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The purpose of this program i s  t o  extend electromagnetic (EM)  techniques 
for  use i n  locating miners trapped i n  mines a s  deep a s  1000 m. A previously 
developed EM system is considered adequate for  use a t  mines l e s s  than 300 m 
deep where i t  has a probability of detection of 54%. A system fo r  deep mines 
must keep underground equipment simple, and use extremely low frequencies 
(ELF) , sensi ti  ve receivers , and noise cancel 1 ation. The proposed 1 ocation 
method, developed by Develco for  other applications, i s  based on vector f i e l d  
measurements from two or more s t a t i c  sensors and computation of source location 
by i t e r a t i  ve techniques . Duri ng Phase I I ,  very sensi t i  ve search coi 1 sensors 
were b u i l t  and used i n  a separate t e s t  t o  verify the f eas ib i l i t y  of atmospheric 
noise cancel 1 ation. A "Breadboard" 1 ocation system version without 
cancel 1 a t i  on, which i s  a f i  el dab1 e t e s t  bed to  eval uate receiving and 1 ocati on 
functions, was tested and supplied. Very good resu l t s  were achieved from the 
f i r s t  in-mine t e s t  w i t h  the transmitter a t  a depth of 380 m. I t  is  expected 
the resu l t s  of t h i s  work, and additional evaluation t e s t s  in the future, will 
be used to  define the requirements for  a prototype operational system. 
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1.0 INTROUUCTION 

The pr imary o b j e c t i v e  o f  t h i s  program i s  t o  extend electromagnetic (EM) 
techniques f o r  use i n  l o c a t i n g  miners trapped i n  deep mines through 1,000 m 
o f  overburden w i t h  bu lk  c o n d u c t i v i t i e s  l ess  t h a t  0.01 Siemenslmeter. I n  
terms o f  s igna l  energy, f o r  a g iven p r a c t i c a l  underground t r a n s m i t t e r  s ize,  
t h i s  problem i s  on t h e  order  o f  1,000 times more d i f f i c u l t  - i n  regard t o  
accuracies on t h e  order  o f  1% - than has been demonstrated t o  date i n  
shal lower mines less  than 300 m deep. 

The U.S. Bureau o f  Mines has sponsored t h e  development and t e s t i n g  o f  a 
VF (kHz f requencies)  e lectromagnet ic  system f o r  de tec t i on  and l o c a t i o n  of 
miners trapped underground, which i s  considered adequate f o r  use a t  those 
mines less  t h a t  300 m deepo1 Recent f i e l d  s tud ies  o f  t h i s  system i n  coal 
mines throughout the  Uni ted States have shown t h a t  t he  p r o b a b i l i t y  o f  
d e t e c t i n g  a miner 's  s igna l  from depths o f  150 m and 300 m i s  about 95% and 
54%, respect i  v e l y O 2  

I n  t h e  e x i s t i n g  VF system approach the  miner c a r r i e s  a small beacon 
t r a n s m i t t e r  t h a t  i s  powered f o r  two t o  fou r  days by a cap-lamp b a t t e r y  when 
operated i n  a pulse square wave mode (10% duty cyc le) .  I n  t h e  event o f  an 
emergency t h e  miner depl-oys t h e  t r a n s m i t t e r ' s  antenna, which cons is ts  o f  
300 f e e t  (91 m) o f  18-gauge copper wire,  i n  as l a rge  a ho r i zon ta l  loop as 
poss ib le .  When t h e  t r a n s m i t t e r  i s  turned on, t h e  loop produces a 
q u a s i s t a t i c  magnetic f i e l d  s i m i l a r  i n  shape t o  the  f i e l d  from a nominal ly  
v e r t i c a l  bar  magnet. A po r tab le  sur face rece iver  and s i n g l e  a x i s  loop 
antenna i s  used t o  l oca te  the  sur face p o i n t  approximately over the  
t r a n s m i t t e r  by searching f o r  t h e  ho r i zon ta l  maynetic f i e l d  n u l l  which i s  
located a t  a p o i n t  perpendicular  t o  t h e  plane o f  the  loop. 

I n  order  t o  conduct s i m i l a r  l o c a t i o n  operat ions i n  deeper mines, which 
comprise about 10% o f  t h e  coal mines i n  the  U.S. and have 20% o f  the  
miners, o r  t o  increase de tec t i on  i n  t h e  shal low mines, improvements are 
necessary. 

During Phase I o f  t h i s  cont rac t ,  t he  requirements f o r  successful 
opera t ion  i n  deep mines were considered and var ious a l t e r n a t i v e s  f o r  
t ransmi t te rs ,  sensors, receivers,  noise processing and determinat ion o f  
1 ocat ion  were eval  uated. 

There are p r a c t i c a l  physical  l i m i t s  on the  s i z e  o f  t r a n s m i t t i n g  antenna 
t h a t  can be convenient ly  car r ied ,  deployed i n  confined c i  rcumstances, 
energized i n  an i n t r i n s i c a l l y  safe manner and used f o r  accurate l oca t ion .  
Thus i t  appears t h a t  t h e  s izes  o f  po r tab le  t r a n s m i t t e r  and antennas 
developed t o  date are c lose t o  optimum. Further  gains i n  beacon 
performance w i l l  on ly  be made by a combination of l a r g e r  antenna wire,  
l i g h t e r  conductor ma te r ia l ,  h igh  e f f i c i e n c y  t ransmi t te rs  and b e t t e r  
ba t te r i es .  Moderate increases i n  s igna l  s t rength  and i n  b a t t e r y  capac i ty  
can be achieved. 



The key problem t o  be solved i s  t h e  d i f f i c u l t  one of de tec t i ng  very small 
s igna ls  i n  t h e  presence o f  h igh  noise l e v e l s  and ob ta in ing  enough 
in fo rmat ion  t o  accura te ly  l oca te  the  beacons under d i f f i c u l t  emergency 
cond i t ions .  

Advanced communication techniques such as impu ls ive  noise processing, 
continuous (cw) s i g n a l l i n g ,  and coherent de tec t i on  methods must be 
u t i l i z e d .  Also, long-term i n t e g r a t i o n  (up t o  an hour or  more i n  some 
cases) o f  t h e  s igna l  i s  essen t ia l  t o  prov ide  t h e  accurate measurements 
needed t o  determine l o c a t i o n  o f  t he  t ransmi t te r .  Most o f  t he  s o p h i s t i -  
c a t i o n  must be b u i l t  i n t o  t h e  sur face receivers,  us ing microprocessors f o r  
automatic processing, i n  Order t o  keep t h e  t r a n s m i t t e r s  low cost  and l i g h t  
wei ght . 

The need f o r  t he  st rongest  p r a c t i c a l  s igna l  and continuous operat ion 
d u r i n g  t h e  r e c e i v i n g  process i s  essen t ia l  f o r  detect ion,  bu t  w i l l  
considerably reduce b a t t e r y  l i f e  (by 112 t o  114) compared w i t h  t h a t  
obta ined i n  t h e  present system. The reduct ion  can be minimized by using 
t h e  techniques ind i ca ted  above. The t radeo f f  of b a t t e r y  l i f e  versus s ignal  
s t reng th  should be considered i n  t h e  fu ture .  

A  precise,  very low noise (h igh  s e n s i t i v i t y )  magnetic f i e l d  sensor i s  t h e  
most impor tant  system component. The on ly  two choices c u r r e n t l y  a v a i l a b l e  
t h a t  can approach the  requi  red  sensi t i  v i t y  are cryogenic superconducting 
detec tors  (SQUID'S) and search c o i l s  ( i n d u c t i o n  c o i l s ) .  The cryogenic 
detec tors  requ i re  l i q u i d  helium, among other  drawbacks, which i s  
i napprop r ia te  f o r  t h i s  type o f  f i e l d  app l i ca t i on .  Using techniques 
developed by Develco, compact po r tab le  search c o i l s  w i t h  s e n s i t i v i t i e s  
b e t t e r  than SQUID'S a t  frequencies above a  few h e r t z  have been designed f o r  
general f i e l d  use. 

The sensor must be s t a t i o n a r y  t o  prevent even very low- level  
v ib ra t ion- induced r o t a t i o n s  i n  t h e  e a r t h ' s  magnetic f i e l d  from inducing 
a d d i t i o n a l  e l e c t r i c a l  in te r fe rence i n  t h e  s igna l  band. Because o f  t h i s  
s t a b i l i t y  requirement and t h e  considerable t ime t h a t  may be needed f o r  
accurate s i9na l  measurement, a  physical  search f o r  s igna l  minimums i s  not  
f eas ib le .  Therefore, i t  i s  necessary t o  make vector  f i e l d  measurements 
w i t h  3-axis sensors a t  two o r  more (depending on t h e  geometry o f  the  
problem) known sur face 1  ocat ions; i t e r a t i  ve computational techniques are 
used t o  s o l v e 4 f o r  t h e  source l o c a t i o n  as Develco has done i n  previous 
app l i ca t i ons .  This i s  q u i t e  an invo lved process bu t  can be automated i n  
p rac t  i c a l  f i e l d  equi pment . 

Operation a t  frequencies between one and 10 Hz i s  d i c t a t e d  t o  opt imize 
system performance as a  f u n c t i o n  o f  noise, propagation and f i e l d  s c a t t e r i n g  
e f f e c t s .  A t  these frequencies, a  p r a c t i c a l  t r a n s m i t t e r  a t  depths greater  
than 400 meters o r  so produce% s igna l  l e v e l s  a t  t h e  surface t h a t  are on t h e  
same order  as, o r  l ess  than, the  na tu ra l  atmospheric noise leve ls .  Thus, 
some form of s p a t i a l  o r  spect ra l  noise cance l l a t i on  technique i s  essent ia l  
f o r  s i  ynal de tec t i on  and measurement a t  t he  deeper mines. (A 10 d8 



reduc t i on  of noise reduces l o c a t i o n  t ime  by  a f a c t o r  o f  10.) Cancel l a t i o n  
by using a remote sensor t o  sample e s s e n t i a l l y  pure noise t o  be subtracted 
from t h e  contaminated s i  gnal has been se lec ted  f o r  i n i  t i a1 eval  ua t  i on 
s ince  t h e r e  is5some evidence i t  does work, a t  l e a s t  i n  some 
ci rcumstances . 

There are  t w o  key areas t h a t  have not  been addressed i n  detail t o  date 
because o f  a l a c k  of data. Man-made noise a t  frequencies below 20 Hz 
(such as power1 ine  sw i t ch ing  t r a n s i e n t s )  can be expected t o  be s i  y n i f i c a n t  
i n  some instances and may predominate a f t e r  a p p l i c a t i o n  o f  c a n c e l l a t i o n  
and processing. Propagation e f f e c t s  such as m u l t i p a t h  s ignals,  o r  
s c a t t e r i n g  from conduct ing and magnetic inhomogeneit ies can r e s u l t  i n  
s i g n i f i c a n t  s igna l  e r ro rs .  There i s  l imited  in-mine experience6 t h a t  
suggests s c a t t e r i n g  i s  no t  a ser ious  problem a t  low frequencies, but  t h i s  
must be checked under cond i t i ons  more representa t i  ve o f  t h i  s appl i c a t i  on . 
Extensive f i e l d  experience i s  needed t o  determine i f  these p o t e n t i a l  
problems do have a s i  gni  f i c a n t  e f f e c t  on system opera t ion  and, i f  so, what 
the best  s o l u t i o n s  are. 

The o b j e c t i v e  o f  the r e c e n t l y  completed Phase I I  con t rac t  work was t o  
construct a "breadboardn 1 o c a t i  on system and conduct p r e l  i m i  nary t e s t s  
w i t h  it. This p re l im ina ry  system i s  a f i e t d a b l e  t e s t  bed t o  evaluate the 
rece i  v i  ng and 1  o c a t i  ny f unc t i ons  and t o  col 1 ect  addi ti onal data. The 
pr imary Phase I1 t e s t  goals were t o  v e r i f y  the sensor s e n s i t i v i t y ,  noise 
cancel l a t i  on ( i n  a separate t e s t ) ,  no ise  processing, and l o c a t i o n  method 
opera t ion  ( i n c l u d i n g  i n  a min ing environment). It i s  expected the Bureau 
w i  11 conduct a d d i t i o n a l  t es t s  a t  a number o f  o the r  mines i n  o rder  t o  
eva lua te  the system under var ious cond i t i ons  and, u l t i m a t e l y ,  de f i ne  the 
requ i  rements f o r  a p ro to type operat ional  system. 

Four t r i a x i a l  search co i  1 sensors were b u i l t  and tes ted  t o  v e r i f y  the 
requ i red  s e n s i t i v i t y  and accuracy cou ld  be achieved. The f i r s t  two were 
used i n  a p r e l i m i n a r y  l ong  base l ine  (5-10 km) no ise  c a n c e l l a t i o n  
experiment t o  conf i rm f e a s i b i l i t y  and determine how (and whether) t o  
implement c a n c e l l a t i o n  i n  a f u l l y  opera t iona l  prototype system. I n  
general, t h r e e  sensors w i l l  be used i n  a t r i a n g u l a r  array, w i t h  a spacing 
on the same order  as the t r a n s m i t t e r  depth t o  p rov ide  r e s o l u t i o n  and area 
coverage. A three-sensor co - l i nea r  array, which may be usefu l  f o r  some 
mine o r  t e r r a i n  s i t ua t i ons ,  was used f o r  t he  in-mine t e s t .  The fou r th  
sensor w i l l  be used f o r  a d d i t i o n a l  c a n c e l l a t i o n  t es t s  i n  the  future.  

- -  
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t es ts ,  but the re  was no attempt t o  improve t h e i r  e f f i c i e n c y .  F i n a l l y ,  an 
in-mine t e s t  was conducted a t  moderate depths (approximately 400 m) t o  
evaluate t h e  system opera t ion  under nominal cond i t ions  w i thout  the  added 
complexi ty  o f  noise cancel l a t i o n  i n  t h i s  i n i t i a l  t e s t  phase. 

This r e p o r t  discusses the  Phase I 1  work w i t h  emphasis on t h e  t e s t  
r e s u l t s  . 



2.0 BREAOBOARO LOCATION SYSTEM EQUIPMENT 

The "Breadboard" system components, shown i n  F igu re  2-1, were used t o  
t e s t  key f u n c t i o n s  o f  t h e  l o c a t i o n  method concept t h a t  had been proposed 
f o r  use i n  deep mines (up t o  1 km depth) ,  i n  o rde r  t o  complete1 y  speci  f y  
t h e  des ign  requi rements f o r  an ope ra t i ona l  p r o t o t y p e  ve rs i on  o f  t h e  EM 
Rescue Sys tem. 

* The s i  yna ls  f o r  t h e  system a re  generated by an underground beacon 
t r a n s m i t t e r ,  w i t h  a  300- foot  ( o r  y r e a t e r )  c i rcumference  loop  antenna l a i d  
ou t  i n  an approx imate ly  h o r i z o n t a l  p lane.  Th is  produces a  low frequency 
d l t e r n a t i n g  magnet ic  f i e l d  e q u i v a l e n t  t o  t h a t  o f  a  n e a r l y  v e r t i c a l  magnet ic 
d i p o l e  pe rpend i cu la r  t o  t h e  p lane  of t h e  loop. The f i e l d  i s  quasi - s t a t i c ,  
i.e., non rad ia t i ny ,  and decays r a p i d l y  w i t h  d i s t a n c e  f rom t h e  t r a n s m i t t e r .  
A v e r s i o n  of t h e  p resen t  miner  l o c a t i o n  VF t r a n s m i t t e r  was mod i f i ed  t o  
produce low frequency s i  gnal s  f o r  t h e  "Breadboard' system t e s t s .  S ince 
t h i s  t r a n s m i t t e r  ve rs i on  i s  unregulated,  i t  was powered by two cap-lamp 
b a t t e r i e s  i n  p a r a l l e l  t o  ach ieve b e t t e r  amp l i tude  s t a b i l i t y  and l o n y e r  
o p e r a t i o n a l  t i m e  f o r  t h e  purpose o f  t h e  t e s t s .  

The "Breadboard" EM l o c a t i o n  system uses an a r r a y  o f  t h r e e  t r i a x i a l  
sensors on t h e  su r f ace  t o  make v e c t o r  f i e l d  measurements of t h e  s i y n a l s  
produced by t h e  t r a n s m i t t e r .  They a re  s e t  up i n  known p o s i t i o n s  and 
o r i e n t a t i o n s  t h a t  a re  i n  t h e  general  area n e a r l y  over  t h e  p robab le  
t r a n s m i t t e r  l o c a t i o n .  The a r r a y  p a t t e r n  may be e i t h e r  l i n e a r  o r ,  more 
yene ra l l y ,  t r i a n g u l a r  (depending on t h e  mine c o n f i g u r a t i o n )  w i t h  a  spacing 
between sensors and maximum o f f s e t  o f  t h e  a r r a y  on t h e  o rde r  o f  t h e  depth 
t o  t h e  t r a n s m i t t e r .  ( L a t e r a l  o f f s e t  o f  a  l i n e a r  a r r a y  should be less. )  
The p lane  ( o r  1  i n e )  c o n t a i n i n g  t h e  sensors ( o r  loop  antenna) does n o t  have 
t o  be l e v e l  ,but severe t i l t s  may r e q u i r e  ope ra to r  ass is tance  t o  achieve t h e  
c o r r e c t  1  o c a t i  on. 

