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D & V E I O P ~ ~ ~ # T  OF .4 PHASE D I I F E U X C ?  ,Q?';\;~~IV',L 'TECH N~QUE ' 

FOR LOCATION OF Tit?iFPFD ?!IS'ERb 

By V. G. Hopkins,  111,' I?. H .  chu rch ,*  and W .  E. \qebb3 

The develoSprnent o f  systems f o r  l o c a t i o n  o f  miners  who have becoine 
en t r apped  fo l lowing a mine d i s a s t e r  has  been one of t h e  major research  
g o a l s  i n  t h e  Bureau o f  Nines.  his s tudy  d e t a i l s  the prel i ininary 
development of such a system. Current  t e c h n o l o g i e s  f o r  l o c a t i n g  t rapped 
mine r s  from t h e  surface are either s imple  d i r e c t i o r ,  f i n d e r s  o r  time 
d i f f e r e n c e  pu l se  systems t h a t  have accuracy Limitations. Developing 
t e c h n o l o g i e s  us ing  f u l l  v e c t o r  f i e l d  measurements a t  s e v e r a l  rece iv ing  
p o i n t s  a r e  c u r r e n t l y  be ing  s t u d i e d .  The n e c e s s i t y  of measuring f i e l d  
s t r e n g t h  wi th  g r e a t  accuracy  can b e  a  drawback i n  these systems. A 
sys tem that o p e r a t e s  wi th  cont inuous  wave r a d i o  s i g n a l s ,  whose phase 
d i f f e r e n c e s  can b e  measured a c c u r a t e l y  even i n  weak s i g n a l  cond i t ions ,  
g r e a t l y  improves t h e  l o c a t i o n  accuracy.  A microcomputer would be used, 
i n  c o n j u n c t i o n  wi th  t h e  system, t o  g a t h e r  and manipula te  the  d a t a  t o  
a u t o m a t i c a l l y  p inpo in t  the  l o c a t  i o n  o f  t h e  t rapped miner.  Comparison of 
t h i s  system wi th  e x i s t i n g  technology i n d i c a t e s  a  f a v o r a b l e  
accuracy /complex i ty  r a t i o  f o r  t he  phase d i f f e r e n c e  o f  a r r i v a l  
t echn ique .  

~ l e c t r i c a l  eng inee r  ( f a c u l t y )  . 
 inin in^ eng inee r .  
3 ~ h y s i c a l  s c i e n t i s t .  

Tusca loosa  Research Center ,  Bureau o f  Mines, Tusca loosa ,  XL 



The &tfeau of Nines, u n d e r  i t s  mission to a.l;7ance t h e  s a f e ty  of  
Anerican miners, has  undertaken and sponsored research  on 
through-the-earth loca t ion  and communication systens  fo r  many years. 
Experience i n  p o s t d i s a s t e r .  rescue ~ o r k  h a s  ind ica ted  a  need for  a 
r e l i a b l e  means of quickly locaring trapped mine r s .   his was w 

p a r t i c u l a r l y  ev iden t  a f t e r  the 1968 d i s a s t e r  a t  the Consol No. 9 ?fine i n  
Faming ton ,  W. V a . ,  where fo r  several  days t h e  whereabouts-and condit ion 
of  76 men were unknown. The Farmington d i s a s t e r  prompted the enactment 
o f  the  Coal Mine Health and Safe ty  Act  of 1969. The tragedy a t  
Farmington focussed na t iona l  a t t e n t i o n  upon the  problems of mine s a f e ty ,  
and p a r t i c u l a r l y  upon t hose ' o f  pos td i sas te r  rescue.  A t  t he  request of 
t h e  Bureau of Nines, the National Academy of Engineering created the 
Committee on Mine Rescue. and Survival  Techniques t o  "conduct a  study 
program to  a s se s s  the  technological  c a p a b i l i t i e s  t h a t  czn be applied to 
su rv iva l  and rzscue techniques following mine d i sas te r s . "  The Bureau of 
Mines was p a r t i c u l a r l y  i n t e r e s t e d  in. the poss ib le  app l ica t ion  of new 
technology t o  the  problem of mine sa fe ty .  The Committee on Mine Rescuz 
and Survival  made numerous recommendations f o r  research and development 
i n  cornminications and mine rescue.  The suggest ions  i n  regard to 
communication systems led t o  severa l  Bureau of Hines programs t o  develop 
through-the-earth comunica t ions  and trapped miner l oca t i on  systems. 
The phase d i f f e r e n c e  of a r r i v a l  technique (PDOAT) o f f e r s  a new means of 
such loca t ion .  The f ind ings  presented in  t h i s  repor t  i nd i ca t e  tha t  such 
a system is f e a s i b l e .  

*** SUMMARY OF CURRENT SYSTEMS . 

Operation of a  seismic subsurface system (113 is i l l u s t r a t e d  in  
f i g u r e  1. As repor ted by Westinghouse ~ l e c t y i c  Corp., the  trapped miter 
pounds the  ground by banging a  hammer, rock, o r  s im i l a r  object  on to  t5e 
rocky mine f l oo r .  This  pounding causes v ib r a t i ons  in  the  grocnd which 
a r e  t ransmit ted  t o  the  sur face  where they a r e  sensed by receiving 
t ransducers  c a l l e d  geophones. Mult iple geophones a r e  posit ioned 
toge ther  f o r  noise  c ance l l a t i on  purposes i n  a  form ca l l ed  a subarray. 
Seven d i f f e r e n t  subarrays a r e  s t r a t e g i c a l l y  placed a t  known locat ions  
over the  mine, covering an area  with t yp i ca l l y  a  1,000 f t  radius .  

The s i gna l s  received by the  subarrays a r e  t ransmit ted  e i t h e r  through 
cab l e  o r  radio  t o  an instrument van which houses t h e  e l e c t r o n i c  loca t ion  
equipment. Here the s i gna l s  are processed and, knowing the subarray 
l oca t i ons  and the t i n e  of a r r i v a l  of the signals a t  each subarray, t h e  
l oca t i on  of the  trapped miner i s  de te rmined  by computer. 

