  
of a  miss, P(NlSN); and p r o b a b i l i t y  of a  
c o r r e c t  r e j e c t i o n ,  P(NI N) . These v a l u e s  
may t h e n  be used t o  e n t e r  a  t a b l e  of 
a r e a s  under a  u n i t  a r e a  normal d i s t r i b u -  
t i o n  t o  o b t a i a  d ' .  However, t h i s  y i e l d s  
only  one p o i n t  on an o p e r a t i n g  charac-  
t e r i s t i c  on t h e  n e g a t i v e  d iagona l .  Since  
t h e  whole ROC curve p rov ides  impor tan t  
a d d i t i o n a l  in fo rmat ion ,  i t  is  d e s i r a b l e  
t o  use  a  method t h a t  a l lows  s e v e r a l  
p o i n t s  t o  be p l o t t e d  and an ROC curve t o  
be f i t t e d  t o  them. Such a  method, c a l l e d  
t h e  r a t i n g - s c a l e  method, i s  made p o s s i b l e  
by g i v i n g  t h e  observer  more t h a n  two 
response  a l t e r n a t i v e s ,  which a l l o w s  t h e  
observer  t o  adopt  s e v e r a l  t h r e s h o l d  
c r i t e r i a  s imul taneous ly .  This  i s  done by 
a s k i n g  t h e  observer  t o  r a t e  each  t e s t  
d u r i n g  which a  s i g n a l  might have been 
p r e s e n t e d  on a  four -po in t  r a t i n g  s c a l e ;  
f o r  example-- 

0 - Confident ,  s i g n a l  a b s e n t  

1 - Less c o n f i d e n t ,  s i g n a l  a b s e n t  

2  - Less c o n f i d e n t ,  s i g n a l  p r e s e n t  

3 - Confident ,  s i g n a l  p r e s e n t  

Such a  four -po in t  r a t i n g  s c a l e  g i v e s  
t h r e e  p o i n t s  on a n  ROC curve.  I f  t h e s e  
a r e  p l o t t e d  on normal-normal p r o b a b i l i t y  
paper ,  a b e s t - f i t  l i n e  may be drawn and 
d '  ob ta ined  from t h e  graph. 



PROBABILITY OF DETECTION ESTIMATES 

R e c o g n i t i o n  D i f f e r e n t i a l  Method 

I n  a n  a c t u a l  mine emergency s i t u a t i o n ,  
many f a c t o r s  i n f l u e n c e  t h e  chances  of 
r e s c u i n g  t h e  miner s ,  i n c l u d i n g  t ime of 
a r r i v a l  of t h e  r e s c u e  team, l i f e  expec t -  
ancy of t h e  m i n e r s ,  s e a r c h  t i m e s ,  and 
o p e r a t i o n  t ime of t h e  underground t r a n s -  
m i t t e r .  T h i s  r e p o r t  h a s  no t  d i s c u s s e d  
t h e s e  p o i n t s  but  r a t h e r  has  i n v e s t i g a t e d  
t h e  d e t e c t i o n  p r o b a b i l i t y  f o r  an  e x i s t i n g  
s i g n a l  b e i n g  measured by a  r e s c u e  team i f i  

a n  a r e a  t h a t  i n  g e n e r a l  i s  d i r e c t l y  ove r  
a  t r a p p e d  miner.  Even w i t h i n  t h i s  mea- 
s u r e m e n t ,  t h e r e  a r e  f a c t o r s  such  a s  geo l -  
ogy,  n o i s e ,  and d e p t h  t h a t  i n f l u e n c e  t h e  
p r o b a b i l i t y  of s u c c e s s .  Although t h e s e  
f a c t o r s  p r e c l u d e  our  s t a t i n g  t h e  s u c c e s s  
of  t h i s  measurement i n  a  d e t e r m i n i s t i c  
manner, we can,  a s  o u t l i n e d  i n  t h i s  
p a p e r ,  q u a n t i f y  our  chances i n  a  proba- 
b i l i s  t i c  framework. 