Three sensors w i l l  o f t e n  be s u f f i c i e n t  f o r  use a t  mines on t h e  o rder  o f  
300 t o  400 m  deep, which was t h e  goal  f o r  p r e l i m i n a r y  t e s t s  o f  t h e  
"Breadboard" system l o c a t i o n  ( o n l y )  func t ions .  A t  mines up t o  1,000 m i n  
depth, an a d d i t i o n a l  sensor i s  r e q u i r e d  f o r  no i se  c a n c e l l a t i o n  i n  
ope ra t i ona l  systems. Th is  r e s u l t s  f rom t h e  f a c t  t h a t  n a t u r a l  atmospheric 
no i se  l e v e l s ,  a t  t h e  low ope ra t i ng  f requenc ies  r e q u i r e d  t o  m in im ize  t h e  
e f f e c t s  o f  e a r t h  c o n d u c t i v i t y ,  a re  very  h i g h  compared t o  t h e  weak sur face  
s i g n a l s  f rom t r a n s m i t t e r s  a t  t h e  g r e a t e r  depths. Under these cond i t i ons ,  
t h e  t i m e  r e q u i r e d  f o r  s i  yna l  i n t e g r a t i o n  t o  achieve a s u i t a b l e  
s i g n a l  - t o -no i  se r a t i o  (SNR) f o r  accura te  l o c a t i o n  i s  unacceptable.  S ince 
t h e  p ropagat ing  atmospheric no i se  f i e l d s  change s l o w l y  over  reasonably  
un i f o rm  ea r th ,  i t  i s  p o s s i b l e  t o  cohe ren t l y  cancel  most o f  t h e  no i se  a t  t h e  
l o c a l  sensors by sens ing no i se  o n l y  a t  a  remote l o c a t i o n .  A separate t e s t  
of t h i s  method was conducted as descr ibed  i n  Sec t ion  4. 

The search c o i l  sensors used i n  t h e  "Breadboard" system t e s t s  have an 
i n t r i n s i c  system no i se  l e v e l  s l i y h t l y  lower  than  t h e  expected atmospheric 





noise c a n c e l l a t i o n  l eve ls .  The goal i s  t o  be able t o  achieve a  40- 
t o  60-dB SNR w i t h  a  s igna l  i n t e g r a t i o n  t ime o f  an hour o r  l ess  al though 
longer t imes may be requ i red  under poorer cond i t ions  o r  t o  achieve greater  
accuracy. Each o f  t h e  t h r e e  sensors used f o r  l o c a t i o n  are connected by a  
cable t o  a  Sensor Data Un i t  f o r  automatic de tec t i on  o f  t he  s igna ls  and 
preprocessing o f  t h e  data. The Locat ion Analys is  U n i t  (LAU) processes the  
measurements from the  SDU's and solves f o r  t he  most l i k e l y  l o c a t i o n  o f  the  
t r a n s m i t t e r .  

SEARCH COIL SENSORS 

The Model 107310 t r i a x i a l  search c o i l  s p e c i f i c a t i o n s  are given i n  Table 
2-1 and t h e  o v e r a l l  dimensions are  shown i n  Figure 2-2. The search c o i l s  
have the  h i  gh degree o f  s e n s i t i v i t y  and accuracy requ i red  f o r  accurate 
l o c a t i o n  work i n  a  r e l a t i v e l y  compact form. It i s  poss ib le  t o  break t h e  
s t r u c t u r e  down t o  elements t h a t  are easy t o  t ranspor t  and then reassemble 
q u i c k l y  and accura te ly  a t  any requ i  red  l oca t ion .  

Each ax i s  o f  the  ar ray  cons is ts  o f  a  copper w i re  solenoid wound around a  
h i g h l y  permeable core and i s  e l e c t r o s t a t i c a l l y  shielded. The solenoid i s  
encapsulated i n  a  f i b e r g l a s s  tube which can be accura te ly  and reproduceably 
a l igned.  The th ree  rods requ i red  f o r  a  complete vector  f i e l d  measurement 
sensor, are he ld  by screw clamps i n  a  cen t ra l  hub. The rods are 
s u f f i c i e n t l y  r i g i d  so t h a t  accurate alignment can be maintained wi thout  t h e  
need f o r  a d d i t i o n a l  s t r u t s  between the  ends. 

I n  order  t o  minimize t h e  p r o f i l e ,  t h e  lower end o f  t h e  v e r t i c a l  rod can 
be i n s e r t e d  i n  a  hole, when c i  rcumstances permi t .  A r i  g i  d  support ing 
s t r u c t u r e  can be used on hard surfaces. Mounting f e e t  w i t h  ad jus tab le  
screws are  clamped on the  ends o f  t he  ho r i zon ta l  rods f o r  l e v e l i n g  the  
s t r u c t u r e  by us ing  a  p r e c i s i o n  bubble l e v e l  mounted on t h e  hub. The u n i t  
i s  rou  h l y  a l igned i n  the  p re fe r red  d i r e c t i o n .  A t r a n s i t  o r  por tab le  l ase r  
l e v e l  9 cons t ruc t i on  type)  i s  used t o  p r e c i s e l y  determine azimuth by 
s i  y h t i n g  on an o p t i c a l  m i r r o r ,  mounted on the  hub, and measuring the  
r e f l e c t i o n  anyle. A secure, noncontact ing wind screen must be placed over 
the  sensor t o  minimize mechanical v ib ra t i on .  

The e l e c t r o n i c s  b lock diagram f o r  t h e  search c o i l  i s  shown i n  
Figure 2-3. The p r e a m p l i f i e r  and feedback c i r c u i t  bui  1  t i n t o  each co i  1  rod 
prov ide  a  f l a t  frequency response from approximately 0.2 Hz t o  200 Hz. The 
p r e a m p l i f i e r  f r o n t  end u t i l i z e s  low noise FET's selected f o r  a  noise 
vo l tage dens i t y  o f  approximately 5  n ~ / m .  The o v e r a l l  e f f e c t i v e  noise 
l e v e l  o f  each a x i s  o f  the  search co i  1  i s  equ iva lent  t o  -156 dB Ho ( o r  Hno = 
15.9 x  1 0 ~ ~  ~ l m l m )  a t  10 Hz and var ies  approximately i nve rse ly  w i t h  
frequency . 

A separate, so-cal 1  ed post de tec t i on  amp1 i f i e r  provides add i t i ona l  gain , 
notch f i l t e r i n g  f o r  power l ine in ter fe rence,  and o r thogona l i t y  t r imn ing  f o r  
t he  3-axis search c o i l  assembly. It i s  placed c lose t o  the  c o i l  assembly 
t o  minimize poss ib le  noise pickup on t h e  c o i l  output  l i n e s .  I n  the  simple 
vers ion used f o r  t he  "breadboardH system t e s t s  (F igure 2-3), 



I n t r i n s i c  Noise Level -153 dBHo* a t  10 Hz (va r ies  approximately 
as l l f )  

Scale Factor  20 V/A/m (Nominal. Ca l ib ra ted t o  an 
accuracy o f  approximately +0.1%) 

Maximum L inear  Output Voltage f5 V peak 

Bandwi t h  

Or thogona l i ty  

Approximately 0.2 t o  200 Hz (before 60 Hz 
notch f i l t e r )  

<O.1° ( c a l i b r a t e d  w i t h  co r rec t i on  i n  
hardware) 

Power Supply E ight  AA-size b a t t e r i e s  (12 V) 

Size 1-318 inch  OD x 34 inches (each a x i s )  

Weight Search Co i l  21 pounds; A m p l i f i e r  2 pounds 

Operat ing Temperature 

.dBH,is r e l a t i v e  t o  1 ~ ~ / m ~ ~ z .  

-40°C t o  +60 OC (design goal ) ; (-40" F t o  
+140° F) 

Tab1 e 2-1. Speci f i c a t  i ons - Devel co Model 107310 3-Axi s 
Search Co i l  Sensor ( w i t h  Model 107315 Post Detect ion 
A m p l i f i e r )  
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t h e  gain r a t i o  was l i m i t e d  t o  f i v e  t o  minimize the  possib i  1 i t y  of 
s a t u r a t i o n  i n  h igh  l e v e l  power l ine f i e l d s  such as i n  t h e  l a b  and 
c a l i b r a t i o n  tes ts .  Also, a s i n g l e  60-Hz notch f i l t e r  w i t h  an a t tenuat ion  
o f  approximately 35 t o  40 dB was used. 

The o v e r a l l  frequency response of a t y p i c a l  search c o i l  and post 
de tec t i on  a m p l i f i e r  channel i s  shown i n  Figure 2-4. The a m p l i f i e r  outputs 
are t ransmi t ted  t o  t h e  rece ive r  over a 22-gauge, th ree  tw is ted  shie lded 
p a i r ,  1,000 f o o t  cable. 

Because t h e  t r i a x i a l  search c o i l  s t r u c t u r e  i s  i n h e r e n t l y  asymnetr ical,  
t h e r e  i s  some magnetic coup l ing  between the  axes. To achieve b e t t e r  than 
0.1 degree o r thogona l i t y ,  t h i s  coup l ing  must be c a r e f u l l y  " tr imned" out on 
each u n i t ,  du r ing  t h e  c a l i b r a t i o n  process. This i s  done w i t h  an ad jus tab le  
r e s i s t o r  network t h a t  suppl ies a small sample o f  s igna l  from each ax is  t o  
be subtracted from each o f  i t s  t ransverse axes t o  cancel t h e  coupl ing. 
Thus, each post  de tec t i on  a m p l i f i e r  i s  matched t o  a p a r t i c u l a r  search c o i l  
assembly set .  I f, i n  t h e  fu ture ,  i t  i s  found t h a t  114 degree ( o r  so) 
o r thogona l i t y  i s  adequate, then i t  appears t h a t  no adjustment w i l l  be 
requ i  red. 

2.2 SENSOR DATA UNIT AND PREAMPLIFIER 

The Sensor Data Un i t  (SDU) , Model 107145-02, and i t s  associated 
Preamp l i f i e r ,  Model 107096, were modi f ied  t o  serve as t h e  s igna l  rece ivers  
i n  t h e  "Breadboard" l o c a t i o n  system. These u n i t s  are p a r t  o f  a Develco 
p r o p r i e t a r y  e lectromagnet ic  guidance system f o r  ho r i zon ta l  bor iny.  The i r  
basic f u n c t i o n  i s  t o  prov ide  wideband f i l t e r i n g ,  automatic gain con t ro l  and 
d i  g i  t a l  conversion, i n  hardware; and impul s i  ve noi  se processing, narrow- 
band f i  1 t e r i  ng, coherent s igna l  de tec t i on  and phase t rack ing ,  i n  software. 
The mod i f i ca t i ons  f o r  t h e  l o c a t i o n  t e s t s  cons is t  o f  minor p reamp l i f i e r  
changes and the  a d d i t i o n  of a "Synch" funct ion,  t o  measure r e l a t i v e  phase 
o f  t h e  th ree  SDU8s, a b lock averaging func t i on  f o r  long-term i n t e y r a t i o n  o f  
t he  s igna l ,  and d i sp lay  o f  t he  detected f i e l d  amplitudes. The nominal 
s p e c i f i c a t i o n s  and b lock diagram o f  func t ions  are shown i n  Table 2-2 and 
F i  gure 2-5, respect i vel  y  . 

The combination o f  t he  ex terna l  p r e a m p l i f i e r  and i n t e r n a l  s ignal  
cond i t i one r  board prov ide  an o v e r a l l  3 dB bandwidth o f  from approximately 
1-112 t o  20 Hz, f o r  a n t i - a l i a s  f i l t e r i n g  and powerl ine frequency 
r e j e c t i o n .  The i n p u t  o f  t h e  p r e a m p l i f i e r  was modi f ied  t o  provide a u n i t y  
gain d i f f e r e n t i a l  a m p l i f i e r  f o r  r e j e c t i n g  comnon-mode pickup on the  
1,000-foot cable t o  t h e  sensor and i t s  post  de tec t i on  a m p l i f i e r .  Notch 
f i l t e r s  were a l so  added t o  r e j e c t  t h e  t h i r d  harmonic o f  a square wave 
s igna l  t o  prevent generat ion of very low beat frequencies i n  t h e  impuls ive 
noise l i m i t i n g  process. These beat frequencies are due t o  t ransmi t te r  and 
SDU c lock  frequency d i f ferences and would adversely a f fec t  t h e  long-term 
averaging process. Both the  p reamp l i f i e r  and the  s igna l  cond i t ioner  have a 
programable  gain c o n t r o l  o f  e i t h e r  u n i t y  o r  128 (2  ), which i s  
au tomat i ca l l y  selected by t h e  microprocessr u n i t  (MPU). 
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Opera t iny  Frequency* 10-213 Hz 

Frequency S t a b i l i t y  '100 ppm over  t h e  temperature range 

Analog Bandwidth Approx imate ly  1-112 t o  20 Hz 

Power l ine  Frequency R e j e c t i o n  '80 dB a t  60 Hz 
>65 dB a t  120 Hz 
>70 dB a t  180 Hz 

I n p u t  Vol t a y e  

To ta l  V a r i a b l e  Gain 

*5 V max. 

1 t o  2 * l  (126 dB) max. 

Gain C a l i b r a t i o n  '0.1% 
0 

Phase Track i  ny 1 2  
(Channel- to-channel a t  s i g n a l  
f requency ) 

Noise Level  < - I 60  dBHo 
(Refe r red  t o  p r e a m p l i f i e r  i n p u t )  

AID Conver ter  12 b i t ,  + 5  V f u l l  s ca le  

Track and Hold <2-112 U S  

S i  ynal  I n p u t  Channel s  3  

Power Supply 115 V o r  220 V, 50160 Hz (<50 W max) 
o r  12 V i n t e r n a l  b a t t e r y  (<4 hour opera- 
t i o n )  o r  12 V ex te rna l  b a t t e r y  

Opera t i  ny Temperature -20 t o  +6U°C 

SDU PREAMP 
S ize  13.5" Up x 20" W x 19"H 3-118" W x 2-114" H x  6-718" L  

( t r a n s i t  case) 

Weight Approx. 55 l b s .  2 l b s .  

*De fau l t  va lue.  May a l s o  be proyrammed t o  operate a t  2-213 and 5-113 Hz. A 
p r e a m p l i f i e r  no tch  f i l t e r  change i s  a l s o  needed f o r  s a t i s f a c t o r y  long- term 
i n t e g r a t i o n  w i t h  square wave s i g n a l s  .) 

Table 2-2. S p e c i f i c a t i o n s  - Develco Model 107145-02 Sensor 
Data U n i t  ( w i t h  Model 107096 P r e a m p l i f i e r )  



The sof tware i s  w r i t t e n  t o  accomodate fou r  d i s c r e t e  s i  gnal frequencies, 
bu t  on l y  two are  use fu l  i n  t h i s  vers ion  because o f  p r e a m p l i f i e r  hardware 
l i m i t a t i o n s .  The defau l t  opera t ing  value stored i n  memory (PROM) i s  10-213 
Hz and t h e  system w i l l  au tomat ica l ly  operate a t  t h i s  frequency when turned 
on. An opera t ing  frequency of 5-1/3 Hz may be entered by the  SDU key pad. 
The opera t ing  frequency i s  der ived from t h e  MPU c r y s t a l  o s c i l l a t o r  which 
has a  s tab i  1  i t y  o f  +lo0 ppm over t h e  temperature range. 

Data sampling by t h e  Analog- to-Dig i ta l  (AID) board func t ions  i s  a1 so 
c o n t r o l l e d  by t h e  MPU software. Each o f  t h e  th ree  search c o i l  ax i s  
channels are connected t o  i n d i v i d u a l  track-and-hold c i r c u i t s  ; these are 
d i r e c t l y  c o n t r o l l e d  by t h e  nonmaskable i n t e r r u p t  (NMI) process and sampled 
a t  a  170-213 Hz ra te .  The s igna l  channels are then mult iplexed,,ampli f ied 
by a  3 - b i t  p rogramable  gain a m p l i f i e r  (PGA) w i t h  a  gain from 2 throuyh 
Z7,  and d i g i t i z e d  by a  12 -b i t  A I D  converter .  ( I n  a d d i t i o n  t o  the  s igna l  
data, one o f  n ine  subcomutated data channels are a l so  sampled. Three of 
these are used f o r  i n t e r n a l  housekeeping func t ions  and A I D  zero b ias  
c o r r e c t i o n  of each sample and t h e  others are unused i n  t h i s  version.) A I D  
conversion i s  no t  NMI  c o n t r o l l e d  but  occurs i n  the  i n t e r v a l  before the  next 
channel i s  mul t ip lexed.  

The s igna l  sample data i s  s tored along w i t h  the  gain a t  which i t  was 
taken and o the r  i n fo rma t ion  f o r  gain con t ro l .  The gain o f  each o f  t h e  
th ree channels i s  always t h e  same a t  a  given time. I f  a  gain change 
a f f e c t s  e i t h e r  t h e  preamp o r  s igna l  cond i t ioner ,  one o r  two 1.5-second 
frames w i l l  be skipped ( two f o r  preamp) t o  a l l o w  f o r  a m p l i f i e r  s e t t l i n g .  

Impuls ive noise processing (INP) does not  occur du r ing  t h e  f i r s t  pass o f  
t he  r o u t i n e  operat ion.  The data samples are simply sumned i n t o  the  
equ iva lent  o f  a  s i n g l e  c y c l e  f o r  processing t o  determine t h e  i n i t i a l  
est imate o f  t he  in-phase and quadrature components of the  s igna l .  Once an 
est imate o f  t h e  s igna l  ampli tude and r e l a t i v e  phase i n  each ax is  have been 
determined, each sample may then be symne t r i ca l l y  l i m i t e d  t o  reduce the  
e f f e c t  of impu ls ive  noise. This process cons is ts  o f  sub t rac t i ng  the  
est imated s igna l  c o n t r i b u t i o n  from each sample, l i m i t i n g  the  remainder and 
processiny t h e  remainder f o r  coherent s igna l .  