- 'underlined nllinbets in  parentheses r e f e r  to the l i s t  of references a t  
the  end of t h i s  r epo r t .  





, . D ~ r i b g  a perlbd o/' oyar  10 y e a r s ,  t h i s  s y s t e m  has been t e s t e d ,  
jrn@~-oved, and r e f i n e d .  S t u d i e s  were cond:~tted a t  a number of coa l  mines 
throughout  the  United S t a t e s  t o  deterair!+ t h e  a b i l i t y  of t h e  system t 3  
d e t e c t  t y p i c a l  s i g n a l s  from a  miner p o u ~ d i n g  underground and thereby 
l o c a t e  the  mine r ' s  p o s i t i o n .  

The r e s u l t s  of t h e s e  t e s t s  have d e t e m i n e d  t h a t ,  ove r  a  hypo the t i ca l  
a r e a  of confinement of 1 sq m i ,  t h e r e  i s  a  0.85 p r o b a b i l i t y  of d e t e c t i n g  
t h e  s i g n a l  from a  miner a t  a depth  of  2,000 f t  anywhere w i t h i n  t h i s  a rza  
( 6 ) .  - ' 

The components o f  an e l e c t r o m a g n e t i c  d i r e c t i o n - f i n d i n g  (ENIF) system 
f o r  subsu r face  l o c a t i o n  a r e  shown i n  f i g u r e  2,. P o s i t i o n  f i n d i n g  is 
based  upon the  p r i n c i p l e  t h a t  even i n  the  presence  o f  h o r i z o n t a l l y  
l a y e r e d  changes i n  ground c o n d u c t i v i t y ,  a  b u r i e d  ' v e r t i c a l  magnetic 
d i p o l e  produces a v e r t i c a l  magnet i c - f i e l d  v e c t o r  on t h e  s u r f a c e  poin t  
d i r e c t l y  above t h e  d i p o l e  ( 5 ) .  - 

Systems f o r  coal-mine a p p l i c a t i o n s  use s i g n a l s  i n  the  600 t o  3,000 Hz 
range  t o  maximize t h e  s ignal - to-noise  r a t i o  a t  t h e  s u r f a c e ,  The trapped 
miner  c a r r i e s  a smal l  t ransmit ter-and-antenna package. I n  the  event  of 
a d i s a s t e r ,  t h e  mine worker must deploy the  an tenna ,  p r e f e r a b l y  by 
wrapping i t  around a  c o a l  p i l l a r  t o  produce a  30 m by 30 m one-turn 
loop ,  The t e r m i n a l s  of  t h e  loop antenna a r e  t h e n  connected t o  the  
t r a n s m i t t e r ,  which i s  powered by t h e  miner 's  cap  lamp b a t t e r y .  One 
v a r i a t i o n  inc ludes  a  r e c e i v e r  i n  t he  miner ' s  u n i t ;  and t h e  a b i l i t y  t o  
answer s imple yes o r  no q u e s t i o n s  by keying t h e  t r a n s m i t t e r  i s  a l s o  pa r t  
o f  t h e  des ign .  

Locat ion  of t h e  s u b s u r f a c e  t r a n s m i t t e r  r e q u i r e s  f i n d i n g  the  l o c a t i o n  
o f  t he  v e r t i c a l  magnet ic - f ie ld  component. A h e l i c ~ p t e r  w i t h  an u l t r a  
low frequency (ULF) r e c e i v e r  f i r s t  searches  t h e  mining a r e a  t o  determine 
an approximate l o c a t i o n .  A man-portable r e c e i v e r  i s  then  used t o  
de termine  the  exac t  l o c a t i o n  of  t h e  n u l l .  

The e l ec t romagne t i c  d i r e c t i o n - f i n d i n g  system p rov ides  a  p rev ious ly  
u n a v a i l a b l e  measure of s a f e t y  t o  the  miner.  Bowever, s e v e r a l  f a c t o r s  
should  be  cons ide red ,  i nc lud ing :  

( 1 )  The accuracy wi th  which the  n u l l  i n  the  h o r i z o n t a l  magnetic f i e l d  
l o c a t e s  the  underground beacon is dependent upon t h e  h o r i z o n t a l  
un i fo rmi ty  of t he  rock s t r u c t u r e .  ~ e v i a t i o n s  from h o r i z o n t a l  l aye r ing  
( f o r  example, s u r f a c e  s l o p e )  may cause e r r o r s  i n  t h e  locatLon estimate. 
'dhile c o r r e c t i o n s  f o r  such t h i n g s  a s  s u r f a c e  t i l t  can be made for a  
homogeneous e a r t h ,  t h e i r  use wi th  complicated or unknown e a r t h  
s t r u c t u r e s  becomes d i f f i c u l t  and may be  i m p r a c t i c a l .  

( 2 ) ' . ~ h e  accuracy wi th  which t h e  n u l l  l o c a t e s  t h e  undergrouzd beacon is 
a l s o  dependent upon t h e  underground antenna be ing  p e r f e c t l y  l e v e l .  A 
non leve l  mine f l o o r  produces a t i l t e d  magnetic d i p o l e  and t h e r e f o r e  may 
in t roduce  e r r o r s  i n  t h e  p o s i t i o n  e s t ima tz .  





- % . - (3) The surface above a mine may c o n t a i n  seve r s1  bu i ld ings .  Wh; le 
. ?--.A t h e s e  ziay be p r iu l s r i ly  made of nonconduc  t i v e  m a t e r i a l s ,  t h e i r  presence  

can  h inde r  the  search  process ,  e s p ~  c i a l l y  i f  they a r e  d i r e c t l y  above the 
t r apped  miner .  

( 4 )  Various conductive o r  magnetic s t r u c t u r e s ,  inc luding power Lines, 
c a n  a l s o  be p r e s e n t .  These s t r u c t u r e s  can a l t e r  the geometry o f  t h e  
magnetic  f i e l d s  i n  t h e i r  v i c i n i t y ;  power l i n e s  w i l l  produce higher  n o i s e  
l e v e l s  i n  t h e i r  v i c i n i t y  a s  w e l l .  Thus, i f  conduct ive  s t r u c t u r e s  o r  
power l i n e s  a r e  loca ted  d i r a c t l y  above t h e  t rapped miner,  t he  e s t i m a t e  
o f  h i s  l o c a t i o n  w i l l  probably be  l e s s  a c c u r a t e .  