The p r o b a b i l i t y  of d e t e c t i o n  cu rve  i n  
f i g u r e  27 a c t u a l l y  r e p r e s e n t s  a  condi-  
t i o n a l  p r o b a b i l i t y ;  t h a t  i s ,  t h e  l i k e l i -  
hood t h a t  d e t e c t i o n  w i l l  occur  g i v e n  t h e  
p r e s e n c e  of a  f i x e d  KMS SNR. A s  a  con- 
s e q u e n c e ,  t h e  chance of d e t e c t i n g  a  s i g -  
n a l  t r a n s m i t t e d  th rough  t h e  e a r t h  can be 
c a l c u l a t e d  a c c o r d i n g  t o  

where P(D and q )  r e p r e s e n t s  t h e  proba- 
b i l i t y  of a c h i e v i n g  a n  SNK of s i z e  RK and 

a l s o  d e t e c t i n g  t h e  s i g n a l  i n  t h e  n o i s e .  
P(RK) i s  t h e  p r o b a b i l i t y  of t h e  occur-  
r e n c e  of an  SNR of s i z e  RK , and P(D (%)  
i s  t h e  c o n d i t i o n a l  p r o b a b i l i t y  of d e t e c t -  
i n g  a  s i g n a l  g i v e n  a n  SNR of s i z e  R K o  

F i g u r e  27 g i v e s  P(D1 %),  and f i g u r e s  19 
th rough  22 show t h e  SNR p r o b a b i l i t y  d i s -  
t r i b u t i o n s .  The l a t t e r  f i g u r e s  show t h a t  
t h e s e  p r o b a b i l i t i e s  depend on f r equency  
and dep th .  Using a d d i t i o n a l  s u b s c r i p t s  
t o  accoun t  f o r  t h e s e  p a r a m e t e r s ,  t h e  
p r o b a b i l i t y  of a c h e i v i n g  a n  SNR of s i z e  
RK and d e t e c t i n g  t h e  s i g n a l  t r a n s m i t t e d  
f rom a  d e p t h  i a t  f r equency  j i s  

P i j k  (D and % )  = P i j  (RK) x P ( D I q ) .  ( 3 )  

However, t h e  pr imary r e s u l t  i s  t h e  
e x p e c t e d  p r o b a b i l i t y  of d e t e c t i n g  a  s i g -  
n a l  t r a n s m i t t e d  a t  a  s p e c i f i e d  d e p t h  f o r  
a  known f requency  summed over  a l l  pos- 
s i  b l e  RK ' s . This  i s  g i v e n  a s  

These p r o b a b i l i t y  fo rmulas  and concep t s  
c a n  b e s t  be i l l u s t r a t e d  by a  r iumerical  
example. For a  t r a n s m i s s i o n  f r equency  of 
3 , 0 3 0 H z  a t  an  overburden d e p t h  of 
1 ,000  f t ,  t h e  d a t a  from t a b l e  2 ,  a l s o  
g i v e n  i n  t a b l e  4 ,  can  be used  w i t h  t h e  
r e s u l t s  shown i n  f i g u r e  27 t o  o b t a i n  
p r o b a b i l i t y  of d e t e c t i o n  f o r  e a c h  SNR 
i n t e r v a l .  

TABLE 4. - D e t e c t i o n  p r o b a b i l i t i e s  

S igna l - to -no i se  
r a t i o  i n t e r v a l ,  

d b  
Less  t h a n  -3.. ... 
-3 t o  O . . . . . . . . . .  
0  t o  3 . . . . . . . . . . .  
3  t o  6  ........... 
6 t o  9 . . . . . . . . . . .  
9  t o  12... . . . . . . .  
Above 12. . . . . . . . .  

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

i n  i n t e r v a l  
0.3314 

.0804 

.0843 

.0845 

.0809 

.0740 

.2646 

I n t e r v a l  
midpo in t ,  

db 
Less t h a n  -3 

-1.5 
1.5 
4.5 
7.5 

10.5 
Above 12 

P r o b a b i l i t y  of 
d e t e c t i o n  a t  

midpoint  
0.00 

.OO 

.OO 

.15 

.85 

.99 
1.00 



Applying t h e  summation fo rmula ,  equa- d e t e c t i o n  a t  1,000 f t  and a  f r equency  of 
t i o n  4 ,  t h e  expec ted  p r o b a b i l i t y  of 3,030 Hz is  e s t i m a t e d  t o  be-- 