Data f i l t e r i n g  and the  second l e v e l  o f  data processing occurs once a l l  
t h e  raw data have been reduced. This process inc ludes t h e  computations of 
gain , f i  1  t e r e d  s i  gnal ampli tude and phase, Si  ynal -to-Noi se r a t i o  (SNK) and 
o ther  va r iab les  requ i red  f o r  impu ls ive  noise processing. The va r iab le  
computations w i l l  d i f f e r  f o r  t he  nonreference and reference channels. I n  
the  l o c a t i o n  app l i ca t i on ,  t h e  reference channel i s  au tomat ica l ly  selected 
dur ing  t h e  i n i t i a l  eva luat ion  process, based on t h e  best  SNR, and used t o  
t rack  t h e  phase of t h e  SDU r e l a t i v e  t o  t h e  s igna l .  Once selected, i t  
remains f i xed .  P r i o r  t o  the  s e l e c t i o n  o f  a  reference channel, a1 1  channels 
are t rea ted  t h e  same and use t h e  same computations as would a  reference 
channel. 



When t h e  system i s  f i r s t  turned on o r  i s  reset ,  i t  goes through a fas t  
s e t t l i n g  mode as p a r t  o f  t h e  i n i t i a l  a c q u i s i t i o n  process. The requ i red  
gain i s  determined by a successive approximation method s t a r t i n g  w i t h  a 
value o f  216. A f t e r  t e s t i n g  any t r i a l  yain, t h e  process may decide t h a t  i t  
s a t i s f i e s  the  requirements. I f  a a i n  change would set  the  gain outs ide of 

2 9  t he  hardware l i m i t a t i o n s  (2  t o  2 ), a warning message i s  displayed. 

The output  from t h e  impu ls ive  noise l i m i t i n g  process i s  low pass f i l t e r e d  
by a second-order f i l t e r  w i t h  a damping f a c t o r  of 0.9 and a t ime constant 
of 15 seconds (noise bandwidth approximately 0.01 Hz). The s ignal  output  
o f  these f i l t e r s  i s  used f o r  a l l  o ther  i n t e r n a l  rece iver  funct ions. It i s  
a l so  long term in teg ra ted  by a simple continuous b lock averaging process t o  
improve t h e  s igna l - to -no ise  r a t i o  (SNR) o f  t h e  ampli tude values d isplayed 
f o r  use i n  t h e  l o c a t i o n  ca l cu la t i on .  The long term averaging can be reset  
a t  any t ime wi thout  r e s t a r t i n g  t h e  e n t i  r e  s igna l  a c q u i s i t i o n  process. 

The long-term average output  ampli tude i s  d isplayed i n  RMS p ico- tes la ,  
along w i t h  phase i n  degrees, and SNR i n  db f o r  each channel on a 
40-character, e lec t ro -1  uminescent d i  splay. The X channel appears on the  
d e f a u l t  l i n e  and t h e  o ther  l i n e s  are  togg led w i t h  t h e  key pad. Conversion 
o f  t h e  SDU i npu t  vol tage t o  equ iva lent  f i e l d  a t  t he  sensor assumes a sensor 
sca le  f a c t o r  o f  20 V/(A/M) and a post  de tec t i on  a m p l i f i e r  gain o f  f i v e .  
Precise c a l i b r a t i o n  r a t i o s  are app l ied  dur ing  the  l o c a t i o n  c a l c u l a t i o n  
process t o  achieve a more accurate r e s u l t .  The SDU and p r e a m p l i f i e r  se t  
c a l i b r a t i o n s  are given i n  Table 2-3. (See Sect ion 3, Table 3-5, f o r  the  
search c o i  1 val  ues .) 

The channel phases d isplayed are w i t h  respect t o  the  SDU c lock  f o r  t he  
reference channel, and w i t h  respect t o  t h e  reference channel f o r  t h e  o ther  
two channels. I d e a l l y ,  t he  two nonreference channels w i l l  be e i t h e r  i n  
phase (0' ) o r  e x a c t l y  out  o f  phase (180" ) w i t h  respect t o  the  reference 
channel. A warning i s  issued i f  a phase anomaly greater  than 3 U 0 i s  
detected ( i  .e., i f  t h e  nonreference channels dev ia te  more than 30° from 
being e x a c t l y  I n  o r  out o f  phase w i t h  the  reference channel). Possible 
causes o f  phase anomalies are  e l e c t r i c a l  in te r fe rence,  f i e l d  s c a t t e r i n g  
from conduct ing s t ruc tures ,  very low s igna l  l eve ls ,  o r  problems i n  t h e  
equi pment . 

Since t h e  phase o f  each o f  t h e  th ree  SOU c locks i s  a r b i t r a r y ,  they must 
have a common reference f o r  use i n  t h e  l o c a t i o n  ca l cu la t i ons .  This i s  
accomplished by a so-cal led "Synch" cable in terconnect ion  between the  u n i t s  
t o  measure t h e  phase o f  two secondary u n i t s  w i t h  respect t o  a pr imary 
u n i t .  The pr imary SDU i s  i nd i ca ted  by a sho r t i ng  w i re  i n  the  pr imary cable 
connector connected t o  t h a t  SDU. Each SDU p o l l s  an 1/0 p o r t  which 
i nd i ca tes  t h a t  t he  SDU i s  e i t h e r  a pr imary o r  secondary. I f  i t i s  a 
pr imary SDU then i t  w i l l  cause t h e  communications l i n e s  t o  t h e  two 
secondaries t o  pulse every cyc le  of the  received s ignal  frequency (such as 
10-2/3 Hz) i n  synch w i t h  t h e  pr imary SDU o s c i l l a t o r .  The secondary SDU 
uses a h igh  speed counter t o  s t a r t  a t  the  beginning o f  a s ignal  cyc le,  t h a t  



Channel X Y Z 

SDU 1 (5.3 Hz) 1 .02070 1.02070 1 .02030 

SDU 3 (5.3 Hz) 1 .02030 1 .02070 1 ,02030 

SDU 4 (5.3 Hz) 1.01300 1.01900 1.01400 

SDU 1 (10.6 Hz) 1.06870 1.06330 1.06330 

SDU 3 (10.6 Hz) 1 .06330 1 .07100 1 .06730 

SDU 4 (10.6 Hz) 1.05430 1.06100 1.05370 

Tab1 e 2-3. Sensor data u n i t  and preamp1 i f i e r  ca l  i bra t ion  r a t i  os 
The c a l i b r a t i o n  r a t i o  i s  defined as the ca l ibra ted 
B f i e l d  d iv ided by the measured B f i e l d  displayed 
by the SDU. 



has been s h i f t e d  t o  be i n  phase w i t h  i t s  own clock, and count u n t i l  the  
pr imary SDU s t a r t  o f  c y c l e  i s  detected. The phase d i f fe rence between 
pr imary and secondary SDU i s  then computed and d isplayed i n  degrees by the  
secondary SDU'S. (The r e l a t i v e  phase o f  t h e  pr imary i s  necessar i l y  zero.) 

The normal de fau l t  "monitor" d i sp lay  r e g i s t e r s  conta in  f i v e  l i n e s  of 
i n fo rma t ion  i n c l u d i n g  t h e  t h r e e  channels o f  l ong  term averaye s igna l  data. 
They are d isp layed one l i n e  a t  a t ime. The X channel s igna l  data i s  the 
f i r s t  l i n e  d isp layed under a l l  d e f a u l t  condi t ions.  The remaining l i n e s  may 
be d isp layed by press ing the  "Next" key o f  t he  keypad t o  go i n  the  forward 
d i r e c t i o n  only. I f  a warning message appears, i t  may be c leared by 
pressing any key, but  a warning f l a g  ( l e t t e r )  w i l l  remain on the  r i g h t  o f  
t h e  d i sp lay  as long as t h e  c o n d i t i o n  e x i s t s .  Other system parameters and 
data may be d isp layed and some may be changed by using the  keypad. I n  some 
cases, p a r t i c u l a r l y  when an inadver ten t  parameter change could a f f e c t  
system operat ion,  a user i d e n t i f i c a t i o n  code (UIC) may be required. 

2.3 LOCATION ANALYSIS UNIT 

The Locat ion Analys is  U n i t  (LAU), suppl ied f o r  use i n  t h e  "Breadboard" 
l o c a t i o n  system, cons is t s  o f  a G R I D  Compass Model 1101 po r tab le  computer, 
w i t h  d i sk  and p r i n t e r ,  and Develco Locator/DLMG@ software. The key 
fea tures  o f  t h e  G R I D  equipment are surmnarized i n  Table 2-4. The LAU i s  
used t o  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  t h a t  generates the  f i e l d s  
measured by t h e  Sensor Data Un i t s  (SDU). I n  t h e  cu r ren t  version, data from 
the  SDU's are entered manually a t  t he  LAU computer keyboard. A l l  th ree LAU 
system components can be used when ac power i s  ava i lab le ,  o r  t he  Compass 
1101 computer can be used alone w i t h  an opt iona l  b a t t e r y  pack (not 
supp l ied) .  I n  e i t h e r  case, i t  gives t h e  r e s u l t s  on s i t e  and a l so  saves t h e  
i npu t  data and ca lcu la ted  r e s u l t s  f o r  f u t u r e  examination. 

Software supp l ied  by G R I D  inc ludes t h e  opera t ing  system and demonstration 
programs t h a t  are s tored on t h e  hard d i sk  and i n  bubble memory. The 
Develco Locator/DLMG@software i s  s tored on t h e  hard d i sk  and i n  bubble 
memory, w i t h  a backup vers ion on a f loppy disk. The Locator software 
provides t h e  fo l l ow ing :  

1. Data forms t h a t  arrange the  necessary i npu ts  t o  the  computer program 
i n  a convenient format. 

2. I n i t i a l i z a t i o n  rou t ines  t h a t  synchronize, r o t a t e  and ca1 i b r a t e  the  raw 
data from t h e  t h r e e  t r i a x i a l  sensor measurements t o  produce orthogonal 
vec tor  measurements. 

3. Two automatic and one manual i n i t i a l  est imate rout ines  t h a t  provide 
t h e  s t a r t i n g  p o i n t  f o r  t h e  l o c a t i o n  ca l cu la t i on .  

@Copyri ghted 1984 by Devel co , Inc  . 



5  Kg p0r taDle  

320 x  24U P i x e l  D isp lay  

I n t e l  8086 1 6 - b i t  pP 

I n t e l  8087 8 0 - b i t  Co-P 

256 K b y t e  RAM 

384 K b y t e  bubble 

16 K b y t e  RUM 

30U/1200 i n t e r n a l  modem 

GPI8 (IEEE-488) 

RS232-C/RS422 

L i t h i u m  b a t t e r y  c l ock  

110/22U V 

60 W 

1 0 - 4 0 " ~  

I I 

8.3 Kg p o r t a b l e  

GRID 1101 
Compass Computer 

10 M by te  Hard Disk 
(250 K b y t e l s e c )  

384 K Dyte f l o p p y  
(31  K by te /sec)  

GRID 2101 Epson MX-82 
Disk System Terminal P r i n t e r  

5.5 Kg p o r t a b l e  

GPIB In te r face  Board 

80 CPS 

B i  d i  r e c t i  onal 

9 x 9 do t  m a t r i x  

Enlarged/condensed 

Sprocket p i n  feed 

110 v 

100 W 

5-35"c 

A 

Table 2-4. Locat ion  ana l ys i s  u n i t  hardware. 



4. The main Locator program t o  c a l c u l a t e  t h e  source loca t ion ,  o r i e n t a t i o n  
and magnitude based on s i x  convergence attempts f o r  each i n i t i a l  
est imate. 

5. A u t i l i t y  program t o  c a l c u l a t e  f i e l d s  produced by a  known t ransmi t te r  
( f o r  d iagnos t i c  purposes). 

6. A  u t i l i t y  program f o r  c a l c u l a t i o n  o f  c a l i b r a t i o n  data i n  case 
reca l  i b r a t i  on i s  necessary. 

7. Data output  rou t i nes  t o  d isp lay ,  s to re  and p r i n t  r e s u l t s  i n  a  format 
f o r  easy eval u a t i  on. 

Development o f  t he  l o c a t i o n  method and "Locator" software was funded by 
Develco f o r  use i n  general underground and o ther  l o c a t i o n  app l ica t ions .  
The l o c a t i o n  method i s  based on the  Develco background patent  t h a t  has been 
app l i ed  fo r . '+  DLMG i s  t h e  s p e c i f i c  vers ion o f  t h e  "Locator" software t h a t  
has been adapted f o r  use i n  p re l im ina ry  t e s t i n g  o f  t he  "Breadboard" 
Electromagnetic (EM) Rescue System t o  evaluate t h i s  method as a  means o f  
l o c a t i n g  miners trapped i n  deep mines. There are a  few minor l i m i t a t i o n s  
imposed by the  s p e c i f i c  i n i t i a l i z a t i o n  and i n i t i a l  est imate rou t ines  used 
i n  t h i s  vers ion.  It requ i res  data from th ree  sensor l oca t ions  t h a t  can be 
a t  d i f f e r e n t  e levat ions .  The sensors must be l eve led  b u t  t h e  azimuthal 
o r i e n t a t i o n  can be i n  any known d i r e c t i o n .  Best r e s u l t s  w i l l  be obtained 
when t h e  sensors are  used i n  a  t r i a n g u l a r  a r ray  centered over the  probable 
t r a n s m i t t e r  l oca t ion ,  w i t h  a  sensor spacing on the  same order as the  
t r a n s m i t t e r  depth, and t h e  sensor o r  antenna plane i s  t i l t e d  l ess  than 20 
t o  30 degrees. I n  cases o ther  than these, successful  source loca t ions  can 
be made, bu t  t h e  s t a r t i n g  p o i n t  f o r  t h e  l o c a t i o n  a lgo r i t hm may have t o  be 
entered manual ly .  

Each l o c a t i o n  p r o j e c t  w i l l  normal ly  have several sets o f  SDU measurements 
taken over t ime. The main p r o j e c t  in format ion  i s  entered on ly  once, 
fo l lowed by the  sets o f  data measurements as they are recorded from the 
SDU's. A l l  e n t r i e s  are  made a t  t h e  Compass keyboard i n  response t o  prompts 
from t h e  Compass screen. The entered in format ion  and data are 
automat ica l ly  s tored on t h e  hard d i sk  ( o r  i n  bubble memory); p r i n t e d  copies 
may be made i f  desired. A l l  r e s u l t s  w i l l  a l so  be f i l e d  automat ical ly .  The 
amount o f  i n fo rma t ion  d i  splayed and p r i  n ted can be c o n t r o l  1  ed, i .e . , the  
output  o f  some d iagnost ic  techn ica l  data (which would be f i l e d  regardless)  
can be i n h i b i t e d .  

Fo l lowing t h e  e n t r y  o f  t he  data i n t o  the  LAU, t h e  measurements are 
i n d i v i d u a l l y  c a l i b r a t e d  according t o  t h e  sensors and SDU's from which they 
were recorded. The measurements are then synchronized i n  t ime using phase 
re1 a t i onsh i  ps among the  sDU'S (measured w i t h  synchroni za t i on  cables).  
Next, t he  measurements are mathematical ly ro ta ted  so t h a t  t he  azimuths o f  
t h e  sensors are  a l igned w i t h  t h e  ar ray  coordinate system. The r e s u l t  o f  
these p re l im ina ry  c a l c u l a t i o n s  are vector  f i e l d  measurements a t  each 
sensor; these vectors are then used i n  t h e  automatic i n i t i a l  est imate 
rout ines  and i n  the  main Locator program. 



The main l o c a t i o n  program ca l cu la tes  the  l o c a t i o n ,  o r i e n t a t i o n ,  and 
magni tude of a  remote, unknown, 1  ow-f requency (quasi - s t a t i c )  mayneti c  f i e l d  
source. I n  general,  i t  can be used t o  l o c a t e  v i r t u a l l y  any magnetic d i p o l e  
source, based on t h e  f i e l d  measurements made a t  t h r e e  t r i a x i a l  sensors se t  
i n  a  t r i a n g u l a r  a r ray  a t  any a t t i t u d e  w i t h  respect t o  the  source. 
Depending on t h e  geometry o f  t h e  problem, i t may be poss ib le  t o  use fewer 
sensors o r  o the r  a r ray  c o n f i  gura t ions  (e.g., co-1 i n e a r ) .  Given 
s u f f i c i e n t l y  accurate measurements, t h e  program can make t h e  c o r r e c t  
l o c a t i o n  over any d is tance,  i .e., t h e  a lgo r i t hm used i s  independent o f  
l i n e a r  sca le  ( w i t h i n  t h e  numerical l i m i t s  o f  t h e  computer used). 

The l o c a t i o n  program c a l c u l a t i o n s  employ a  unique mathematical model o f  
t h e  source and t h e  f i e l d s  i t  produces. S i x  simultaneous equat ions are  
requ i red  t o  so lve  f o r  t he  s i x  unknowns o f  source p o s i t i o n  (3-X, Y, Z ) ,  
o r i e n t a t i o n  ( 2 - t i l t ,  azimuth),  and s t reng th  (1). The computer program 
c a l c u l a t e s  the  simultaneous solut4oh t o  t h e  w n l i n e a r  equat ions by a  unique 
i t e r a t i v e  search and conuergence method. Computs;tjon begins w i t h  an 
i n i t i a l  es t imate  o f  Urc s o l u t i o n  and then converges >to  a  co r rec t  s o l u t i o n  
o f  t h e  equat ions i f  poss ib le .  The i n i t i a l  es t imate  does no t  have t o  be 
accurate bu t  wst be i n  a  s u i t a b l e  reg ion  t h a t  depends on t h e  s p e c i f i c  
sensor a r ray<and  t r a n s m i t t e r  geometry. Because o f  t h e  complex nature of 
t h e  equat ions, it may not  be poss ib le  t o  reach a s o l u t i o n  by a  given 
route.  Therefore, s i x  attempts a re  made f o r  each i n i t i a l  est imate. 