( 5 )  The d i r e c t i o n  of  t h e  magnet ic- f ie ld  l i n e s  g i v e s  an i n d i c a t i o n  o f  
t h e  l o c a t i o n  of  the  n u l l .  However, automatic  i n t e r p r e t a t i o n  of  several 
such measurements t o  determine the  l o c a t i o n  of  t h e  t r a n s m i t t e r  i s  
d i f f i c u l t  o r  imposs ib le  g iven  an unknown s t r u c t u r e  of t h e  ground. The 
e l e c t r o m a g n e t i c  d i r e c t i o n - f i n d i n g  system r e q u i r e s  a sea rch  and does n o t  
seem t o  b e  e s p e c i a l l y  amenzble t o  automation.  . 

A more r ecen t  development i n  t h e  technology f o r  d e t e c t i n g  trapped 
miners  from t h e  s u r f a c e  depends upon t h e  a c c u r a t e  measurement of t h e  
v e c t o r  components of  e l ec t romagne t i c  (EM) f i e l d  a t  va r ious  sensor 
l o c a t i o n s  on t h e  s u r f a c e  a s  shown i n  f i g u r e  3 ( 4 ) .   his system uses  t h e  
same b a s i c  t r a n s m i t t e r  arrangement a s  EMDF. 1 n a n  e s s e n t i a l l y  l o s s l e s s  
environment,  such a s  i n  the  a tnosphere ,  t h e  t r a n s m i t t e r  l o c a t i o n  map be 
e x a c t l y  determined by measurement of  t h e  propagat ing  EN waves. However, 
i n  a conduct ing  median, such a s  t h e  e a r t h  o r  water ,  rap id  exponent ia l  
s i g n a l  a t t e n u a t i o n  r e s u l t s  from energy d i s s i p a t e d  through c u r r e n t s  
gene ra ted  i n  t h e  medium. A t  lower f r equenc ies ,  t h e  a b i l i t y  t o  
communicate is  b e t t e r ,  and t h i s  system uses ext remely  low f requenc ies  
(ELF) t o  propagate an M wave ( 2 ) .  Measurements are made using a t  l e a s t  
2 th ree -ax i s  f i e l d  neasuremefit s e n s o r s .  The r e p o r t  c i t e d ,  ( 2 )  
recommends 3 t h ree -ax i s  sensor s  t o  avoid "b l ind  spots"  and tz provide 
redundancy. T h i s  r epor t  no tes  a l s o  t h a t  background noise  a f f e c t s  the 
magnitude o f  t h e  f i e l d  measurements. Simple n o i s e  c a n c e l l a t i o n  - 
t echn iques  such a s  b lanking "would s e r i o u s l y  hamper the  l o c a t  ion  
p r o c e s s ,  which needs accura te  ampli tude measurements to  achieve an 
a c c u r a t e ,  unambiguous p o s i t i o n  f i x  qu ick ly  . I 1  A s  a consequence, most of  
t h e  r e p o r t  d i s c u s s e s  s i g n a l  process ing  techniques  t o  minimize the 
d e l e t e r i o u s  e f f e c t s  of  noise  on t h e  system. Th i s  system w i l l  be 
r e f e r r e d  t o  a s  the  Dl f i e l d  measurement o r  E>fFN system. 

A s  an a l t e r n a t i v e  ta these  systems,  an approach somewhat s i m i l a r  to  
t h e  EM v e c t o r  f i e l d  msasurement technique p rev ious ly  descr ibed  has been  
proposed.  The advantage of t h i s  system, i l l u s t r a t e d  i n  f i g u r e  4, is 
t h a t  i t  depends on ly  on the phase of the  rece ived s i g n a l  a t  t h e  s e n s o r  
l o c a t i o n s ,  so t h a t  the e f f e c t s  of  a t ~ e n u a t i o n  a r e  g r e a t l y  reduced, The  
proposed system uses  an a r r a y  of  f i v e  sensor s  arranged i n  a  f a i r l y  
a r b i t r a r y ,  bu t  known t h r o u g h  measurement, a r r a y  on t h z  surface. One 
s e n s o r  is used a s  a  r e fe rence ,  and t h e  remaining four sensors  measure 
t h e  phase d i f f e r e n c e  of  a r r i v a l  (TDOA) wifh r e spec t  to t h e  f i r s t  sensor. 
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n e  co7municat i o n  hetween s e n s o r  posi* ions a d  nhr ence could be a v e r y  
h;:-;h f r e q u e n c y  ( V H Z )  l i n k  o r  a ddr -ca ted  land l i n e .  T h i s  techaique i s  
referred t o  a s  the  PDOAT. The d e t a i l s  of t h i s  systeiu a r e  discussed 1ii 
the fo l lowing t e x t  which i l l u s t r a t e s  sample c a l c u l a t  j .o l l~  

* *  T'HE PHASE DIFFERENCE OF ARRIVAL TECHNIQUE 

One l i m i t i n g  f a c t o r  i n  e x i s t i n g  t r a n s m i t t e r  based t rzpped miner 
l o c a t i o n  techniques  is the  d i f f i c u l t y  i n  o b t a i n i n g  a c c u r a t e  -amplitude 
measurements o f  t he  magnetic f i e l d .  This  has  led t o  the  development o f  
a  technique  which depends on ly  on phase measurements. The system would 
used a computer a lgo r i thm to  a n a l y z e  the  measured phases o f  t he  
t r a n s m i t t e d  s i g n a l  a t  m u l t i p l e  r e c e i v e r  l o c a t i o n s .  Th i s  technique 
assumes a  model of t h e  overburden  s t r a t a  a s  a  homogeneous s h e l l  of 
unknown c h a r a c t e r i s t i c s .  A s  a byproduct  of  t h e  PDOAT, t h e  average 
c h a r a c t e r i s t i c s  of t h e  overburden can  b e  determiced.  