The i n t e r p r e t a t i o n  of t h i s  q u a n t i t y  is  t h e  r e c o g n i t i o n  d i f f e r e n t i a l  method of 
t h a t  a  s i g n a l  t r a n s m i t t e d  a t  3,030 Hz o b s e r v e r  d e t e c t i o n .  
th rough  a n  overburden dep th  of 1 ,000 f t  
h a s  a  43-pct p r o b a b i l i t y  of be ing  F i g u r e  30 shows t h e  e x t e n s i o n  of t h e s e  
d e t e c t e d  on t h e  s u r f a c e  i n  t h e  g e n e r a l  c a l c u l a t i o n s  t o  o t h e r  f r e q u e n c i e s  and 
a r e a  above t h e  t r a n s m i t t e r  when u s i n g  dep ths .  

- 
KEY --- - 1,950 Hz - 

3,030 Hz 
- - 1,050 Hz - 

om--- Q 630 Hz 
- - 

- - 

- - 

- 

- 

- 

OVERBURDEN DEPTH, ft 

FIGlJRE 30. - Pred ic ted probabi l i ty  of s igna l  detect ion versus overburden depth by frequency for the 

GI t ransmit ter  as found by the recogni t  ion d i f f e ren t ia l  method. 



Receiver  Operat ing C h a r a c t e r i s t i c  Method 

I n  work by R i s t e n b a t t  (11) t e s t s  w e r e  
performed t o  v e r i f y  t h e  s z n a l  de t ec t a -  
b i l i t y  performance of t h e  p re sen t  system. 
Tes t s  were done us ing  n i n e  observers  and 
t h e  a c t u a l  t r a n s m i t t e r  and r ece ive r .  The 
s i g n a l  from t h e  t r a n s m i t t e r  was mixed 
wi th  wideband wh i t e  n o i s e  and en t e r ed  
i n t o  t h e  r e c e i v e r  a t  i n p u t  SNR of 0 db, 
3 db, and 6 db. The a c o u s t i c  ou tput  of 
t h e  r e c e i v e r  was t h e n  connected t o  a 
headse t  worn by t h e  observer .  Each 
obse rve r  was exposed t o  a s e r i e s  of 
100 t r i a l s  a t  each i n p u t  SNR. Each t r i a l  
l a s t e d  f o r  15 sec.  A f t e r  each 15-sec 
pe r iod ,  t h e  observer  chose one of f o u r  
s c a l e d  responses  a s  d i scussed  e a r l i e r  a s  
t h e  r a t i n g  s c a l e  method. 

These d a t a  were then  used t o  determine 
t h e  expected p r o b a b i l i t y  of d e t e c t i o n  
(PD) and p r o b a b i l i t y  of f a l s e  alarm (PFA) 
a t  t h e  d i f f e r e n t  SNR's. This  t e s t i n g  
provides  t h e  ROC f o r  t h e  p re sen t  
r e c e i v e r ,  and t h e  r e s u l t s  a r e  shown i n  
f i g u r e  31. The shaded a r e a  around SNR of 
0 and 6 db shows t h e  v a r i a b i l i t y  i n  t h e  
d a t a  obtained.  The v a r i a b i l i t y  around 
t h e  SNR = 3 db wave i s  s i m i l a r  t o  t h a t  of 
t h e  0-db curve  but i s  no t  shown i n  t h e  
i n t e r e s t  of r e t a i n i n g  c l a r i t y  i n  t h e  f i g -  
ure .  Therefore ,  f o r  a p a r t i c u l a r  i npu t  
SNR and preass igned  PFA, i t  i s  p o s s i b l e  
t o  determine t h e  expected PD of t h e  
observer .  

The p r a c t i c a l  e f f e c t  of f a l s e  alarms i s  
inc reased  de l ay  due t o  s ea rch  t i m e .  
Hence, f a l s e  alarms a r e  important not  
on ly  f o r  comparing d i f f e r e n t  r e c e i v e r s  
but  a l s o  i n  understanding t h e  p r a c t i c a l  
impact a r e c e i v e r  may have i n  a s ea rch  
and f i n d  mission. 