There are  m u l t i p l e  poss ib le  roo ts ,  o r  mathemat ica l ly  c o r r e c t  answers, t o  
t h e  o r i g i n a l  s i x  equat ions w i t h  s i x  unknowns. Only one i s  t h e  c o r r e c t  
answer t o  t h e  rea l  wor ld problem. The nature o f  the  equat ions have been 
i n v e s t i g a t e d  and modeled f o r  an ex tens ive  v a r i e t y  o f  source and sensor 
con f i gu ra t i ons .  Knowledge o f  t h e  behavior o f  these func t ions  and o f  t he  
general c o n s t r a i n t s  on poss ib le  source l o c a t i o n s  and o r i e n t a t i o n s  i s  used 
i n  t h e  computer ( o r  manual ) rou t i nes  t o  s e l e c t  an appropr ia te  s t a r t i n g  
p o i n t  t h a t  w i l l ,  i n  most cases, lead t o  t h e  c o r r e c t  so lu t i on .  

A very deep s t a r t i n g  p o i n t  i s  genera l l y  best  i n  the  trapped miner case, 
which w i l l  u s u a l l y  i n v o l v e  l o c a t i n g  a  nea r l y  v e r t i c a l  magnetic d i p o l e  
source ( h o r i z o n t a l  loop antenna) by us ing  sensors deployed i n  a  nea r l y  
h o r i z o n t a l  sur face  plane. The software has two rou t i nes  t o  au tomat ica l l y  
se lec t  t he  s t a r t i n g  p o i n t .  The f i r s t  r o u t i n e  se lec ts  a p o i n t  below the  
p ro jec ted  i n t e r s e c t i o n  o f  t h e  h o r i z o n t a l  f i e l d  d i  r e c t i o n s  a t  t h e  sensors. 
This method works we l l  whenever the  loop antenna i s  nea r l y  ho r i zon ta l  (most 
cases)+ The second r o u t i n e  se lec ts  a  s t a r t i n g  p o i n t  d i r e c t l y  beneath the  
c e n t r o i d  o f  t h e  sensor array.  This  i s  more conservat ive and may be usefu l  
when t h e  sensor o r  antenna p lane i s  severely  t i l t e d .  S t a r t i n g  p o i n t s  based 
on o ther  anformation may a l so  be entered by the  operator .  From each 
s t a r t i n g  m i n t  t h e  main Locator  program attempts t o  f i n d  the  so lu t i on .  



The mathematical so l  u t i o n  occurs when t h e  func t ions  are i d e n t i c a l  l y  equal 
t o  zero. I n  prac t ice ,  t h e  f i e l d  measurements are  contaminated by noise and 
the re  may be e r r o r s  i n  the  computer ca l cu la t i ons  which e i t h e r  r e s u l t  i n  
long computational t imes o r  prevent achiev ing zero. Therefore, convergence 
l i m i t s  are used t o  determine when t h e  i t e r a t i o n  process should be 
terminated. This can p o t e n t i a l l y  lead t o  f a l s e  answers t h a t  may o r  may not 
be c lose  t o  a rea l  roo t ,  but  are not  the  c o r r e c t  answer. Various methods 
are used t o  d i sca rd  f a l s e  answers. For example, very o f ten  the  i nco r rec t  
answers are completely u n r e a l i s t i c  o r  p h y s i c a l l y  impossible. I n  other 
cases, they do not  produce t h e  c o r r e c t  f i e l d  values when t h e  equations are 
inver ted .  To he lp  assure a r r i v a l  a t  t he  co r rec t  answer, t h e  r e s u l t s  from 
t h e  s i x  convergence attempts are  d isplayed i n  decending order  o f  f i t  t o  the  
measured data, thus t h e  f i r s t  r e s u l t  l i s t e d  i s  "best".  

2.4 BEACON TRANSMITTER 

This p o r t i o n  o f  t h e  deep mine (1,000 m) l o c a t i o n  system equipment w i l l  be 
s i m i l a r  i n  form and f u n c t i o n  t o  t h a t  used i n  the  e x i s t i n g  Bureau o f  Mines 
VF equipment f o r  shal lower mines ( <300 m). That i s ,  i t  w i l l  cons is t  o f  a 
w i r e  loop antenna deployed i n  a near l y  ho r i zon ta l  conf igura t ion ,  and t h e  
e l e c t r o n i c  c i r c u i t r y  t o  d r i v e  i t  which may be powered by the  miner 's  
cap-lamp ba t te ry .  The pr imary d i f f e r e n c e  i n  t h e  deep mine a p p l i c a t i o n  are 
the  need f o r :  

1. Lower operat ing frequencies ( 1  t o  10 Hz) t o  minimize propagation 
e f f e c t s .  

2. Higher frequency and ampli tude s t a b i l i t y  t o  permi t  t he  longer s ignal  
i n t e g r a t i o n  times required.  

3. H i  gher o v e r a l l  t r a n s m i t t e r  e f f i c i e n c y  t o  achieve an acceptable 
opera t ing  t ime w i t h  a b a t t e r y  f o r  continuous (CW) use. 

4. Higher i n t r i n s i c a l l y  safe moment f o r  a given range o f  probable loop 
area possi  b i  1 i t i e s .  

Several conceptual a1 t e r n a t i  ves f o r  achiev ing the  performance goals f o r  
deep mine app l i ca t i ons  were i nves t iga ted  as p a r t  o f  t h e  Phase I work. 
However, i t  was s u f f i c i e n t  t o  simply modify the  e x i s t i n g  VF rescue 
t r a n s m i t t e r  t o  operate a t  low frequencies (1-10 Hz ranye) f o r  t he  purposes 
o f  t h e  "Breadboard" system eva luat ion  tes ts .  

The t r a n s m i t t e r s  used were product ion prototypes manufactured by General 
Instruments Corporat ion, P I N  852-1476, which have opt iona l  output 
frequencies o f  630, 1050, 1950 o r  3030 H Z . ~  This vers ion would normally be 
c a r r i e d  on a b e l t  and attached t o  a 4 -vo l t  (4.2 t o  3.5 V charge-discharge 
range) cap-lamp b a t t e r y  when needed. The standard antenna i s  300 f e e t  o f  
#18AWG s o l i d  copper w i re  w i thOa  nominal res is tance o f  1 .9~.  The 
t r a n s m i t t e r  has a s t a b l e  quar tz  c r y s t a l  o s c i l l a t o r  (30-50 kHz range) and a 
b ina ry  d i v i d e r  t o  yenerate the  opera t ing  frequency. A decade d i v i d e r  i s  



used t o  prov ide  a  10% duty cyc le  f o r  use w i t h  audio de tec t i on  methods and 
t o  extend t h e  b a t t e r y  l i f e  t ime t o  greater  than 40 hours w i t h  a  p a r t i a l l y  
discharged b a t t e r y  ( e  .g., o l d  b a t t e r y  a t  end o f  s h i f t  ) . Continuous (CW) 
opera t ion  may be keyed w i t h  a  pushbutton switch. The antenna i s  d r i ven  by 
a  f u l l  -wave swi t c h i  ng br idge t h a t  produces an unregulated square-wave 
output  w i t h  a  peak vo l tage and cu r ren t  p ropor t i ona l  t o  t h e  b a t t e r y  vol tage 
and load. (The s p e c i f i e d  output  cu r ren t  i s  6  A w i t h  a  0.2fl, 100 pH load.) 

The mod i f i ca t i ons  consisted o f  bypassing t h e  t r a n s m i t t e r  o s c i l l a t o r  and 
d i v i d e r  c i  r c u i  t r y  w i t h  another design t o  produce hardwi r e  se lec tab le  output 
f requencies o f  2-2/3, 5-1/3 and 10-213 Hz. A watch c r y s t a l  o s c i l l a t o r  i s  
used, s i m i l a r  t o  t h a t  i n  t h e  o r i g i n a l  t r a n s m i t t e r  c i r c u i t ,  w i t h  a  s t a b i l i t y  
o f  one p a r t  i n  l o 5  and frequency of 32,768 Hz. I t s  output  i s  d i v ided  t o  
t h e  se lec ted frequency and d r i ves  the  antenna output  through the  o r i g i n a l  
t r a n s m i t t e r  c o n t r o l  and swi tch ing  c i r c u i t r y .  I n  add i t ion ,  t h e  CW mode was 
hardwi red  t o  be on cont inuously ( i  .e ., the  keying swi tch was bypassed). 
The changes were accomplished by "piggy-backing" t h e  new c i r c u i t r y  and by 
making appropr ia te  w i  r i n g  changes - the  o r i g i n a l  p r i n t e d  c i  r c u i  t boards 
were no t  permanently a1 tered.  

The capac i ty  o f  a  standard lead-acid cap-lamp b a t t e r y  i s  on the  order o f  
12 t o  15 ampere hours (A-H) w i t h  a  standard 1-A lamp load. Under load 
cond i t ions ,  t h e  te rmina l  vo l tage var ies  gradual l y  from approximately 4  
vo l t s ,  a t  f u l l  charge, t o  approximately 3-1/2 v o l t s  near c u t o f f .  Although 
the  vo l tage drop i n  the  t r a n s m i t t e r  swi tch ing  c i  r c u i  t depends on vol tage 
and t h e  temperature, etc., t h e  expected averaye t r a n s m i t t e r  cu r ren t  i n t o  a  
nominal 252 load, i s  on the  order  of 1.7 t o  1.5 A peak square wave. Thus, 
under CW opera t ing  condi t ions,  a  f u l l y  charged b a t t e r y  w i l l  have an 
opera t ing  l i f e  o f  from approximately seven t o  n ine  hours. A p a r t i a l l y  
discharged bat te ry ,  such as an o l d  one a t  t h e  end o f  t he  s h i f t ,  w i l l  have a  
usefu l  l i f e  o f  approximately h a l f  t h a t .  As mentioned previously,  these 
l i f e t i m e s  are  inadequate f o r  an opera t iona l  system and a l t e r n a t i v e s  must be 
considered i n  t h e  fu tu re .  They are a l so  inconvenient f o r  t he  eva luat ion  
t e s t s  where i t  i s  expected t h e  t r a n s m i t t e r  w i l l  be l e f t  on f o r  extended 
per iods o f  t ime. 

Tests were conducted w i t h  the  modi f ied  t r a n s m i t t e r  and 252 load connected 
t o  a  standard Wheat cap-lamp b a t t e r y  t o  v e r i f y  t h e  expected vol tage decay 
ra te .  With a  b a t t e r y  t h a t  was less  than f u l l y  charged, i t  was found the 
te rmina l  vo l tage on t h i s  sample decreased approximately 40 t o  60 mV per 
hour i n i t i a l l y ,  and approximately t h e  same amount per h a l f  hour a t  l a t e r  
times. The t o t a l  t ime t o  complete discharge was approximately s i x  hours 
and t h e  decay r a t e  accelerated i n  the  l a s t  1.5 hours. For a  simple long 
term s igna l  averaging scheme, such as i s  t h e  case f o r  t h e  "Breadboard" 
rece iver ,  these f i  yures t r a n s l a t e  t o  an equivalent  s igna l  - to-noise r a t i o  
(SNR) o f  about 40 t o  36 dB, respect ive ly ,  when in teg ra ted  over the  same 
per iod  o f  t ime. 



Even though t h e  s igna l  ampl i tude may be changing, t h e  rece ivers  w i l l  
p rov ide  t h e  c o r r e c t  r e l a t i v e  mean s i  ynal ampl i tude over a g iven pe r iod  of 
t ime  because t h e  v a r i a t i o n  i s  common t o  a1 1 of them. However, t h e  apparent 
SNR w i l l  be lower than i t  might  otherwise be w i t h  a s t a b l e  s igna l  which 
makes i t  d i f f i c u l t  t o  evaluate s igna l  qua1 i t y  w i t h  the  "Breadboard" 
system. Because o f  t h i s ,  and t h e  need t o  achieve a longer opera t ing  t ime, 
capac i ty  was increased by us ing  two cap-lamp b a t t e r i e s  i n  p a r a l l e l  f o r  the  
f i r s t  in-mine t e s t .  

Loop c u r r e n t  v a r i a t i o n s  caused by temperature-induced changes i n  loop 
r e s i s t i v i t y  (0.4% per  degree C f o r  copper) a re  a l s o  possib le.  However, 
t h i s  i s  no t  expected t o  be a ser ious f a c t o r  i n  most t e s t  s i t u a t i o n s  because 
o f  t h e  f a i r l y  s t a b l e  mine environment. 

The standard 300-foot w i re  loop antenna i s  t o  be deployed as a s i n g l e  
t u r n  around a 60- by 90- foot  p i l l a r  f o r  t h e  in-mine t e s t .  The enclosed 
area i s  5,400 square f e e t  (502 m ) . This antenna conf i gura t i on  w i  11 
generate a peak magnetic d i p o l e  moment ( t u r n s  X area X c u r r e n t )  o f  753 ~m~ 
w i t h  a nominal peak square wave cu r ren t  o f  1.5 A. The RMS moment r e f e r r e d  
t o  t h e  fundamental frequency i s  2J2 Ill times t h e  peak square-wave value o r  
678 Am 2. 

I f  t h e  standard antenna i s  layed out  i n  a one-turn square con f i gu ra t i on  
( t h e  l a r g e s t  probable s i z e  i n  ac tua l  mine i n s t a l l a t i o n s ) ,  t h e  enclosed area 
w i  11 be 523 m and t h e  inductance w i  11 be 1 9 0 ~  H. I f  t h e  peak energy 
s to raye (112 LI~) i s  l i m i t e d  t o  a conservat ive i n t r i n s i c a l l y  safe l e v e l  o f  
112 m i l l i j o u l e  (mJ), then the  peak cu r ren t  must be l i m i t e d  t o  2.3 A, w i t h  
square wave e x c i t a t i o n .  The VF t r a n s m i t t e r  ou tpu t  w i l l  t y p i c a l l y  be l e s s  
than t h i s  when used w i t h  t h e  4-1 b a t t e r y  (4.2 maximum less  t r a n s m i t t e r  
vo l tage drop) and 1 . 9 ~ ( n o m i n a l  a t  room temperature) antenna. 

A l a r g e r  loop antenna was a l s o  used f o r  t h e  f i r s t  in-mine t e s t  t o  
s i m p l i f y  i n i t i a l  system f u n c t i o n a l  checkout. The w i r e  was 1,000 f e e t  of 
#14AWG copper w i r e  w i t h  a nominal res is tance o f  2.5n.  It was wrapped 
around four  p i l l a r ~ ~ w i t h  a t o t a l  enclosed area o f  approximately 52,900 
square feet  (4915 m ). A fundamental frequency RMS moment o f  approximately 
6600 Am was expected t o  r e s u l t  i f  a peak c u r r e n t  of 1.5 A was achieved. 



3.0 3-AXIS SEARCH COIL CALIBRATION 

Four 3-axis search c o i  1  assemblies were c a l i b r a t e d  a t  t h e  NASA-Ames 
6 Research Center Magnetic Test Faci  1  i t y  . The 20-foot diameter, 3-axi  s  

Helmholtz c o i l  f a c i l i t y  was used i n  o rder  t o  have minimum grad ien ts .  
Al though i t  i s  u s u a l l y  used f o r  dc measurements, t h e  Helmholtz c o i l  support  
s t r u c t u r e  i s  i n s u l a t e d  t o  prevent  eddy cu r ren ts  a t  ac. (A l a r g e  
demagnetizing c o i l  s t r u c t u r e  approximately 30 f e e t  south from t h e  Helmholtz 
cen te r  was no t  i nsu la ted ,  bu t  i t  d i d  no t  produce any s i g n i f i c a n t  e f f e c t s . )  
A l l  measurements except those f o r  t h e  Helmholtz c o i l  t r a n s f e r  f u n c t i o n  were 
made a t  5  Hz. Measurement and performance yoa ls  were: 

a )  Helmholtz g rad ien ts  <0.1% w i t h i n  - +15 inches o f  center .  

b )  Anyular measurement accuracy < + 1  - m rad ian  (+0.1 - m r  goal ) . 
c )  Search c o i l  o r t h o g o n a l i t y < + l  - m rad ian  (0.057 degrees). 

d )  Search c o i l  sca le  f a c t o r  accuracy < '0.1%. 

The Helmholtz c o i l  g rad ien ts  a t  5  Hz were measured and found t o  be 
l e s s  than 0.14% over a  rey ion 'of  224 inches about t h e  center .  (The N-S 
a x i s  had t h e  maximum grad ien t .  The E-W grad ien t  was much l ess  and t h e  
v e r t i c a l  g rad ien t  was neg l i g i b le . )  The t r a n s f e r  f u n c t i o n  o f  each Helmholtz 
c o i  1  pa i  r ( v e r t i  c a l  , East -West, North-South) was p rec i  s e l y  c a l  i bra ted  a t  dc 
by sw i t ch ing  p o l a r i t y  w i t h  t h e  r e s u l t s  shown i n  Table 3-1. 