~ i g u r e  5 i l l u s t r a t e s  t h e  arrangement of s enso r s  f o r  k ~ l e m e n t i n g  the  
PDOAT. The senso r s  a r e  a t  known l o c a t i o n s .  T h e s e  may have been 
p r e v i o u s l y  surveyed o r  may b e  determined a t  t h e  time o f  deployment o f  
t h e  system. S ince  it is  u n l i k e l y  t h a t  t h e  t e r r a i n  w i l l  b e  p e r f e c t l y  
f l a t ,  t h e  . sensors  a r e  assumed t o  have coord ina te s  (xi, y i ,  zi) with 
r e s p e c t  t o  any convenient  o r i g i n ,  which could be the  l o c a t i o n  of t h a  
r e f e r e n c e  senso r .  Thus t h e  r e f e r e n c e  senso r  is assuxed a t  (0, 0, 0) 
wi thou t  l o s s  o f  g e n e r a l i t y .  A s  f i g u r e  5 i l l u s t r a t e s ,  the  d i s t a n c e  from 
each  s e n s o r ,  i nc lud ing  t h e  r e f e r e n c e  senso r ,  t o  some unknown l o c a t i o n  
( x ,  y ,  z) which r e p r e s e n t s  t h e  l o c a t i o n  of an underground CW 
t r a n s m i t t e r ,  can then b e  c a l c u l a t e d  us-ing a n a l y t i c  geometry. The 
underground t r a n s m i t t e r  is assumed t o  d r i v e  a loop antenna which then 
a c t s  a s  a  magnetic d i p o l e .  The same t r a n s m i t t e r  developed f o r  the  DfDF 
method could be used. As t h e  magnetic  f i e l d  propagates  through t h e  
overburden ,  i t s  phase is s h i f t e d .  The equat ions  which r e p r e s e n t  t h i s  
p ropaga t ion  have been documented (7-8), -- and a r e  included h e r e  f o r  
comple teness .  Computer programs t o  implement the  s o l u t i o n  t o  these  
r e l a t i o n s h i p s  have a l s o  been developed and documented. Thus, r e f e r r i n g  
t o  f i g u r e  5,  t h e  fo l lowing fo rmula t ion  is  developed. Considering t h e  
loop,  whose a r e a  x t u r n  product  i s  LA, a s  a v e r t i c a l  magnztic d i p o l e  
r e s u l t s  i n  the  fol lowing magnetic  f i e l d s  i n  a i r  ( i . e .  z > 0)  

and 
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where  p o  is tile ? e r ~ e a b  o r  free space, w i s  th2 angy la r  fre?i,ency, 
and F is a scs i a r  function. A straightforward bo1123ary analysis iea!s 
ta tire integral  f o m  ( 9 ) :  - 

where P = ( x ~  + 12) , Y 2  = i c u o U ,  and Jo is  a Eessel  functidn of order 
zero.  T3is r e s u l t s  in  fields a t  the locatior. (p , z )  for z > 0 of 

Hp = boP ( 4  1 

and 

where 

and 

and the nomal iz ing  factor i s  

By changing the variable  of integrat ion to  x = Ah the  iztegrals  P 2nd Q 
are express ible  in  the form 



where 

and 

a r e  dimensionless parameters. equations are now i n  a form 
suitable for nuxerical integrat ion,  end the previously referenced 
computer program has beenprepared  to  accomplish this  task.  A listing 
i s  given in  Appendix A, along with run instructions. Referring again to  
f i g u r e  5 ,  it is seen that 

d2 = x2 + y2 4- z2 (11) 

and 

Each d i  can be expressed as d + 6i? so that 6i represents  the di f ference 
between d and di .  A general equatlon for the b i B s  i s  thus 

(x-xi)' + (y-yi)2 + ( z - z ~ ) ~  (d+6i)2 (13) 

which y i e l d s  

*2 -2 xx* + xi2 + y2 - 2yyi f JTi2 + .2 - :zzi + .-2 = 
1 1 

d 2  + 2d6i + 6i2 

but  since x2 + y2 + t2 = d2, t h i s  reduces t o  

2xix  + 2yiy + 2ziz + 26id + d i 2  = ( x i 2  + yi2 + zi2) 

or (for use i n  the  algorithm l a t e r )  



-- V 

I r .  

The  r e l a t i o n s h t p  bet=> c'; a:?c . - - o€ t h e  phase sensors ac low 
'z e.ll~~??c ies o f  i n t e q a l s  1s datermined b y  t h e  c h a r a c t e r i s t i c s  of t h c  
overburden, ubich a r e  unkno~m, Assuming an average c h a r a c t e r i s t i c  which 
i s  unknown, and relating i t  to the phase seiraor o u t p u t s  g ives  a d i s t a n c e  
increment 6 i  = mi.  Thus, the  genera l  eqca t ion  becomes 

There  a r e  four equat ions  of t h i s  type ( i  1 t o  41, but  t h e r e  a r e  f i v e  
v a r i a b l e s  (i.e x ,  y ,  z k . The r e l a t i o n s h i p  between x, y, z, and 
d i s  however di'= x2 + y + z . An i t e r a t i v e  s o l u t i o n  t o  t h e  equations 
has  been developed and i s  i l l u s t r a t e d  i n  a f l o w c h a r t  i n  f i g u r e  6, Note 
t h a t  i n  t h e  s p e c i a l  case  t h a t  a l l  of the  sensors  a r e  located  on a l e v e l  
s u r f a c e  (z = O ) ,  t h e  s o l u t i o n  is found immediately. I n  o t h e r  cases ,  an 
i n i t i a l  e s t i m a t e  of  z is needed, based on known dep ths  f o r  ins tance ,  and 
t h e  a lgor i thm converges t o  the  required  x, y, a n d ' z  values.  A %SIC . 

computer program t o  perform t h i s  a lgor i thm on the  Tektronix  4052 
microcomputer has  been used s u c c e s s f u l l y  t o  implement t h i s  method. A 
l i s t i n g  of t h i s  program is given i n  Appendix B. 