It is  t h e  op in ion  of t h e  au thor  t h a t  an 
accep tab l e  ope ra t i ng  p o i n t  f o r  t h e  
f a l s e  alarms of t h i s  system would be 

FIGURE 31. - Receiver operating characteristic curve 

for the trapped-miner receiver. 

P F A  = 0.10. A t  t h i s  PFA,  f i g u r e  31 shows 
t h e  expected PD f o r  t h e  observer  f o r  
d i f f e r e n t  i n p u t  SNR's. 

It i s  now p o s s i b l e  t o  r e c a l c u l a t e  t h e  
p r o b a b i l i t y  of d e t e c t i n g  t h e  t rapped 
miner 's  s i g n a l  based upon t h e  ROC of t h e  
r ece ive r .  This  work i s  s i m i l a r  t o  t h e  
method followed i n  t h e  previous s e c t i o n ,  
but  t h e  d e t e c t i o n  p r o b a b i l i t i e s  of t h e  
observer ,  based upon t h e  r ecogn i t i on  con- 
c e p t ,  a r e  rep laced  by t h a t  of t h e  ROC 
method and t h e  d a t a  ob ta ined  by way of 
f i g u r e  31. 

These r e s u l t s  a r e  shown i n  f i g u r e  32 
and show a s l i g h t  improvement over  those  
shown i n  f i g u r e  30. 
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FIGURE 3 2 .  - Pred ic ted probabi l i ty  of s igna l  detect ion versus overburden d -p th  by f requency for the 

GI transmit ter  as  found by the ROC method. 

SENSITIVITY ANALYSIS 

It i s  i n f o r m a t i v e  t o  observe  t h e  amount f o r  a l l  f r e q u e n c i e s  t h e  p r o b a b i l i t y  of 
of i n c r e a s e  i n  s i g n a l  d e t e c t a b i l i t y  f o r  d e t e c t i o n  i n c r e a s e s  between 6  and 8  p c t  
i n c r e a s e s  i n  SNR of t h e  trapped-miner a t  1,000 i t  f o r  every  3-db improvement i n  
s i g n a l  on t h e  s u r f a c e  of t h e  mine. SNR. 

F i g u r e s  33,  34 and 35 show t h e  expected 
p r o b a b i l i t y  of d e t e c t i o n  a s  t h e  expected 
SNR i s  improved o v e r  t h a t  found from t h e  
f i e l d  t e s t s  f o r  v a l u e s  of +3 db,  +6 db,  
and +12 db. A s  expec ted ,  t h e  p r o b a b i l -  
i t i e s  i n c r e a s e  g r e a t l y ,  go ing  f rom 54 p c t  
f o r  no SNR improvement a t  630 Hz 
and 1,000 f t  t o  84 p c t  f o r  +12 db SNR 
improvement. 

A d d i t i o n a l  i n s i g h t  i s  provided by way 
of f i g u r e  36,  where t h e  d e t e c t i o n  proba- 
b i l i t i e s  a r e  shown f o r  each  f requency a t  
a  d e p t h  of 1,000 f t  a s  t h e  SNR i s  
improved. To o b t a i n  a  d e t e c t i o n  proba- 
b i l i t y  of 90 p c t  a t  1,000 f t ,  a  f requency 
of 1 ,950 would be used and an SNR 
improvement of approximately  18 db would 
be  needed. A rough e s t i m a t e  shows t h a t  

Var ious  a r e a s  of i n v e s t i g a t i o n  may be 
s t u d i e d  t o  a c q u i r e  l a r g e r  SNR. The obvi-  
ous  f i r s t  c h o i c e  i s  t o  i n c r e a s e  t h e  
s t r e n g t h  of t h e  s i g n a l  source .  However, 
i n h e r e n t  c o n s t r a i n t s  due t o  i n t r i n s i c  
s a f e t y  c o n s i d e r a t i o n s  would l i m i t  any 
g a i n  by t h i s  t echn ique  t o  only  a  few 
d e c i b e l s .  C o r r e l a t i o n  t echn iques  could  
be used where an a r r a y  of r e c e i v i n g  
a n t e n n a s  could  improve d e t e c t a b i l i t y .  
Th i s  i s  t h e  o b j e c t i v e  of a  c u r r e n t  
p r o j e c t  ( 1 4 ) .  Incoheren t  i n t e g r a t i o n  of 
t h e  p r e s e n t  s i g n a l  has  been sugges ted  
by R i s t e n b a t t  (12)  and i s  t h e  t e c h n i q u e  
proposed by ~ e n E a l  Ins t rument  Corp. (6) 
i n  a n  a d a p t a t i o n  t o  t h e  p r e s e n t  r e c e i v e r .  