The f i e l d s  produced by t h e  respec t i ve  Helmholtz c o i l  p a i r s  were ad jus ted  
t o  be l e v e l  ( o r  v e r t i c a l  ) and mu tua l l y  perpend icu la r  by means o f  a  cross 
coup l i ng  network. A p r e c i s i o n  l e v e l  was used t o  e s t a b l i s h  t h e  h o r i z o n t a l  
plane. A v i s i b l e  l a s e r  source, l oca ted  approx imate ly  45 f e e t  from the  c o i  1  
cen ter  and o r i e n t e d  p a r a l l e l  t o  t h e  N-S ax is ,  and an o p t i c a l  ( r e f l e c t i n g )  
b lock  were used t o  e s t a b l i s h  a  repeatable reference a x i s  and permi t  p rec i se  
90-degree r o t a t i o n s .  

The 3-ax is  search c o i l  assembly shown i n  F igure  2-2 inc ludes  a  p rec i se  
bubble l e v e l  and f r o n t  surface m i r r o r  f o r  o r i e n t a t i o n  w i t h  respect  t o  
v e r t i c a l  and azimuth ( t h e  l a s e r  l i n e ) .  Since t h e  Helmholtz f i e l d  
d i r e c t i o n s  were p r e c i s e l y  adjusted,  i t  was s u f f i c i e n t  t o  leave t h e  search 
c o i l  o r i e n t a t i o n  f i x e d  and s e q u e n t i a l l y  energ ize t h e  Helmholtz c o i l  pa i r s .  
The search c o i l  X, Y, and Z axes were o r i e n t e d  p a r a l l e l  t o  t h e  Helmholtz 
E-W, N-S ( t he  l a s e r  l i n e )  and v e r t i c a l  axes, respec t i ve l y .  

The ou tpu t  of t h e  search c o i l  p a r a l l e l  t o  t h e  f i e l d  i s  p ropo r t i ona l  t o  
i t s  sca le  f a c t o r .  The ou tpu t  of t h e  search c o i l s '  t ransverse  t o  t h e  f i e l d  
i s  p ropo r t i ona l  t o  t h e i r  o r t h o g o n a l i t y  w i t h  respect  t o  t h e  f i r s t  search 
c o i l .  Or thogona l i t y  was e l e c t r i c a l l y  ad jus ted  by means o f  a  cross t r i m n i n g  
network i n  t h e  pos t  d e t e c t i o n o a m p l i f i e r  t o  achieve a  minimum outpu t  f rom 
t h e  t ransverse  search c o i l s .  

Deta i  1  s  o f  t h e  Helmhol t z  c o i  1  orthogonal i t y  adjustment and search co i  1  
c a l i b r a t i o n  procedures are  descr ibed in t h e  f o l l o w i n g :  



Axi s TH (GausslAmpere) 

X (E-W) 0.4464 

Y (N-S) 0.4271 

Z ( v e r t i c a l )  0.5748 

Table 3-1. Helmholtz c o i l  transfer function cal i brat ion.  
Averaged f o r  gradient  over 4 0  cm about the 
centroid. 



A -  METHOD OF MEASURING VOLTAGES 

The vo l tage measurement setups used are  shown i n  F igure 3-1.  

TMB = lmS,200 points (>1/2cycle) 

TRIG = ext, normal, DC 

INP = DC coupled, f500mv 
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FIGURE 3-1. C a l i b r a t i o n  Voltage Measurements 
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8.HELMHOLTZ COIL AUJUSTMENTS 

1 )  The c ross  c o u p l i n y  network t h a t  was Used t o  t r i m  t h e  Helmholtz 
c o i l  a l i ynment  i s  shown i n  F igu re  3-2. Connections t o  t h e  
Helmhol tz  c o i l s  a re  a l s o  shown. 

2 )  A  g l ass  p l a t e  ( 1 )  was p laced  i n  t h e  cen te r  o f  t h e  c o i l  s t r u c t u r e  
as shown i n  F i y u r e  3-3A. 

3) The p l a t e  (1) was then  l e v e l e d  us ing  a  p r e c i s i o n  and s e n s i t i v e  
l e v e l  t h a t  was p laced  i n  t h e  cen te r  o f  t h e  p l a t e .  

4 )  A  f l u x y a t e  maynetometer ( 2 )  was f i r m l y  a t tached  t o  a  square, 
m i r ro r - coa ted  g l  ass pr i  sm ( 3 ) .  

5 )  With t h e  v e r t i c a l  c o i l  energ ized  ( r o t a r y  sw i t ch  S 1  i n  F igure  3-2 
i n  p o s i t i o n  3 )  w i t h  t h e  maximum a v a i l a b l e  c u r r e n t  (about 20 V p-p 
a t  t h e  generator  ou tpu t ) ,  P3 was ad jus ted  t o  g i v e  t h e  same 
magnetometer r ead ing  (amp l i tude  and phase) when i t s  a x i s  p o i n t e d  
E o r  W. P6 was ad jus ted  t o  g i v e  t h e  same read ing  when i t s  a x i s  
p o i n t e d  N o r  S. A t  t h i s  p o i n t ,  t h e  v e r t i c a l  f i e l d  was perpen- 
d i c u l a r  t o  t h e  l e v e l e d  p l a t e  w i t h  an es t imated  0.5 m Radian 
accuracy. 

6 )  The g lass  p r i sm  was r o t a t e d  i n t o  a  p o s i t i o n  i n  which t h e  f l u x y a t e  
a x i s  i s  v e r t i c a l .  See F i y u r e  3-3B. Wi th  t h e  f l u x y a t e  i n  t h e  
p o s i t i o n  shown i n  F igu re  3-3B and t h e  N-S c o i l  energ ized ( S 1  i n  
p o s i t i o n  2 )  t h e  f i e l d  r ead ing  i s  equal i n  amp l i tude  and reversed 
i n  phase t o  t h e  read ing  ob ta ined  a f t e r  t h e  p r i s m  i s  r o t a t e d  180 
deyrees. Th i s  i s  ach ieved by a d j u s t i n g  P8. The same procedure 
i s  repeated w i t h  t h e  E-W c o i l  enery ized  (S1 i n  p o s i t i o n  1 )  and 
a d j u s t i n g  P 7 .  A t  t h i s  p o i n t  bo th  E-W and N-S f i e l d s  l i e  i n  a  
h o r i z o n t a l  p lane.  

The p r i s m  i s  brought  back t o  i t s  p o s i t i o n  as i n  F igure  3-3A. 
N i t h  t h e  E-W c o i l  enery ized  and t h e  f l u x y a t e  a x i s  p o i n t i n y  N-S, 
t h e  p r i s m  was r o t a t e d  t o  get  t h e  minimal ou tpu t .  A l a s e r  v i s i b l e  
source p laced  on a  t r i p o d  about 45 f e e t  away was ad jus ted  so as 
t o  y e t  t h e  r e f l e c t e d  beam ( f r om t h e  p r i sm)  anywhere above o r  
below, b u t  on a  v e r t i c a l  l i n e  t h a t  passes through t h e  source. 
With t h e  l a s e r  source i n  t h i s  f i x e d  p o s i t i o n  t he  p r i sm  can be 
r o t a t e d  i n  p r e c i s e l y  90 degree steps. The f l u x y a t e  i s  r o t a t e d  
back and f o r t h  180 deyrees ( t o  p o i n t  N and 5 )  and P4 ad jus ted  t o  
ge t  t h e  same ampl i tude  and oppos i te  phase. 

8 )  With t h e  N-S c o i l  energ ized  and t h e  f l u x g a t e  sensor p o i n t i n y  E 
( u s i n g  t h e  l a s e r  beam f o r  p r e c i s e  a l i ynment )  t h e  same ampl i tude  
and oppos i te  phase of t h e  measured f i e l d  i s  ad jus ted  us ing  P2 and 
f l i p p i n g  t h e  sensor f rom E t o  W severa l  t imes f o r  repeated 
measurements. A t  t h i s  p o i n t ,  t h e  E-W and N-S f i e l d s  a re  
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or thogona l .  The procedure i s  complete. (As a  cross check, a l l  
measurements can be repeated w i t h o u t  adjustment t o  make sure 
p rev ious  adjustments were no t  a f fec ted  .) 

C. SEARCH COIL CALIBRATION 

1 )  The search c o i l  s t r u c t u r e  i s  mounted on a  stand, designed t o  
l o c a t e  i t s  c e n t e r  i n  t h e  cen te r  o f  t h e  Helmhol tz  s t r u c t u r e ,  w i t h  
l e v e l  i ny and azimuth adjustments.  See F i  yure 3-4. A f t e r  
l e v e l i n y ,  t h e  search c o i l  s t r u c t u r e  i s  r o t a t e d  and a l i g n e d  w i t h  
t h e  l a s e r  beam t h a t  i s  bounced o f f  a  m i r r o r  g lued t o  t h e  h o l d i n g  
hub. 

2) Ene rg i z i ng  one a x i s  a t  a  t ime,  t h e  ou tpu ts  o f  t h e  cross a x i s  a re  
ad jus ted  t o  read zero  ( o r  a  minimum 1  i m i  t e d  by no i se ) .  

3)  The ou tpu t  o f  t h e  main a x i s  i s  measured as w e l l  as t h e  v o l t a y e  
across t h e  c u r r e n t  m o n i t o r i n g  r e s i s t o r .  

To a v o i d  s a t u r a t i n g  t h e  search c o i l  pos t  d e t e c t i o n  a m p l i f i e r  ( w i t h  a  ga in  
o f  f i v e ) ,  ambient f i e l d  amp l i tudes  were l i m i t e d  t o  l e v e l s  on t h e  o rde r  o f  
3U t o  45 mA/m peak. The ambient no i se  f i e l d s  (mos t l y  60 Hz and some 
180 Hz) were on t h e  o rde r  o f  l e s s  than  2  t o  5 mA/m peak. Noise l e v e l s  were 
reduced t o  l e s s  than 0.1 mA/m peak a f t e r  t h e  pos t  d e t e c t i o n  no tch  and o t h e r  
f i l t e r i n g .  Us ing t h e  Data P r e c i s i o n  6000 Waveform Analyzer t o  d i y i t a l l y  
s tack  f rom 20 frames ( f o r  o r t h o y o n a l i t y  measurements) t o  100 frames ( f o r  
sca le  f a c t o r  measurements) f u r t h e r  reduced t h e  no i se  l e v e l s  t o  0.03 and 
0.01 mA/m peak, r e s p e c t i v e l y ,  i .e., 60 t o  70 dl3 below t h e  s i gna l  l e v e l s .  
The r e s i d u a l  no i se  was mos t l y  due t o  power l i n e  and o t h e r  sources. The 
in-band no i se  (be low 10 Hz) was approaching t h e  atmospheric no ise  l e v e l  
l i m i t  a f t e r  p recau t i ons  were taken  t o  m in im ize  no i se  induced by v i b r a t i o n .  

The search c o i l  o r t n o y o n a l i t y  measurements be fo re  and a f t e r  t h e  
e l e c t r i c a l  c ross  t r i m  adjustments  were made a r e  summarized i n  Tables 3-2 
and 3-3. The "be fo re t1  measurements i n c l u d e  t h e  e f f e c t s  o f  bo th  e l e c t r i c a l  
( e  .g . , cross  coupl i ng between t h e  asymmet r i ca l l y  1  ocated i n d i v i d u a l  search 
c o i  1s )  and mechanical (e.g., setup, m i r r o r ,  l e v e l  , and i n d i v i d u a l  search 
c o i  1  mi s a l  i gnments) f a c t o r s .  The " f i n a l  " measurements were made a f t e r  
r e f i n i n g  t h e  t e s t  setup and procedure. Mechanical repea tab i  1  i ty  ( i  .e., 
w i t h o u t  making any e l e c t r i c a l  R a d j  ustments) was checked by t a k i  ny apa r t  
two o f  t h e  3-ax is  search c o i  1s and then reassembl i n 9  them and repea t i ng  t he  
measurements w i t h  s a t i s f a c t o r y  r e s u l t s .  Table 3-4 i l l u s t r a t e s  t h e  worst  
case misal ignment e r r o r s  by assuminy t h e  search c o i  1  and Helmholtz co i  1 
misal ignments a re  a d d i t i v e .  The maximum e r r o r  o f  2  m i l l i r a d i a n s  o r  0.1 
degrees i s  w e l l  w i t n i n  t h e  l i m i t  cons idered necessary f o r  accurate 
l o c a t i o n .  



FIGURE 3-4. Search Coil i n  Test  Stand. 



Drive Axis: EW Dr ive (X) NS Drive (Y) Vert  Dr ive (Z) 
Output Axis: Y Z X Z X Y 

S I N  4 5.0 3.4 3.3 1.3 2.4 0.3 

Includes measurement and procedure errors, e. . , (1) azimuth 
e r ro rs  w i  t h  1 aser a1 ignment on 25' base1 ine; 9 2) Helmhol t z  coi  1 
connection problem; and (3) vol tage (pp) measurement er rors  due 
t o  noise. Procedure and setup was improved p r i o r  t o  the f i n a l  
measurements. 

Table 3-2. Orthogonali ty measurement before ad jus t  cross t r i m ;  
i.e., pots i n  "0" pos i t ion.  ( A l l  values i n  

m i l l  i radians.) 
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Worst Combined 
Dr ive X Y Z Axi s (RSS) 

Axis 

Reassemble X 1.44 1.18 1.44 1.86 
S/N 2 Y 1.29 1.43 1.43 1.93 

Z .70 1 .O1 1.01 1.23 

Repeat X 1.22 .54 1.22 1.33 
S/N 4 Y .63 .54 .63 .83 

Z .54 .51 .54 .74 

Reassemble X 1.30 .61 1.30 1.44 
S/N 4 Y .63 .54 .63 .83 

Z .88 .86 .88 1.23 

Worst Case 

Table 3-4. Total search c o i l  and Helmholtz alignment e r ro r  
a f t e r  t r i m .  Values are sum o f  search c o i l  and 
Helmhol t z  misal ignment. (A1 1 values i n  m i  11 i radians. ) 



The ca l ib ra ted  scale factors for  the search c o i l  and post detection 
ampl i f ier  combination, as measured i n  the t e s t  f a c i l i t y ,  are shown i n  
Table 3-5. The measured gain o f  the post detection amp1 i f i e r  i s  shown i n  
Table 3-6 and the net scale fac tor  calculated for  the search c o i l  alone i s  
shown i n  Table 3-7. 



Scale Factor  ( V /  (A/m) ) 

X Axis Y Axis Z Axis 
U n i t  (EM) (NS) (Vert .  ) 

SIN 1 91.33 91 .40 90.87 
(mean 91.20 + .29%) 

SIN 2  91.27 91 .28 90.21 
(mean 90.92 f .59%) 

S/N 3  87.73 88.28 87.90 
(mean 87.97 *. 31 X )  

S/N 4  87.90 88.10 87.72 
(mean 87.91 * .22%) 

Notes: S I N  1 and 2 a re  newer u n i t s  and S I N  3  and 4  a re  o l d e r  
u n i t s .  
The c a l i b r a t i o n  r a t i o  f o r  use i n  c o r r e c t i n g  measured d a t i  
i s  defined as t h e  nominal sca le  fac tor  o f  100 V/(A/m) 
d i v ided  by the  c a l  i brated sca le  fac tor .  

Table 3-5. Ca l i b ra ted  scale f a c t o r - s e a r c h - c o i l  and 
post  de tec t i on  a m p l i f i e r .  



Channel Gain Ratios 

X Y z 

SIN 3 4.968 4.970 4.973 

SIN 4 4.974 4.962 4.977 

Tab1 e 3-6. Post detect ion amp1 i f i e r .  



Scal e Factor (V/ (Alm) ) 
X Axis Y Axis Z Axis 

U n i t  (EN) (NS) (Ver t .  ) 

SIN 1 18.32 18.34 18.28 
(mean 18.31 %.16%) 

S I N  2 18.35 18.34 18.17 
(mean 18.29 +.49%) 

SIN 3 17.66 17.76 17.68 
(mean 17.70 a.28%) 

S I N  4 17.67 17.75 17.63 
(mean 17.68 k.342) 

Note: SIN 1 and 2 are newer u n i t s ,  and S I N  3 and 4 are o lde r  
u n i t s  . 

Table 3-7. Scale fac to r  r e f e r r e d  t o  search c o i l  output .  



4.0 TEST OF ATMOSPHERIC NOISE CANCELLATION BY USING A REMOTE SENSOR 

The ab i  1 i ty  t o  l o c a t e  miners t rapped i n  deep mines (1,000 m) from t h e  
sur face i s  d i r e c t l y  dependent on the  a b i l i t y  t o  l a r g e l y  e l im ina te  the 
e f fec ts  o f  n a t u r a l  and man-made noise. There i s  some l i m i t e d  experimental 
evidence t h a t  na tu ra l  noise can be cancel led more than 90% by us ing a 
remote sensor. 5 

Therefore, s p a t i a l  c o r r e l a t i o n  and c a n c e l l a t i o n  o f  atmospheric noise 
us ing  l ong  base l i ne  d i f f e r e n c e s  from a remote sensor was considered as a 
poss ib le  means f o r  ach iev ing  one of t he  necessary noise reduct ion  methods. 
( Impulse no ise  processing i s  a l s o  necessary, b u t  t h i s  w i l l  on ly  reduce h igh  
l e v e l  peaks and compress t h e  range o f  va r i a t i on . )  I n  t h i s  approach, the 
remote reference, o r  " f a r "  sensor, i s  placed 10 t imes as f a r  from the  
beacon t r a n s m i t t e r  (10-20 km) as the  most d i s t a n t  "near" sensor (1-2 km) so 
i t  i s  exposed t o  a s igna l  ampl i tude o f  l e s s  than 0.2% o f  t h a t  a t  any o ther  
sensor and can be considered a sample o f  pure noise. 