In  o rder  t o  implement the  system i n  r e a l  hardware, it is necessary  t o  
determine a reasonable  word s i z e  f o r  the  A/D c o n v e r t e r  which w i l l  
p rovide  t h e  phase information f o r  the  computer. Assuming a phase 
measuring accuracy o f  0.02 degrees ,  the  r a d i a l  accuracy is 0.02 x !  /I80 
= 0.349 x 10'~ rad ian .  

A reasonable  choice  fo r  the  A/D conver te r  is 12 b i t s  which w i l l  
provide 4096 l e v e l s  of  q u a n t i t i z e d  output .  Thus, t h e  accuracy of 
measurement a t  d i f f e r e n t  frequznc ies and va lues  o f  conduc-tance can b e  
es t ima ted  from t h e  r e l a t i o n s h i p  bd = PR'. 

TABLE 1. - Estimated p o s i t i o n  r e s o l u t i o n ,  m 

4 ~ e f e r e n c e  t o  s p e c i f i c  brand o r  t r a d e  names is made f o r  i d e n t i f i c a t i o n  

Conduct iv i ty  

s = lo-L 

s = 10'3 

s = 10'4 

o n l y  and endorsement by the  Bureau of Nines i s  n o t  implied, 

Frequency, Rz 
100 

0.176 

.538 

1.76 

200 
0.124 

.380 

1.245 

1, no0 
0.056 

.170 

.556 

2,000 
0.039 

. I20 

.394 



I Acquire Aj 'S 

from sensors I 

Obtain initial 
estimate of Zj 

Solve 4 linear 
equations for 

Calculate I c j = z j ~ m  I 

Print out 

. - 

FIGURE 6.. - Flow c h a r t  o f  PDOAT a l g o r i t h m  



--.. .- 
S i n c e  B is i nve r se ly  p r o p o r t i o n a l  t o  ,/ in, i - i  can b e  seen t h a t  

r e so lu t i on  of p o s i t i o n  increased wi th  /£- a s  well  .as 4 7 .  Of course, 
is an assilned constant parsmeter of the overburden, but  Erequzncy is a 

design parameter of t h e  system. I n  o r d e r  t o  provide adequate resolut ion 
but  to avoid t h e  h i g h e r  frequency attenuation effects, a frequency range 
of 100 t o  1,000 Hz seems s a t i s f a c t o r y .  Ca lcu la t ions  based on  some 
typical values a r e  presented in the following sample problem using 
PDOXT . 

*** SAMPLE CALCULATIONS USING PDOAT 

Assume t h a t  the  PDOAT system has been s e t  up using 12 b i t  A/D 
conver tors  (approximately range -30' t o  +30') and ' the  sensor  s i t e s  have 
been determined r e l a t i v e  t o  the reference s i t e .  These measurements are 
assumed to  have been i n  meters. 

TABLE 2. - Sensor coordinates  

Assume fu r t he r  t h a t  the  t r ansmi t t e r  of the trapped miner i s  a t  30, 40, 
and 200 m and t h a t  the  constant  r e la ted  t o  the  overburden and frequency 
i s  1,000 (which i s  roughly the value a t  200 Hz with  cf = 

S t a t i o n  Dis tance ,  m 

Then the 6 i ' s  def ined i n  the previous chapter  can be found, a s  well as 
t h e  corresponding B i t s .  Thus: 

1........... .............. 0 . .  

2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 
3 . . . . . . . . . .  ............. ..... -30 
4 . . . . . . . . . . . . . . . . . . . . . . , . , . . .  -25 , 

z 

5 
0 
2 

-1 



S i n c e  the al's 3i-1F be qupntit ized a d  subject t a  e r r o r ,  the  
q u a n t i t  ined  vaIues u ~ i l l  be ( q  Z= 0.0~025) 

These values were used a s  t h e  inpu t s  t o  the proposed PDOAT sps tez  
program. The r e s u l t s  a s  obta ined from the  Tektronix 4052 a r e  as  
fol lows:  

The program was a l s o  run wi th  a g r e a t e r  e r r o r  c r i t e r i o n  i n  l i n e  410, 
w i t h  no apprecia5le  change i n  r e s u l t s .  The unquant i t ized  phase 
v a r i a b l e s  were a l s o  inpu t  and t h e  r e s u l t s  converged t o  the  expected 
v a l u e s  wi th  e r r o r s  o f  less t h a n  0.01 percent .  

* DEVELOPMENT OF THE PDOAT SYSTEM 

I n  o r d e r  t o  t e s t  t h e  PDOAT concept i n  an a c t u a l  mine environment, a 
s e r i e s  of f i e l d  tests were designed and c a r r i e d  out. .Since the-  
Bureau (3) had p rev ious ly  developed a s u i t a b l e  t r a n s m i t t e r ,  a test  uni t  
was obtayned. The u n i t  was b u i l t  by Col l ins  Radio Group and i d e n t i f i e d  
a s  PN 622-2622-051, S e r i a l  N o .  1. The t ransmiss ion frequency of t h i s  
u n i t  is 3,030 Hz. This t r a n s m i t t e r  is designed to snap onto a miner's 
cap  lamp b a t t e r y  and is coupled t o  an antenna c o n s i s t i n g  .of  one loop of 
AWG 818 wire wrapped around a coa l  p i l l a r  ( l eng th  about 85 rn). 