Noise c a n c e l l a t i o n  through c o r r e l a t i o n  
t e c h n i q u e s  i n v o l v i n g  t h e  n o i s e  a t  t h e  
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FIGURE 33. = Pred ic ted probabi l i ty  of s igna l  detect ion versus overburden depth by frequency for the 

GI t ransmit ter  a s  found by the  ROC method w i t h  a 3-db SNR improvement, 
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FIGURE 34. - Pred ic ted probabi l i ty  of s igna l  detect ion versus overburden depth by frequency for the 
GI t ransmit ter  a s  found by the ROC method w i th  a 6-db SNR improvement. 
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FIGURE 35. = Pred ic ted probabi l i ty  of s igna l  detect ion versus overburden depth by frequency for  

the GI  t ransmit ter  a s  found by the ROC method w i th  a 12-db SNR improvement. 
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FIGURE 36. - Pred ic ted probabi l i ty  of s igna l  detect ion versus SNR improvement by frequency for 
the G I  t ransmit ter  for a mine depth of 1,000 ft. 



receiving antenna and a distant antenna 
outside the signal's range is an area for 
future study. 

The parameters of the signal that 
affect an observer's ability to detect a 
pulsed continuous wave (CW) signal in 
noise, discussed earlier, could be 
studied to improve detectability. How- 
ever, these studies must also be con- 
scious of the efficient use of the power 
of the transmitter battery and of schemes 
used in search procedures. 

Possibly the most promising venture to 
improve signal detectability is a project 
under investigation by Develco (2). - 
Here, the underground transmitter is 
similar to the one discussed in this 

report except that the signal is not 
pulsed, but rather transmitted continu- 
ously. The surface receiver is a micro- 
computer which coherently integrates the 
transmitted signal. The principal idea 
is to exchange time for signal detecta- 
bility. The receiver continually moni- 
tors the signal, and if it exists and is 
within the detectable range of the 
receiver, it will eventually be detected. 
This system was originally designed to 
detect signals transmitted from a depth 
of 3,000 ft and should be able to easily 
detect signals at a depth of 1,000 ft in 
a few minutes of operation. Location is 
performed by vector calculation of the 
signal at a number of receiving-antenna 
locations. 

SUMMARY 

This paper has discussed the results of 
an extensive field-testing program to 
evaluate the performance of the EM 
trapped-miner transmitter. Analysis of 
these data has enabled one to place into 
a probabilistic framework the ability to 
confidently detect the signal from the 
underground transmitter. Two methods 
have been used to determine the probabil- 
ity of signal detection. The first, 
known as the recognition differential 
method, has indicated that the probabil- 
ity of signal detection at a depth of 
1,000 ft is 45 pct; at 500 ft it is 
90 pct. These depths exceed the actual 
depths of 90 pct and 50 pct, respec- 
tively, of U.S. coal mines. 

The second method, which is preferred 
to the former, is known as the receiver 
operating characteristic method. This 

method relates both signal detectability 
and false alarm rate. Using this method, 
it was found that for a 10-pct false 
alarm rate the probability of detection 
at 1,000 ft and 500 ft is 54 and 95 pct, 
respectively. This information is vital 
for the future formulation and promulga- 
tion of new regulations written for the 
use of the EM system. Studies are under- 
way to improve the detection capability 
by providing signal-processing capability 
to the receiver. Future work will look 
at a systems approach when using this 
technique. This study will investigate 
each element involved in a successful 
rescue effort, such as search strategies 
and life expectancies. Coupled with 
the results discussed in this paper, 
a thorough understanding of the effective 
implementation of the EM system should be 
obtained. 
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