The t e s t s  on t h i s  program were conducted t o  determine i f  a c a n c e l l a t i o n  
o f  20 db, o r  down t o  t h e  search c o i  1 noise 1 i m i t  (whichever i s  g rea te r ) ,  
cou ld  be achieved us ing  ampli tude c o r r e l a t i o n  only .  

4.1 LOCATION AND SETUP 

The remote sensor c a n c e l l a t i o n  t e s t s  were performed a t  t he  USGS Stone 
Canyon Seismological Observatory, which i s  15 m i les  (24 km) south o f  
Hol 1 i s t e r  , Cal i f o r n i a ,  w i t h  t h e i r  cooperat ion and permission. The speci f i  c 
s i t e s  were chosen based on low c u l t u r a l  noise, a v a i l a b l e  nearby phone 
drops, access and s e c u r i t y  . 

The " l o c a l "  sensor s i t e  was l oca ted  i n  a f i e l d  on a h i  11 approximately 
112 m i l e  west o f  t he  Stone Canyon Observatory i t s e l f .  An i n a c t i v e  
power l ine ended about 100 yards from the  s i t e  and 60 Hz i n te r fe rence  was 
normal ly  n o t  observable. (Leakage from a damaged cable was a problem i n  
wet weather, bu t  t h e  power was subsequently tu rned o f f . )  

The *remoteN sensor s i t e  was s i t u a t e d  i n  a f i e l d  behind t h e  C a l i f o r n i a  
D i v i s i o n  o f  Fo res t r y  f i r e  s t a t i o n  a t  Bear Val ley. The d is tance t o  the  f i r e  
s t a t i o n  and t h e  nearest  power l ines was on t h e  order  o f  several hundred 
yards. 

The s t r a i g h t  l i n e  d is tance between the  two s i t e s  was approximately f i v e  
m i les  (8  km) and roughly p a r a l l e l  t o  t h e  nearby (114 t o  112 m i l e  o r  so) San 
Andreas f a u l t ,  i n  h i l l y  t e r r a i n .  The v a l l e y  i s  a g r i c u l t u r a l  and the  h i l l s  
a re  ranch land. The geology i s  h i g h l y  f au l ted  and i r r e g u l a r ,  so these 
s i t e s  should represent a "worst case", i.e., minimum c o r r e l a t i o n .  

Each 3-axis sensor was mounted c lose  t o  t h e  ground w i t h  t h e  lower h a l f  o f  
t he  v e r t i c a l  a x i s  i n  a shal low p i t .  Adjustable mounting f e e t  were dr iven 
i n t o  t h e  ground t o  p rov ide  s t a b i l i t y  and l e v e l i n g .  The h o r i z o n t a l  



axes were o r i e n t e d  N-S, E-W w i t h  a  hand compass. A pyramid wind screen was 
p laced  over  t h e  sensors and weighted down. 

The sensors were p o s i t i o n e d  i n  open areas away from t rees ,  fences, etc. ,  
t o  m in im ize  t h e  p o s s i b i l i t y  o f  wind- induced se ismic no ise,  b u t  i t  cou ld  n o t  
be v e r i f i e d  i f  t h i s  was successfu l .  However, numerous ground s q u i r r e l s  a t  
Bear Va l ley ,  t h e  unexpected he rd ing  of  c a t t l e  a t  Stone Canyon a f t e r  
i n s t a l l a t i o n ,  and t h e  severe w i n t e r  storms were d e f i n i t e  sources o f  
u n c o r r e l a t e d  n o i s e  a t  t imes.  Th i s  can be prevented i n  f u t u r e  opera t ions  by 
hardening ( conc re te  pads, secure s h e l t e r )  and area fenc ing .  

Analog da ta  was t r a n s m i t t e d  f rom t h e  f i e l d  s i t e s  over  s tandard vo ice  
yrade te lephone l i n e s  by u s i n g  t h e  da ta  grade VCO's (Vo l tage  C o n t r o l l e d  
O s c i l l a t o r s )  and d i s c r i m i n a t o r s  as shown i n  F igures  4-1 and 4-2. 
Recordings were made a t  se lec ted  t imes (e.y ., day and n i  y h t )  w i t h  a  Teac 
K-61 Casset te  Data Recorder. 

The pos t  d e t e c t i o n  a m p l i f i e r ,  used f o r  these t e s t s ,  a m p l i f i e s  t h e  search 
c o i l  o u t p u t  and notches t h e  power l i ne  harmonic i n t e r f e r e n c e  a t  60, 120 and 
180 Hz. It was p laced  c l ose  t o  t h e  c o i l  assembly t o  m in im ize  p o s s i b l e  
no i se  p i ckup  on t h e  c o i l  ou tpu t  cables.  

Three Develco 6242 VCU u n i t s  were mounted i n s i d e  a  weather r e s i s t a n t  box, 
which a l s o  con ta ined  two 12 V "Ge l -Ce l l "  ( l e a d  a c i d )  b a t t e r i e s  (4.5 A-H 
each) and a  te lephone l i n e  coup le r .  One b a t t e r y  powered t h e  search c o i l s  
and pos t  d e t e c t i o n  a m p l i f i e r  and t h e  o t h e r  b a t t e r y  powered t h e  VCO's. The 
te lephone coup1 i n g  c i r c u i t  p rov ided  of f -hook s i m u l a t i o n  and a  t i m e r  t h a t  
ma in ta ined  da ta  t r ansm iss ion  f o r  25 minutes a f t e r  d e t e c t i o n  o f  t h e  r i n g  
tone.  I t  a l s o  powered two r e l a y s  t h a t  connected t h e  b a t t e r i e s  o n l y  d u r i n g  
da ta  t ransmi  s s i  on. 

The upper l i m i t  o f  t h e  system passband frequency response i s  l i m i t e d  by 
t h e  VCO-Uiscr iminator combined t r a n s f e r  f u n c t i o n  which i s  down 3 db a t  
approx imate ly  20 Hz. The low f requency response i s  l i m i t e d  by t he  ac 
coup l i ny  network i n  f r o n t  of  t h e  VCO i n p u t  and i s  approx imate ly  4  Hz. The 
o v e r a l l  a t t e n u a t i o n  a t  60, 120 and 180 Hz was 90,  80 and 90 db, 
r e s p e c t i v e l y .  The combined c tanne l  ga in  o f  t h e  search c o i l ,  pos t  d e t e c t i o n  
a m p l i f i e r  and VCO was 12 x  10 V/(A/m) and t h e  recorder  ga in  was 
i n p u t l o u t p u t  = 110.29. 

Since t h e  reco rde r  o n l y  had f o u r  channels, t h e  procedure was t o  record  
one " l o c a l "  (Stone Canyon) channel and a l l  t h r e e  "remote" (Bear V a l l e y )  
channels a t  a  g i ven  t ime.  The procedure was repeated i n  t u r n  f o r  XL, 
YL, and ZL f o r  a  g iven  da ta  se t .  

4.2 OATA ANALYSIS 

Three rece ived  atmospheri c  no i se  s i  ynal s  f rom one "remote" or thogonal  se t  
o f  sensors and one a d d i t i o n a l  " l o c a l "  no i se  s i gna l  were recorded 
s imu l taneous ly  and so r e t r i e v e d  f o r  t h e  f o l l o w i n g  ana l ys i s .  The t h r e e  axes 
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o t  t h e  f u l  l se t  were des ignated Xu, Yu, and LR.  The XK search co i  1  
was o r i e n t e d  E-W and Y K ,  N-S. XR, YK were bo th  h o r i z o n t a l  and ZE 
v e r t i c a l  . The l oca l  s i  ynal  was se lec ted  ou t  of  a  second orthoyona l se t  
des ignated XL, YL, and LL. The axes XL, YL, and ZL were 
rough l y  a l i g n e d  w i t h  a  maynet ic  compass t o  have t h e  same o r i e n t a t i o n  as 
XK, YK, and Zu, r e s p e c t i v e l y .  It was thus  expected t h a t  
correspondiny s i y n a l s  f rom t h e  two s i t e s  would be h i g h l y  c o r r e l a t e d  and 
yood c a n c e l l a t i o n  cou ld  be acnieved w i t h  y a i n  a d ~ u s t m e n t  alone, w i t huu t  
hdv i  ng t o  add or thobonal  coniponents . 

A  Uata P r e c i s i o n  Model 6UUU Wavetorm Analyzer was used t o  take  FFT's o t  
t h e  da ta  and d i s p l a y  t h e  r e s u l t s  i n  terms o f  power s p e c t r a l  dens i t y .  Th i s  
was done by Taking 512 samples, w i t h  a  sarnpliny p e r i o d  o f  5 ms, per fo rn i iny  
t h e  FFT and squar iny  i t .  Th i s  was repeated and t h e  da ta  stacked (summed) 
on t h e  Order o f  2UU t o  4UU t imes (see Appendix I ) .  

Frurn measurement o f  t h e  f u l l  bandwidth KMS o f  t h e  recorded noise,  i t  was 
v e r i f i e d  t h a t  t h e r e  was no s i g n i f i c a n t  change i n  t n e  no i se  power du r i ng  a  
p e r i o d  o f  one r e c o r d i n g  (40 minu tes ) .  Thus, i n  a  c a n c e l l a t i o n  measurement 
i t  i s  p o s s i b l e  t o  m in im ize  t h e  r e s i d u a l  no ise  w i t h  a  s i n g l e  s e t t i n g  o f  y a i n  
conipensation, assun~iny o n l y  t h a t  t h e  t h e  s p e c t r a l  d i s t r i b u t i o n  i s  s t ab le .  
Th is  y a i n  w i  1  l be d i f f e r e n t  f o r  d i f f e r e n t  f requenc ies  because o f  
d i f f e r e n t i a l  y a i n  and phase s h i f t s  between channels. F i gu re  4-3 shows t h e  
r e s i d u a l  no i se  l e v e l  YL-KYR ( no t  i n  t h e  same sca le )  as a  t u n c t i o n  o f  K 
f o r  a  p a r t i c u l a r  da ta  s e t .  

FIGURE 4-3. R e l a t i v e  g a i n  (K) .  



As i s  c l e a r l y  seen i t  i s  possible t o  choose a gain t h a t  w i l l  g ive 
s a t i  sf actory resul  t s  f o r  a span o f  frequencies and t h i s  gai n may a1 so be 
found by: 

K = YI ( 1  
YR(RMS) 

It was confirmed t h a t  d i r e c t  subtraction, w i t h  appropriate gain 
adjustment, o f  para1 1 e l  axes d i  d indeed produce the best  resul  t, s i  nce no 
apparent improvement coul d be achieved by cross coup1 i n g  orthogonal 
ampl i tude components i nto  the sumni ng network (e. g., +KxXR and 
+KzZR i n t o  YR) . This ind icates the corre la ted noise f i e l  d d i r ec t i on  
was essen t ia l l y  the same a t  both locat ions.  

Some representat ive r e s u l t s  f o r  ambient and cancelled atmospheric noise 
l e v e l s  are shown i n  Table 4-1, where the values are i n  dBHo r e l a t i v e  t o  1 
A* /m2 HZ, and Figures 4-4 through 4-6. Note the Schumann resonance 
maximums a t  8, 14 and 20 Hz and minimums a t  5, 11 and 17 Hz, are c l e a r l y  
v i s i  b l  e on the hor izonta l  components. The resul  t s  obtained w i t h  recorded 
data are cons is tent  w i t h  both e a r l i e r  prel iminary measurements and the 
FFT's from real- t ime signals. 

The best  cancel la t ion resu l t s  were achieved by subtract ion o f  the 
Y-channel ampl i tudes from the two s i tes .  Table 4-1 i l l u s t r a t e s  t h a t  the 
r e s u l t s  cou ld  be dupl icated a t  d i f f e r e n t  times o f  day and on d i f ferent  
days. A t  5 and 11 Hz the cancelled amplitudes are approaching the search 
c o i l  noise 1 i m i  t. These 1 evel s are approximately 30 dB be1 ow the Develco 
l / f  noise model and approximately 20 dB below the t yp i ca l  l e v e l s  for  
temperate zones (e. g . , Maxwell and Stone's Ma1 ta data). l1 The apparently 
uncorrel ated residual  atmospheric noise a t  the Schumann resonance peaks (8, 
14 and 20 Hz) i s  probably simply due t o  the higher amplitude a t  these 
frequencies, which i s  o f  no consequence since the operating frequency w i l l  
be a t  a minimum. 

The cancel 1 ed resul  t s  f o r  the X (hor izonta l  1, i n  par t i cu la r ,  and Z 
( v e r t i c a l )  axes were no t  as good bu t  are w i t h i n  the goal f o r  the expected 
noise l eve l  due t o  cancel la t ion alone. I n  the case o f  the X axis, i t  i s  
suspected t h a t  the higher noise l eve l  may have been a system problem since 
the noise 1 evel o f  the X ax is  used a t  the remote s i t e  became very high 
a f t e r  the recording work was completed, and had t o  be repaired. Also, 
be t t e r  r esu l t s  had been obtained f o r  the X ax is  dur ing prel iminary tes ts  
p r i o r  t o  the recording phase. 

The nominal ambient 1 evel s o f  the ve r t i ca l  (Z ax is )  f i e l  ds are on the 
order o f  10 t o  20 dB 1 ower than the hor izontal  f i e l  ds, as i s  expected i n  
r e g i  ons w i t h  hor izonta l  1 y s t r a t i  f i ed ear th  conducti v i  t y  . For the data 
i l l u s t r a t e d  i n  Figure 4-5A, there i s  some evidence o f  the resonance a t  
8 Hz. However, there i s  c l e a r l y  some addi t iona l  in ter ference a t  the remote 
s i t e .  Cancel lat ion d i d  no t  r e s u l t  i n  any substant ia l  reduct ion i n  t h i s  
case, probably because the 1 evel i s  a1 ready approaching the search c o i l  
noise, which i s  1 ow enough. 



*Tne f i y u r e s  correspond t o  minimas ana maximas. The ac tua l  f requenc ies  a t  
which t hey  occur  d e v i a t e  f rom t h e  above f requenc ies  up t o  about k0.2 Hz. 

Table 4-1. Sunmar% o f  c a n c e l l a t i o n  r e s u l t s  ( i n  dBHo r e l a t i v e  t o  
1 ~ ' / m  Hz). 

u 
YL-0.88 YR 

XI? 

XR-0.88 XL 

y R 

YL-0.87 YR 

z R 

L 

Remarks 

from 6:20 a.m. 

r eco rd iny  on 
1/11/83 

from 5:30 a.m. 

r eco rd iny  on 
1/11/83 

f rom 7:30 p.m. 

r eco rd ing  on 
1/12/83 

from 10:20a.m. 

r eco rd ing  on 
1/7/83 

Bucked 

5 

-140.1 

-147.1 

-140 

-143 

-141 

-147.6 

-144.8 

-146.2 

17 

-134.7 

-153.2 

-143.2 

-147.4 

-136 

-153.2 

-149.2 

-148.9 

No s u b s t a n t i a l  r e d u c t i o n  even w i t h  g a i n  
adjustment.  

20 

-132.6 

-151.4 

-140.9 

-147.4 

-133.4 

-149.9 

-149.2 

-149.2 

14 

-129.7 

-150.7 

-137 

-144.4 

-132.6 

-150.8 

-148.4 

-143.6 

8 

-130.3 

-146.6 

-131.7 

-142.2 

-130 

-144.6 

-142.4 

-139.7 

11 

-136.9 

-152.1 

-141.3 

-144.7 

-136.3 

-152.7 

-147.2 

-147.2 



Figure 4-4. Typical Spectral Disp lay  for a Ha r i z3n ta l  Coil 

A. Individual Remote S i t e  

YR, sum of 250 squared FFT's, 512 samples each, 5 ms 
sampling interval from J:30pm recording on  1/12/83. 

m 

B. Noise Residue after Cancelling 

YL - 0.87Y , sum of 400 squared FFTr s,  512 samples each, 
5 ms saapling interval  from 7:30pm recording on 1/12/83. 



Figure  4-5. Typical Spectral Di sp1 ay for  Vertical Coi 1 s 

A. Local S i t e  

t , sum o f  405 squared FFT's, 512 sae~ les  each, 5 rns 
'sampling interval from 1D:ZOam r e c - d i n g  on 1/7/83. 

£3. Remote Site (note differences between the  two s i tes , )  

ZR, details same as above. 



FIGURE 4-6. Comparison o f  Resul ts w i t h  Theore t i ca l  Hoi se L i m i t .  

* The theoretical noise reduction limit for cancellation i s  
approx imate ly  -153 dBHo, or an i n t r i n s i c  n o i s e  level o f  
-156 dBHo per coil, a t  I0 Hz. 



I n  summary, t h i s  l i m i t e d  t e s t  and eva lua t i on  has shown t h a t  t h e  des i red  
no ise  l e v e l s  can be achieved w i t h  cance l l a t i on .  Even though the  ac tua l  
ambient no ise  l e v e l s  were 10 t o  20 dB lower than the  "Develco Model", t he  
cance l led  r e s u l t  i s  approaching t h e  search c o i l  no ise  l i m i t  p a r t i c u l a r l y  
a t  t h e  11 Hz minimum ( f o r  t he  s p e c i f i c  ga in  constant,  K y  used i n  t h i s  
case).  This  suggests t h a t  t h e  uncor re la ted  no ise  due t o  geo log ica l ,  seismic 
and e l e c t r o n i c  f a c t o r s  i s  s u f f i c i e n t l y  low t h a t  s i m i l a r  c a n c e l l a t i o n  l e v e l s  
can be achieved even under cond i t i ons  o f  h igher  ambient atmospheric noise 
1  eve1 s. 