For  a f i r s t  t e s t ,  a s imple  antenna and tuned c i r c u i t  r ece ive r  system 
was b u i l t .  A block diagram of  t h i s  system is shown i n  f i g u r e  7. Figure  
8 shows a schematic o f  the  input  ampl i f i e r  s e c t i o n  and f i g u r e  9 shows a 
schematic of the  narrow band ampl i f i e r .  The antenna c o n s i s t s  of 2,500 
t u r n s  of  AWG 934 enamelled wi re  wound on a 64 cm diameter .  The c ross  
s e c t i o n  of the  antenna i s  approximately 2- by 2-cm. The antenna has  a 
r e s i s t a n c e  of 4,500 Sl and a computed inductance o f  approximately 8 
h e n r i e s .  A Faraday s h i e l d  c o n s i s t i n g  of two l a y e r s  of aluminum f o i l  
covers  t h e  c o i l  winding and is grounded t o  the  r e c e i v e r  c h a s s i s  during 
opera t  ion .  The r e c e i v e r  uses  a balanced high-input impedence, l o w  no i se  
a m p l i f i e r  c i r c u i t ,  followed by two s t a g e s  of narrow band ampl i f ica t ion  
c o n s i s t i n g  of 741 op-amps wi th  twin-tee feedback networks. Each narrow 
band s t a g e  is followed by a high input impedance s t a g e  t o  prevent 
load ing  of the tuned c i r c u i t s .  The output  c o n s i s t s  of four s tages of 
h igh  gain  u n p l i f i c a t i o n .  The l a s t  two can be  bypassed i f  l e s s  gain is  
needed. Low and high frequency r o l l o f  f i s  provided t o  he lp  r e j e c t  power 
l i n e  and radio  frequency i n t e r f e r e n c e .  

T h i s  system was s u c c e s s f u l l y  deployed on June 2, 1982, a t  North River 
Energy ~ o r ~ o r a t i o n ' s  No. 1 Mine near  Berry, AL. The approximate depth 
o f  the  t r a n s m i t t e r  was 167 m. A s t rong  s i g n a l  was detec ted  a t  severa l  
s u r f a c e  loca t ions .  F igure  10 shows the  system components. Figure 11 
shows the  system dur ing the  t e s t .  
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. . . . 
FIGURE 8. - S c h e m a t i c  diagram o f  high-Irnpedence balanced input  a m p l i f i e r  

, 



FIGURE 9. - Schematic diagram o f  narrow band-pass fi ltsr using tw in - tee  feedback 
- - - . .  . . 



FIGURE 10. - P h o t o g r a p h  o f  P D O A T  s y s t e m  cornl.)onents 





A f t e r  d e t e r m i n i n g  that the ~lgnal was p a d i l y  d r s e c t a b l e  f r o a  t h e  
s u r f a c e ,  a  more alaboratC t e e  *as d e v i s e d .  For t h i s  t e s t ,  a  
phase- lock- loop  (PLL) c h i p  was added t o  t h e  prev'i o u s l y  designed c i r c u i t .  
A b l o c k  d iagram o f  t h i s  r e c e i v i n g  system is shawl> i n  f i g u r e  12 .  Using 
t h e  p r e v i o u s l y  d e s i g n e d  f r o n t  end ,  t h e  f i l t e r e d  s i g n a l  was fed i n t o  a  
phase  d e t e c t o r  and t h e  PLL c h i p  was used t o  d e t e r m i n e  t h e  r e l a t i v e  phase 
o f  t h e  r e c e i v e d  s i g n a l .  A ' T e k t r o n i x  o s c i l l o s c o p e ,  model T-912, was used 
t o  o b s e r v e  t h e  r e c e i v e d  s i g n a l .  The o u t p u t  o f  t h e  PLL was s u i t a b l e  f o r  
a p p l i c a t i o n  t o  t h e  A/D c o n v e r t e r  i n  t h e  T e k t r o n i x  4052 a n d - t h e  
p r e v i o u s l y  d e s c r i b e d  a l g o r i t h m  t h e n  cou ld  c a l c u l a t e  t h e  l o c a t i o n  of t h e  
t r a n s m i t t e r .  

The  r ev i ew  o f  e x i s t i n g  and deve lop ing  t e c h n i q u e s  i n  t h i s  r e p o r t  
i n d i c a t e s  v a r i o u s  r e s t  r i c e i o n s  and e x p e c t a t i o n s  t h a t  must b e  r e c o n c i l e d .  
P r i m a r y  i t e m s  of  i n t e r e s t  a r e  c o s t ,  comp lex i t y ,  and accuracy .  

The r e l a t i v e l y  low' c o s t  and s i m p l i c i t y  o f  t h e  EXDF sys tem l ends  i t s e l f  
t o  r a p i d  deployment  i n  c a s e  o f  an emergency. However, t h e  l e s s  
s o p h i s t i c a t e d  r rnu l l - seek ing ' t  method may impose s e v e r e  l i m i t a t  i o n s  i n  i t s  
u s e .  I n  some c a s e s ,  it may n o t  b e  p o s s i b l e  o r  f e a s i b l e  t o  a c t u a l l y  
t r a v e r s e  t h e  e n t i r e  c r o s s  s e c t i o n  o f  a  mine i n  o r d e r  t o  f i n d  a n u l l .  The 
EMFM and PDOAT sys t ems  s h a r e  t h e  advan tage  t h a t  once  dep loyed ,  no f u r t h e r  
e x c u r s i o n s  a r e  r e q u i r e d  t o  seek t h e  t r a n s m i t t e r  l o c a t i o n .  The pr imary  
d i s a d v a n t a g e  o f  t h e  EHFM sys tem is i t s  r e l i a n c e  on a c c u r a t e  f i e l d  
s t r e n g t h  measurements .  The pr imary  r ea son  f o r  i ts  complex d i g i t a l  
p r o c e s s i n g  is t o  c o u n t e r a c t  d e g r a d a t i o n  o f  t h e  s i g n a l  used f o r  t h i s  
measurement .  The PDOAT sys tem,  on t h e  o t h e r  hand,  r e l i e s  e n t i r e l y  on  
p h a s e  measurements .  The s t r e n g t h  o f  t h e  s i g n a l  needs  o n l y  t o  b e  s t r o n g  
enough t o  a l l o w  t h e  phase  l o c k  l oops  i n  t h e  s e n s o r s  t o  l ock  i n .  