4.3 CONCLUSION 

The experiment descr ibed above, a1 though 1  i m i  t e d  i n  scope, c l e a r l y  
demonstrates t h e  expected p r o p e r t i e s  of remote cance l l a t i on ,  and has 
achieved adequate no ise  l e v e l s  f o r  l o c a t i o n  o f  a  trapped miner a t  a  depth 
o f  1 km, through overburden w i t h  an average c o n d u c t i v i t y  of 0.01 S/m. For 
instance,  w i t h  a  t r a n s m i t t e r  v e r t i c a l  moment o f  700 Am2RMS a t  5.3 Hz, t he  
f i e l d  a t  t h e  sur face w i t h i n  a  h o r i z o n t a l  rad ius  o f  500 meters o f  t he  
t r a n s m i t t e r ' s  v e r t i c a l  p r o j e c t i o n  w i l l  be a t  l e a s t  7  x  10-~A/m, o r  -143 dBH. 
From Table 4-1, t h e  worst  case measured noise dens i t y  a t  t h i s  frequency 
a f t e r  c a n c e l l a t i o n  i s  -143 dBHo on t h e  X-axis. The s igna l - to -no ise  r a t i o  
i s  t h e r e f o r e  0  dB i n  1 Hz bandw'dth. For N dB improvement by t ime averaging, 1 t h e  requ i red  t ime i s  T  = 1/2 10 N/lO). Thus, a  40 dB SNR can be achieved i n  
5,000 seconds, o r  about 1.4 hours. I f  the  X-axis a m p l i f i e r  was excessively  
no isy  as suspected, t he  requ i red  averaging t ime cou ld  be reduced by as much 
as one-hal f .  

It should a l s o  be noted t h a t  t h i s  experiment d i d  no t  take advantage o f  
phase co r rec t i on ,  a x i s  al ignment co r rec t i on ,  o r  impulse no ise  processing 
a f t e r  cancel l a t i  on. Each o f  these ref inements , as shown by Raabg and 
Develco3 can p o t e n t i a l l y  p rov ide  f u r t h e r  no ise  reduct ion .  I n  p a r t i c u l a r ,  
impulse processing has been shown by ~ v a n s "  and others  t o  have increased 
e f fec t i veness  when t h e  impulsiveness of t he  no ise  increases, such as might  
r e s u l t  from nearby thunderstorm a c t i v i t y .  

The season and l o c a l e  o f  t he  remote c a n c e l l a t i o n  t e s t s  r e s u l t e d  i n  
r e l a t i v e l y  low abso lu te  no ise  l e v e l s ,  masking the  a v a i l a b l e  improvement 
t h a t  might  be a f fo rded  by t h e  above techniques. Therefore, i t  i s  
recommended t h a t  opera t iona l  systems inco rpo ra te  f u l l y  adapt ive amplitude, 
phase, and al ignment cance l l a t i on ,  and t h a t  impulse noise processing be 
incorpora ted  i n  t h e  s igna l  cha in  f o l l o w i n g  cance l l a t i on .  



5.0 IN-MINE LOCATION TEST 

5.1 SITE DESCRIPTION 

The f i e l d  t e s t  was conducted a t  t h e  Kerr-McGee potash f a c i  l i t y  near t h e  
town o f  Hobbs i n  t h e  f l a t  Permian Basin area o f  southwestern New Mexico. 
The mine has a  s i n g l e  l e v e l  extending l a t e r a l l y  over some 80 square mi les,  
s l o p i n g  1-2 degrees down t o  t h e  nor theast .  The t e s t  s i t e  was i n  t h e  
southwest area o f  t he  mine, where t h e  depth below sur face i s  about 1,250 
fee t .  The sur face cond i t i ons  i n  t h i s  area i nc lude  reddish-brown s o i l  w i t h  
a  hardpan l a y e r  1-2 f e e t  down; t he  on l y  vegetat ion supported are low, 
sometimes dense, brush, grass, and cactus. 

The s i t e  had been designated by the  mine engineer as a  r e l a t i v e l y  f l a t  
area on t h e  sur face a t  some d is tance (1,000-2,000 f e e t )  from t h e  nearest 
power l i n e  and w i t h  convenient access t o  several areas o f  t h e  tunnel  
network below. Four s t a t i o n s  (D-1 through D-4) were surveyed about 500 
feet  apar t  i n  a  p a t t e r n  t h a t  would a l l ow  t h e  sur face sensors t o  be 
i n s t a l l e d  i n  e i t h e r  a  c o l i n e a r  o r  t r i a n g u l a r  a r ray  (F igure  5-1). The 
ground slopes from t h e  area o f  t h e  s t a t i o n s  down i n t o  a  canyon t o  the  
northwest.  Two p r e l i m i n a r y  loop p o s i t i o n s  were se lec ted  down i n  t h e  mine, 
one l a r g e  (LP-1) and one small (LP-2). The sur face s t a t i o n  p o s i t i o n s  were 
measured by t h e  mine engineer i n  t h e  mine coord ina te  system, which 
a r b i t r a r i l y  designates the  product ion  h o i s t  tower as 50,000 f e e t  N and 
50,000 f e e t  E. The mine coordinates were t i e d  t o  t h e  sur face through 
sec t i on  markers. The coordinate system a c t u a l l y  used i n  t h e  l o c a t i o n  t e s t s  
had i t s  o r i g i n  ( 0  N, 0  E) t r a n s l a t e d  t o  mine coordinates 46,000 N, 44,000 E 
t o  reduce t h e  magnitude o f  t he  sensor and t r a n s m i t t e r  coordinates, s ince a  
p r e l i m i n a r y  run us ing  t h e  ac tua l  mine coordinates was apparent ly  hampered 
by the  l a r g e  l i n e a r  dimensions ( t h i s  d e f i c i e n c y  i n  t he  sof tware has s ince 
been cor rec ted) .  S t a t i o n  D-3 was a r b i t r a r i l y  se t  a t  zero e l e v a t i o n  (Z=O). 

5.2 SENSOR SYSTEM INSTALLATION 

The bas ic  scheme f o r  i n s t a l l i n g  the  sensors was t o  p lace and o r i e n t  t he  
sensors approximately as des i red  and then measure t h e  exact  placement and 
o r i e n t a t i o n  o f  t h e  sensors i n  a  known coordinate system. Because o f  t ime  
cons t ra in t s ,  t h e  on l y  a r ray  shape used i n  t h e  f i e l d  t e s t  was co l i nea r ,  w i t h  
sensors A, B, and C i n s t a l  l e d  a t  s t a t i o n s  D-1, D-4, and D-3, respec t i ve l y .  
The bas is  f o r  p o s i t i o n i n g  t h e  sensors were l a r g e  survey stakes t h a t  were 
placed by t h e  mine engineer a t  t he  s t a t i o n s ;  the  exact p o s i t i o n  o f  the  
stakes was known i n  t h e  mine coord ina te  system. The sensors were i n s t a l l e d  
roughly along t h e  base1 i n e  between the  s ta t i ons ,  but  brush surroundi ng the  
actual  surveyed stake p o s i t i o n s  requ i red  t h e  p o s i t i o n s  o f  t he  sensors t o  be 
10-15 f e e t  away along t h i s  base1 ine .  The Y-axes o f  t he  sensors were 
a l igned approximately a long the  basel ine,  w i t h  t h e  p o s i t i v e  Y-axes t o  t h e  
nor theast .  Since t h e  stake p o s i t i o n s  were known w i t h i n  the  mine coordinate 
system, t h e  sensor p o s i t i o n s  had on ly  t o  be determined l o c a l l y  w i t h  
reference t o  the  stakes. Some o f  t he  l o c a l  measurements were made using a  
bat tery-operated au to - l eve l i ng  cons t ruc t i on  



' 1  

FIGURE 5-1. P l an  View o f  In-Mine Tes t  Loca t ion .  



l a s e r  w i t h  a  head t h a t  r o t a t e s  360 degrees about a  h o r i z o n t a l  a x i s ;  t h i s  
a l l o w s  t h e  beam t o  be aimed anywhere i n  a  v e r t i c a l  p lane  pe rpend i cu la r  t o  
t h e  r o t a t i o n  ax i s .  

A sha l l ow  (1-2 f o o t )  ho le  was dug f o r  t h e  lower  Z-ax is  o f  each search 
c o i l  assembly ( F i g u r e  5-2).  The f o u r  h o r i z o n t a l  axes (+X, - X ,  +Y, -Y) a r e  
des iyned t o  be h e l d  i n  p l ace  by f i b e r g l a s s  clamps mounted on brass stakes. 
F i r s t ,  two s takes were d r i v e n  i n t o  t h e  ground t o  suppor t  one arm o f  t h e  
search c o i l  on t h e  lower  h a l f  of t h e  b racke ts ;  t h e  b racke ts  were ad jus ted  
u n t i l  t h e  arm was r e s t i n g  l e v e l .  The two remain ing  s takes were then  d r i v e n  
i n  a l ongs ide  t h e  remain ing arm and t h e  lower  h a l f  o f  t h e  b racke ts  ad jus ted  
t o  suppor t  t h e  arm i n  a  l e v e l  p o s i t i o n  w i t h o u t  l i f t i n g  t h e  o t h e r  arm o u t  of  
i t s  b racke ts .  Once t h e  search c o i l  was r e s t i n g  l e v e l  and f i r m l y  on a l l  
b racke ts ,  t h e  upper p a r t  o f  each b racke t  was clamped down t o  h o l d  t h e  arms 
secu re l y  i n  p o s i t i o n .  

A t  each sensor p o s i t i o n ,  a  l o c a l  base l i ne  was s e t  up by us ing  a  t r a n s i t  
t o  p o s i t i o n  a  smal l  s take  on each s i d e  o f  t h e  l a r g e  s take  a t  a  d i s t a n c e  o f  
about 20 f e e t  a long  t h e  base l i ne .  The survey l a s e r  was then p laced e x a c t l y  
a long  t h i s  l o c a l  b a s e l i n e  by l i n i n g  up i t s  beam w i t h  t h e  two stakes; i t  
cou ld  then  be used t o  e s t a b l i s h  t h e  base l i ne  a t  any p o i n t  i n  i t s  360-degree 
arc .  By measuring f rom t h e  sensor over  t o  t h i s  b a s e l i n e  and then  a long  t h e  
base l i ne  t o  t h e  l a r y e  s take,  t h e  d isp lacement  o f  t h e  sensor f rom t h e  l a r g e  
s take  cou ld  be reso l ved  i n t o  i t s  components i n  t h e  mine coo rd ina te  system, 
thus de te rm in ing  t h e  h o r i z o n t a l  p o s i t i o n  o f  t h e  sensor (Table 5-1). The 
v e r t i c a l  p o s i t i o n  o f  each sensor was s imp ly  est imated,  s i nce  no accura te  
da ta  were a v a i l a b l e .  Sensor C a t  s t a t i o n  D-3 was a r b i t r a r i l y  s e t  a t  zero 
e l e v a t i o n  (Z=O) .  A ve ry  yradual  s l ope  t o  t h e  west suggested t h a t  sensor I3 
( S t a t i o n  0-4) was a t  perhaps -3 fee t  and Sensor A ( S t a t i o n  D-1) was a t  -6 
fee t .  

The az imuthal  bea r i ng  of t h e  p o s i t i v e  X-axis of each sensor was measured 
i n  degrees c l ockw ise  f rom n o r t h  (Tab le  5-1). Th i s  was done by p o s i t i o n i n g  
t he  l a s e r  a t  t h e  same h e i y h t  as t h e  m i r r o r  mounted on t h e  sensor, a l i g n i n y  
t h e  l a s e r  beam p a r a l l e l  t o  t h e  base l ine ,  d e f l e c t i n g  t h e  beam o f f  t h e  m i r r o r  
and back t o  t h e  l a s e r  p o s i t i o n ,  measuring t h e  d i s tance  subtended by t h e  
beam a t  t h e  l a s e r  p o s i t i o n ,  d i v i d i n g  t h a t  d i s t a n c e  by t h e  d i s tance  f rom t h e  
l a s e r  t o  t h e  m i r r o r ,  t a k i n g  t h e  a rc tangent  o f  t h e  r e s u l t  t o  ge t  t h e  
subtended angle,  d i v i d i n g  t h e  subtended angle i n  h a l f  t o  ge t  t h e  d e f l e c t i o n  
angle,  adding ( o r  s u b t r a c t i n g )  t h e  d e f l e c t i o n  angle t o  t h e  az imuthal  
d i r e c t i o n  o f  t h e  b a s e l i n e  t o  ge t  t h e  az imuthal  d i r e c t i o n  o f  t h e  p o s i t i v e  
Y-axis o f  t h e  sensor, and then  adding 90 degrees t o  ge t  t h e  d i r e c t i o n  o f  
t h e  p o s i t i v e  X-axis. I n  two cases t h e  m i r r o r  was c l o s e  enough t o  t h e  
base l i ne  (1-2 i nches )  and t h e  l a s e r  was a t  t h e  r i g h t  h e i g h t  t o  leave  t h e  
l a s e r  i n  t h e  p o s i t i o n  used e a r l i e r  t o  l o c a t e  t h e  sensor p o s i t i o n .  I n  t h e  
t h i r d  case, t h e  m i r r o r  was about 20 inches o f f  o f  t h e  base l ine ,  so another 
l i n e  was s e t  up on l i n e  w i t h  t h e  m i r r o r  and p a r a l l e l  t o  t h e  base l ine .  The 
d e f l e c t i o n  angle was measured as before t o  o b t a i n  t h e  azimuthal  o r i e n t a t i o n  
of t h e  X-axis. 



FIGURE 5-2. Three-ax i  s search c o i  1 surface sensor measures s igna l s  from 
transmi tter-loop i n  mine. 

FIGURE 5-3. Sensor Data U n i t  processes z i gnal s and displays amp7 i tude 
and phase information. 



As an exper imenta l  procedure, t h e  sensor o r i e n t a t i o n s  were a1 so measured 
u s i n g  a  hand-held compass. The p e r t i n e n t  bea r i ng  i s  t h e  d i r e c t i o n  o f  t h e  
p o s i t i v e  X-axis of t h e  sensor measured i n  degrees c lockwise  f rom n o r t h .  
Two s i g h t i n y s  were taken  on each sensor, one s i y h t i n y  down a lony t h e  
p o s i t i v e  X-axis and t h e  o t h e r  back a long  t h e  nega t i ve  X-axis. Each p a i r  o f  
measurements agreed t o  w i t h i n  1.5 degrees; t h e  averayes o f  t h e  p a i r s  were 
used as t h e  sensor o r i e n t a t i o n s  i n  a  t r i a l  l o c a t i o n  c a l c u l a t i o n  (see data 
s e t  11 under Loca t i on  Tes t  Data) .  

S t a t i o n  Sensor X-Pos ( f t )  Y-Pos ( f t )  Z-Pos ( f t )  X-Az (deg) 

Table 5-1. Sensor p o s i t i o n s  and az imuthal  o r i e n t a t i o n s .  
P o s i t i o n s  a r e  measured i n  a  t r a n s l a t e d  ve rs i on  o f  t h e  
mine coo rd ina te  system. Azimuths a r e  measured 
c l ockw ise  f rom n o r t h .  

To complete t h e  i n s t a l l a t i o n  o f  each sensor, t h e  search c o i l  leads were 
then connected t o  t h e  pos t  d e t e c t i o n  a m p l i f i e r .  A f t e r  u n r e e l i n g  t h e  1,U00' 
cab le  and connec t ing  i t  t o  t h e  p o s t  d e t e c t i o n  a m p l i f i e r ,  t h e  pack iny c r a t e  ' 
was s e t  upsidedown over  t h e  search c o i l  as a  windscreen, w i t h  o n l y  a  smal l  
tunne l  opening a t  i t s  base f o r  t h e  cab le  t o  e x i t  and f o r  access t o  t h e  
sw i t ch  on t h e  a m p l i f i e r .  Three b u r l a p  bays were f i l l e d  w i t h  about 80 
pounds each o f  d i r t  and s e t  on t o p  o f  t h e  c r a t e  w i t h  as low a  p r o f i l e  as 
poss ib l e .  Each 1,000' cab le  was then  connected t o  a  p r e a m p l i f i e r ,  which 
was then  connected over  a  s h o r t  cab le  t o  i t s  match iny Sensor Data U n i t  
(SDU, F i g u r e  5-3).  

The SDU's were p laced  i n  an equipment van (F igu re  5-4) a long w i t h  t he  
Loca t i on  Ana l ys i s  U n i t  (computer, d i s k  system, and p r i n t e r )  and a  14- t rack  
Honeywell recorder .  The van was parked a lony a  road t h a t  runs j u s t  n o r t h  
of  the fence l i n e  ( F i g u r e  5 - l ) ,  about 300 f e e t  south o f  S t a t i o n  D-4. Ac 
power was supp l i ed  by a  t r a i l e r - m o u n t e d  generator  parked about 30 f e e t  f rom 
t h e  van. 