F u r t h e r  r e s e a r c h  w i t h  t h e  PDOAT i s  r e q u i r e d  and shou ld  i n c l u d e  d e s i g n  
and deployment  o f  t h e  an t enna  a r r a y  s y s  tern coupled  w i t h  t he  microcomputer 
and a p p r o p r i a t e  s o f t w a r e  t o  d e t e r m i n e  sys tem per formance .  I n  a d d i t  i o n ,  
e x t e n s i v e  f i e l d  test  i n g  should  b e  conducted . 
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PKIR=PHX*DTR 
CP=CCs(Pt i I9)  
Sp=SIk(PaIR) 
PRIbiT 7 0  
F O R M A T  ( '  RtPZYAG8PR+lAGtPPHIMAGtPZPHtPRPHtPPHIPHt) 
LO 6 0  J=lrNR 
f?=I)H*(Jm1) 
>(=R*CP 
XD=ABS(X-5)  
I F  ( X D - I ~ E - ~ )  8 0 t 8 0 r 9 0  
R=R+. l*OH 
>r=R*CP 
Y=H*SP 
YD=ABS(Y-vL) 
IF (YO-l.E-4) 1 0 Q ~ 1 0 0 ~ 1 1 0  
H=R+, 1*DY 
>(=H*CP 
Y=R*SP 
CALL P I N T ( H ~ Z ~ X ~ S ~ Y ~ Y L ~ P X ~ P Y P P Z I  
FR=PX*CP+PY*SP 
FPH I=PY*CP-P,x*SP 
PZib:=CABS (PZ 1 
PRh1=CfiBS (PR  
FPHIFI=CAaS ( P P H ~  
PZP=CANG(PZ) /DTR 
Ft?P=CANG( PR 1 / D T Z  
PPHIP=~ANG(PPHI)/DTR 
PRINT ~ ~ ~ ~ R I P L M ~ P R M ~ P P H ~ . ' ~ P F Z P P P R P ~ P P F ! I P  
F O R V A T  (Elq.4t6E16.5) 
C O A T  IFUUE 
EN0 
SUEROUTItJE P L ; V T ( H I Z ~ X P S ~ Y ~ Y L V F , Y ~ P Y ~ P Z )  
LOYPLEX C I ~ P X I ~ P Y ~ ~ P Z I ~ R A O P T ~ F ~ A C P P X I P Y ~ P Z  
GKAX=(12,+H)/(l,+Z) 
R M A X I = ~ . / S Q H T ( ( X + S ) * * ~ + ~ Y + Y L ) * * ~ )  



. , 4 .. 1 2 ,  1 C I  It; 
hH=G:v;.d;:/t , " , i , i< ,! 

b0 T 3  - 2 )  
NH=G!\i ,.,X 

I \ (1=2*1~h+2 
L'G=Gi*IAX/h i 
L I = ( l l . t l . )  
l12=h*E 
F X I = [ d m t 3 a )  
PY I= (O .  113.) 

P z I = ( o *  t o *  1 
EO 4 d  1=1ti'J]C 
G=OG* I 

I F  '(I-NII 5 0 t b O r i ~  
CF=1 
GO 7'0 70 
CF=j.+(-l,)**l 
G2=G*G 
HAD=CSQRT(GL+CI*ri2) 
T=G*CEXP (-RAU 1 / (G+RAD 
FAC=G2*T+EXP(-G*Z) 
CALL F X I ~ % T ( G P X , S ~ Y * Y L ~ F X )  
CALL F Y I N T ( G ~ x @ S ~ Y ~ Y L ~ F Y )  
C A L L  F I N T ( G P X ~ S ~ Y P Y L ~ F Z )  
PXI=PXI+FAC*FX*CF 
PyI=PYI+FAC*Fy*CF 
PZI=PZI+FAC*FZ*CF 
PX=PXf * D G / 3  
PY=PY L *DG/3* 
PZ=PZI*DG/3. 
FiETClRN 
EbD 
S U ~ R O ~ J T I N E  F I ~ T ( G P X ~ S P Y ~ Y L ~ F )  
I F  (S-YL) 1 0 t 2 0 t 2 0  
N=G*S 
GO TO 3 0  
I \ r=G*Y1 
NI=2*Eu+l L 
RNP=Y 1 - Y  
HFVN=-YLwY 
HDP=S-X 
RoN=-S-X 
THl=ATAN2(RkP,RUP) 
Th2=ATAN2(RhPtRah) 
TH3=ATAN2 ( RNN P RDid 1 
T ~ ~ = A T A N ~ ( H ~ J ~ v P H D P )  
L ~ l = ~ T H 2 - T A l ) / ( h I - l )  
I F  ( Y L - Y )  3 2 ~ 3 2 ~ 3 4  
O T ~ = ( T H ~ - T H ~ ) / ( N I - ~ )  
GO TO 37 
GT2=(TH3-lH2+6.2d31d53072)/(>JI-l) 
I F  ( X - S )  3 7 ~ 3 7 ~ 3 3  
D~4=(~Hl-TH4-6.2d318550?2)/(NI-1) 
GO ' T Q  39 
CT4=(TH1-T! i4 ) / (N I - l )  
E T ~ = ( T H ~ - ~ H ~ ) / ( ~ J I - I )  
A=4r*G*S*YL 



T 1 1 = c ) .  
112=0 .  
T ~ S = U .  
T I Q = O o  
L O  15 i = L t N I  
I f  (1-1) 40#4Up5:1 
CF=1 
60 Ti) 60 
I F  ( 1 - N I )  7 0 8 4 3 t 4 0  
C F = 3 . + ( - L e  )**I 
T I = ? H l + D T l * (  1-1 1 
T 2 = T h 2 + O T 2 * t I - l )  
1 3 = T ~ 3 + D T 3 * (  1-1 1 
T 4 = T ~ 4 + D T 4 * ( 1 - 1 )  
R=RhP/SIB(Tl) I 

CALL F J l ( G d t  I T )  
T I l = T I l + T T * C F  
R=RDiWCOS ( 1 2  . . 
CALL f J I ( G t H p T T )  
T I 2 = T I 2 + T T * C F  
R=RhN/S 1 4  ( 1 3  
CALL F J I ( G e H t T T )  
T I J = T I 3 + T T * C F  
K=RDP/COS(T4) 
CALL F J I ( G P H ~ T T )  
T 14=T I4+TT*CF 
F=(TI~*DTl+TI2*DT2+~I3*DT3+TI4*UT4)~(3e*A) 
RETURrU 
ECuO 
SUBROUTIW F J I ( G ~ R ~ P )  
ARG=G*R 
CALL JJ.X(ARGtH1) 
P=Hl*R 
RETlrHlL 
END 
SUBROLJTII~E FX IPJT(G~XPSPYPYLPFX)  
[u=G*YL 
h1=2*lt+5 
EY=YL/(N+2) . 
A = 4  *G*S+YL 
F X  I=O 
C.0 10 I = i ~ i ' J l  
I F  (1-1) 2 0 8 2 9 t 3 3  
CF=1  . 
GO TO 40 
If (NI-I) 2 0 t 2 0 ~ 5 0  
C F = 3 e + ( - l 0  )**l 
V P = - Y L + D Y ~ I - ~ )  
C A L L  F X J I ( G # X P S ~ Y P Y P ~ C I F )  
TX=DIF+CF 
F X I = F X I +  TX 
Fx=FXX*OY/ (3 . *A)  
RETURN 
EidU 
SU~ROUTXI '~Z  F Y I N T ( G I X ~ S ~ Y I Y L P F Y )  
Iv=C*5  
NI=2*b~+5  



\ >  x:.:;/ ( :;+z j 

A X % ,  . ~ - G F ~ F F ~ ,  
F v l = n .  
L O  P O  J = H P N L  
I F  1 1 - L B  2 0 c Z O r S i j  
CF=1. 
GO T O  40 
I F  fi4I-I1 2Ijr23150 
CF=3.+(-1, ) * * I  
XP=-S+DX.* ( 1-1 
CALL FYJI(Gt1rYLtXtXPtDIF) 
TY=GIF*CF 
FYI=FY I+ TY 
FY=FYI*OX/ ( 3 , w A )  
HETbHIL I 

EN3 
SUGROUTIhE FXJI(GtXtStYtYPtC1F) 

X O 2 = ( X - S ) * * 2  
102=(Y-YP)**2 
~ = S W R T ( X Q ~ + Y D ~ )  
ARG=G*R 
CALL dOX(AR6rBD) 
Xs2=(X+S)**2 
RZSQRT (XSZ+YG2) 
R G = G * H  
:CALL J O X (  A R G l O S )  
C. I F=BD-BS 
KETURS 
EltD 
S U E H O U T I ~ ~ E  F Y J I ( G * Y P Y L ~ X P X P ~ D ~ F )  
YD2=(Y-Yt)**2 
x02=(x-XP)* *2  
R=SGHT(X02+YD2) 
ARG=G*R 
CALL J O X ( A R G ~ B O )  
YS2=( Y + Y L )  **2 
R=SCiRT(X32+YS2) 
ARG=G*R 
CALL J O X ( A R G t f 3 S )  
b I F=SD-BS 
;iET?rHr\r 
ENC 
FUhCT i O N  CAPiG (Z 
LOYPLEX 2 
Zbi=CAGS(Z> 
IF (231 )  10110t20 
X=HEAL(Z) 
Y = A  I>iAG ( Z )  
C A I X G = A T A I \ ~ ~  ( 1  r k) 
GO Ta 30 
CANG=O.  
F.ETCIHI\( 
EhD 
S U E H O U T I ~ ~ E  J O X (  X I  GJZE8O 
I F  ( X I  5 ~ 1 0 ~ 1 5  
i l > c = - > c  
GO T O  20 







t i p p e n d i s  B. - Focr-ran p r o g r m  f o r  deterhinine t h e  location (x, y, z COO rd tmtesj of tke 
trapped miner. 

.v3 DIM ki4,4),Al(4,4i,B(4,4~'3i4,4)C(4,~1)~~4) 

.a5 B = 0 

. i 8 C  = 5 
L15 F = 0 
.SO FOR I = 1 TO 4 
169 PZI14T "INPUT THZ COORDINATES OF RECEIVER % " ; I  
!78 FOR 3 = 1 TO 3 
3 PRINT "INFUT " ;XS:"  COORDIMATE -> "; 
i 5 B  INTUT A(I,J) 
?O9 C(I,1) = C(I,1) + A(1,Z) f 2 / 2 
zia NEXT J 
120 Z(I) = A(I,3) 
2 5 . F  = F 4 Z(I) * 2 
130 NEXT I 
243 FOR I = 1 TO 4 
25@ PRINT "INPUT THE PHASE NEASU~EMZNT OF RECEIVER #":I  
0 INPUT A(I,4) ' 

?7O A(I,3) = .5 * A(I,4) 9 Z 
288 NEXT I 
295 IF F = 0 TEEN 310 
?90 P2INT "ESTIMATE Th'E DEPTH OF THE TRANSMITTEilu; 
300 INPUT Z0 
3 1 0  FOR I = 1 TO 4 
3ZQ B(I,l) = C(I,l) - Z(I) *. ZO 
338 NEXT T 
340 A 1  = INV(A) 
350 S = Al MPY B 
360 X = S ( 1 , 1 )  
370 Y = S(2,1) ,+ 

380 K = SQR (S(3,1)) 
350 D = S(4,1) / K 
395 IF F = 0 T'GN 1000 
480 E = Z0 -' SQR (D * 2 - X + 2 - Y ** 2) 
$13 IF ABS (E / 23) < .001 THEN 1009 
$28 = za + E s 
430 ' GOTO 31 0 
i08Ci PRINT 
wra PRINT "x= ";x  
i220 PZINT " Y =  ";Y 
1030 PRINT "z= v z 0  
tG4G PRINT "K= ";K 
f9S9 PRINT "D= ":D 
3 PRINT "00 YOU UAfiT TO IKPUT NEX FXASZ MEASUFtEMEXTS?"; 
1070 INPIJT AS 
~ d 8 0  I F  A 9  = "Y" OR AS = "YES" THEN 240 
3399 END 

# 