Two k i nds  o f  tape reco rd ings  were made f o r  f u t u r e  a n a l y s i s ;  s i gna l  p l us  
no i se  d u r i n g  t h e  l o c a t i o n  t e s t s  and n o i s e  o n l y  a t  va r i ous  t imes.  The 
14- t rack  Honeywell 1010 FM Recorder used was s e t  up f o r  +1 V maximum 
dev ia t i on ,  54 kHz cen te r  f requency, and [RIG WB Group I ,15 i p s  opera t ion .  
The tape SNR was approx imate ly  44 t o  49 dB r e l a t i v e  t o  t h e  maximum reco rd  
l e v e l  . The t y p i c a l  s i g n a l  p l u s  no i se  l e v e l  was on t h e  o rde r  o f  +50% f u l l  
sca le ,  w i t h  occas ional  h i g h e r  peaks ( r eco rde r  c l  i p p i n y  would occur  a t  about 
20-40% over  f u l l  s c a l e ) .  I d e a l l y ,  a l l  t h r e e  SDU's should be run i n  t h e  
f i x e d - g a i n  mode b u t  t h i s  was found t o  be unnecessary s i nce  t h e  f r on t -end  
ga in r a t i o  s tayed a t  a  cons tan t  l e v e l  o f  128; i n  a d d i t i o n ,  t h e  ya in  should 
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not  be f i x e d  when acqu i r i ng  l o c a t i o n  data. Recordings were made of a1 1  
n ine  sensor channels a t  t h e  analog outputs o f  t h e  th ree  SDU's, along w i t h  a  
s t a b l e  25 kHz reference frequency f o r  playback speed c o n t r o l .  

5.3 TRANSMITTER INSTALLATION 

Three t ransmi t te r - l oop  p o s i t i o n s  were used du r ing  the  l o c a t i o n  t e s t s  
(F igure  5-a), w i t h  a  p r o j e c t  name assigned t o  each p o s i t i o n  as fo l l ows :  a  
920 ' c i  rcumference loop a t  LP-1 was P ro jec t  KM02, a  470' loop a t  LP-2 was 
P r o j e c t  KM03, and a  380' loop a t  t h e  spontaneously se lec ted  p o s i t i o n  LP-3 
was P r o j e c t  KM04 (P ro jec t  KMOl was assigned t o  t h e  system checkout below). 
Each loop was l a i d  ou t  a long t h e  per imeter  o f  one o r  more p i l l a r s  and 
connected t o  t h e  mod i f ied  t r a n s m i t t e r ;  t he  t r a n s m i t t e r  was powered by two 
cap-lamp b a t t e r i e s  connected i n  p a r a l l e l .  Loop deployment and t r a n s m i t t e r  
opera t ion  were done j u s t  p r i o r  t o  each t e s t  on a  prearranged schedule, 
s ince  t h e r e  was no communication w i t h  the  sur face t e s t  s i t e .  Operat ing 
t ime was l i m i t e d  by the  necessary preparat ions be fore  each t e s t  and the  
h o i s t  ope ra t i ng  schedule i n  t h e  afternoon. The d u r a t i o n  o f  t ransmiss ion 
ranged from 25 minutes t o  two hours (Table 5-2), w i t h  an average b a t t e r y  
d ischarge r a t e  o f  about 50 mV/hour. Loop c u r r e n t  was measured w i t h  a  small 
po r tab le  osc i  11 oscope and a  1  ow-val ue se r ies  r e s i s t o r .  The t r a n s m i t t e r  
opera t ing  frequency was 10-2/3 Hz. The gauge and l eng th  o f  t h e  w i r e  used 
va r ied  between the  th ree  loop p o s i t i o n s  t o  keep the  res is tance c lose t o  t h e  
nomi na l  2-ohm standard (Tab1 e  5-3). 

The est imated moments ranging from 4,868 t o  759 ~ r n ~  were ca l cu la ted  from 
t h e  measured cu r ren ts  and t h e  enclosed loop areas as scaled from the  mine 
map. The d i f f e rences  between these est imated moments and t h e  mean moments 
from t h e  l o c a t i o n  c a l c u l a t i o n s  are  probably due main ly  t o  e r r o r s  i n  s c a l i n g  
the  loop dimensions from the  map. Since the  measuring equipment has been 
accura te ly  ca l i b ra ted ,  t h e  moments from t h e  l o c a t i o n  c a l c u l a t i o n s  are  
probably co r rec t .  Although2a standard 300' loop was not  i n s t a l l e d ,  t he  
ca l cu la ted  moment o f  678 Am f o r  a  standard loop (Sect ion 2.4) i s  on t h e  
same order  as t h a t  a c t u a l l y  obta ined from t h e  380' loop used a t  LP-3 
because o f  t h e  h igher  res i s tance  and thus lower cur ren t .  

5.4 SYSTEM FUNCTIONAL CHECKOUT 

Sample atmospheric noi  se measurements were made t o  v e r i  f y  t he  s tab i  1  i t y  
o f  t he  sensor i n s t a l l a t i o n s  and t h a t  t h e  no ise  l e v e l s  would be low enough 
fo r  proper l o c a t i o n  system operat ion.  A narrow bandpass f i l t e r  w i t h  a  
center  frequency o f  8  Hz, a  no ise  bandwith o f  2  Hz, and a  ga in  r a t i o  o f  45 
was connected t o  t h e  broadband analog output  o f  each o f  t he  th ree  SDU's i n  
t u rn .  The f ront-end gain r a t i o  o f  each SDU was 128. Voltage measurements 
were made w i t h  an HP403 low-frequency RMS vol tmeter .  The conversion t o  
equ iva len t  f i e l d  assumed a  combined sensor and pos t  de tec t i on  a m p l i f i e r  
scale f a c t o r  o f  100 V/A/m. 





P o s i t i o n  1 P o s i t i o n  2  P o s i t i o n  3  
4-Pi 11 a r  2-Pi 1  1  a r  1-Pi 11 a r  

U n i t s  ( I n i t I F i n a l  ) ( I n i t I F i n a l  ) ( I n i t I F i n a l  ) 

Loop r e s i  stance1 ohms 2.8/--- 3.51--- 2.71--- 
B a t t e r y  vo l t age  

No l oad  V 4.19414.105 4.1001----- 4.21014.045 
Load V 4.05214.106 4.04114.014 4.09013.986 

Loop c u r r e n t  ( ~ k ) ~  A 1.10 11.10 0.90 10.90 1.11 11.11 
Dura t i on  m i  n  - - I60 - - I25  --- I120 

1 

2 
Does no t  i n c l u d e  0.1-ohm r e s i s t o r  used f o r  c u r r e n t  measurements. 
Measured us ing  t h e  0.1-ohm s e r i e s  r e s i s t o r ,  which i s  always i n  t h e  
c i  r c u i  t d u r i n g  t ransmiss ion.  

Table 5-2. T ransmi t te r  parameter measurement sumnary. 

P o s i t i o n  1 P o s i t i o n  2  P o s i t i o n  3  
Uni t s  4-Pi 11 a r  2-Pi 11 a r  1 - P i  11 a r  

Loop Dimensions 
Loop C i  rcumference 
Enclosed Area 

Wire Gauge 
Wire Length 
Wire Resistance 
Peak Cur ren t  
Peak Moment 
RMS Moment 
Mean Moment 

f e e t  
f e e l  
ft 

m 
AW G 

f e e t  
ohms 

A 
Am 
Am 
Am 

lBased on scaled dimensions f rom mine map. 
2Trapezoidal p i  11 ar ,  see F igure  5-6. 
3Measured va l  ues . 
4KMS moment re fe r red  t o  t h e  fundamental f o r  a  square-wave i s  

2 5  
mO(KMS) = -NAIpk 

p i  

5Based on r e s u l t s  o f  l o c a t i o n  c a l c u l a t i o n s  (RMS). 

Table 5-3. T ransmi t te r - loop  parameters and moments. 



These atmospheric noise measurements were made i n  the  l a t e  morning on 
October 10, be fore  t h e  se ts  o f  s i gna l  measurements f o r  l o c a t i o n  p r o j e c t s  
KM02 and KM03. The r e s u l t s  were e s s e n t i a l l y  i n d e n t i c a l  on each 
corresponding a x i s  a t  each sensor s t a t i o n  (Table 5-4) and a re  cons i s ten t  
w i t h  expected atmospheric no ise  l e v e l s  based on prev ious measurements. I n  
add i t i on ,  t h e  v e r t i c a l  f i e l d  i s  approximately 20 dB lower than t h e  
h o r i z o n t a l  f i e l d ,  as i s  expected i n  regions w i t h  h o r i z o n t a l l y  s t r a t i f i e d  
e a r t h  c o n d u c t i v i t y .  The weather cond i t i ons  a t  t h e  t ime o f  t h e  measurements 
were m i l d l y  breezy and p a r t i a l l y  overcast,  a l though i t  was c l o u d i e r  t o  the  
southwest and the re  cou ld  have been d i s t a n t  thunderstorms. It was 
concluded t h a t  t he  windscreens placed over t he  sensors were adequate. 

Axi s Average* Hor izonta l  To ta l  Expected 

X ( h o r i z )  -129 t o  -126 -121 t o  -119 -126 
Y ( h o r i z )  -121 t o  -120 
Z ( v e r t )  -144 t o  -138 -146 

* This i s  t h e  mean o f  t h e  t y p i c a l  l eve l s ,  as determined by observing t h e  
meter over some pe r iod  o f  t ime. Occasional impulses can cause 
considerable v a r i a t i o n .  I n  t h i s  case, t h e  Y-axis was t h e  most v a r i a b l e  
w i t h  occasional f l u c t u a t i o n s  o f  +6 dB. 

Table 5-4. Typ ica l  measured atmospheric no ise  l e v e l s  a t  8 Hz. 
A l l  values are  i n  dBHo r e l a t i v e  t o  1A2/m2/~z .  

Since the  search c o i l  sensor s t a t i o n s  were w i t h i n  2,000 f e e t  o f  a  sur face 
h igh-vol tage power l ine ( w i t h i n  1,000 f e e t  a t  D-3, t h e  c loses t  s t a t i o n )  and 
approximately 1,200 feet  from underground powerl ines, 60 Hz i n t e r f e r e n c e  
was o f  p o t e n t i a l  concern. However, measurements made near D-3 showed t h e  
pre-60-Hz notch f i l t e r  l e v e l s  on a l l  t h ree  sensor axes were approximately 
two orders o f  magnitude below t h e  search c o i l  post  de tec t i on  a m p l i f i e r  
s a t u r a t i o n  l e v e l  ( 5  V r e f e r r e d  t o  t h e  ou tput ) .  Typical  values were l ess  
than 300 micro  A/m peak o r  -70 dBH. The ho r i zon ta l  a x i s  perpendicular  t o  
t he  sur face power l ine had the  h ighes t  value. The v e r t i c a l  ax i s  value was 
about 2  dB l e s s  and the  orthogonal ho r i zon ta l  a x i s  value about 6  dB less .  

A f te r  t h e  920-foot loop was i n s t a l l e d  around the  f o u r  p i l l a r s  a t  p o s i t i o n  
LP-1, a  p r e l i m i n a r y  t e s t  was conducted t o  check system func t i ons  and v e r i f y  
t h a t  s igna l  and no ise  l e v e l s  were s u i t a b l e  f o r  l o c a t i o n  measurements. The 
data obta ined f o r  t h i s  case were designated as P ro jec t  KMO1, even though 
t h e  data were no t  used i n  any l o c a t i o n  c a l c u l a t i o n s  (ensuing l o c a t i o n  t e s t s  
were designated as P ro jec ts  Kf402 through KM04). 



One o f  t h e  SDU's had a  minor d i s p l a y  ma1 func t i on  t h a t  was not  repa i red  
u n t i l  t h e  f o l l o w i n g  day, so t h a t  on l y  two u n i t s  were a v a i l a b l e  f o r  t a k i n g  
data on October 9. The system checkout was cont inued meanwhile w i t h  one o f  
t h e  two good SDU's being used t o  mon i to r  two o f  t he  t h r e e  sensors by 
swi tch ing  t h e  sensor cables back and fo r th .  This  swi tch ing  o f  t he  cables 
( i n  e f f e c t ,  m u l t i p l e x i n g )  de fea ts  t h e  long-term i n t e g r a t i o n  o f  t h e  data, 
which might  adversely  a f fec t  t h e  r e s u l t s  of a  l o c a t i o n  c a l c u l a t i o n ,  bu t  t he  
method was s u f f i c i e n t  t o  v e r i f y  expected s igna l  and no ise  l e v e l s  d u r i n g  the  
f u n c t i o n a l  checkout. 

The measured s igna l  and no ise  l e v e l s  compared we1 1  w i t h  those expected 
f o r  t h e  con f i gu ra t i on ,  w i t h  one except ion: one o f  t h e  channels from 
sensor C was found t o  have a  s igna l  l e v e l  f a r  below even the  expected 
atmospheric no ise  l eve l s .  This  problem was t raced  t o  holes i n  t h e  cable 
t h a t  had e v i d e n t l y  been chewed by some small animal ( s ) ,  e  .g., pack r a t s .  
The damaged sec t i on  was removed and t h e  cable f i t t i n g s  reconnected. Less 
ex tens ive  damage t o  the  o ther  two cables requ i red  on l y  minor repa i r .  Mine 
personnel suygested t h a t  chewing animals a re  p a r t i c u l a r l y  a t t r a c t e d  by 
s a l t y  sweat res idue deposi ted du r ing  hand l ing  o f  t he  cable, a l though the  
i n s u l a t i o n  i t s e l f  i s ,  i n  many instances, t h e  ob jec t i ve .  

5.5 LOCATION TEST DATA 

The coord ina te  system used i n  t h e  f i e l d  t e s t  was r ight-handed and 
or thoyonal ,  w i t h  t h e  Z-Axis p o s i t i v e  upward and t h e  p o s i t i v e  X-Axis 
p o i n t i n g  a t  90 degrees c lockwise from nor th .  The o r i g i n  o f  t h i s  coord inate 
system (F igure  5-6 i s  l oca ted  a t  mine coordinates 46,000N and 44,000E. 
Sensor C was a r b i t r a r i l y  se t  a t  zero e leva t i on  (Z = 0) .  

F i f t e e n  complete se ts  o f  sensor data were recorded, a t  10- t o  15-minute 
i n t e r v a l s ,  from t h e  th ree  d i f f e r e n t  loop pos i t i ons .  Each loop p o s i t i o n  was 
designated as a  separate p r o j e c t ;  these were named KM02, KM03, and KM04 
(P ro jec t  K M O l  desi gnates the  checkout o f  t he  system func t i ons ) .  These 
th ree  p r o j e c t s  have s i x ,  two, and seven se ts  o f  sensor data, respec t i ve l y .  
One se t  o f  sensor data (No. 2) from Pro jec t  KM02 was modi f ied  i n  var ious 
ways t o  c rea te  f i v e  experimental  a d d i t i o n a l  sets of  sensor data (Nos. 
7-11). A l l  o f  t he  sheets con ta in ing  the  p r o j e c t  i n fo rma t ion  and sensor 
data are  g iven i n  t h e  appendix. 

P ro jec t  KM02 designates data c o l l e c t e d  on October 10, 1984, from the  920' 
loop a t  LP-1 (F igure  5-6. . The f i r s t  s i x  se ts  o f  sensor data (Nos. 1-6) 
were c o l l e c t e d  from 12:33 t o  13:30. The Sensor Data Un i t s  were reset  
before t h e  f i r s t  s e t  o f  data was taken and rese t  again be fore  t h e  t h i r d  
set .  The data sheets f o r  these s i x  sets f o l l o w  t h e  p r o j e c t  in fo rmat ion  
sheet f o r  P r o j e c t  KM02 i n  t h e  appendix. 

The next  t h ree  sets o f  sensor data (Nos. 7-9) are mod i f ied  versions o f  
t h e  se t  o f  sensor data c o l l e c t e d  a t  12:45 (No. 2).  These th ree  sets 
represent,  i n  t u rn ,  t he  omission of data from sensors A, B, and C, so t h a t  
data from on ly  two sensors are  used i n  each case. This  was done t o  



eva lua te  t h e  performance of a  two-sensor sytem. The p r o ~ e c t  in fo rmat ion  
had t o  be changed t o  r e f l e c t  t h e  omission o f  t he  one sensor i n  each case, 
so t h a t  t h r e e  new p r o j e c t s  were aesiynated KMBC, KMAC, and KMAt3, 
r espec t i ve l y .  The p r o ~ e c t  i n fo rma t ion  sheets and corresponding sensor data 
sheets appear i n  t h e  appendix f o l l o w i n g  t h e  sheets f o r  data sets 1-6. 

Sensor data se ts  10 and 11 represent mod i f i ca t i ons  i n  t he  azimuthal 
d i r e c t i o n s  o f  t h e  sensors, us ing  t h e  data c o l l e c t e d  a t  12:45 (No. 2). Set 
10 d iscarded t h e  l o c a l  r o t a t i o n s  of t he  sensors from the  sensor basel ine, 
or,  i n  o the r  words, i t  assumed t h a t  a l l  sensors were p o i n t i n g  i n  exac t l y  
t n e  same d i r e c t i o n  of 150.1 degrees c lockwise from nor th .  This in t roduced 
angular  r o t a t i o n  e r r o r s  o f  +4.9, -0.9, and +2.6 degrees a t  sensors A, B, 
and C t o  eva lua te  t h e  s e n s i t i v i t y  of t h e  system t o  such e r ro rs .  This 
requ i red  a  r e v i s i o n  i n  t h e  p r o j e c t  in fo rmat ion ,  so t h a t  a  p r o j e c t  
i n fo rma t ion  sheet and sensor data sheet f o r  a  p r o j e c t  named KMNR have been 
inc luded i n  t h e  appendix. Set 11 in t roduced the  same k inds o f  r o t a t i o n a l  
e r ro rs ,  bu t  i n  t h i s  case t h e  azimuthal values represent  readinys from a  
hand-held compass used t o  s i y h t  along t h e  sensor. The angular e r r o r s  i n  
t h i s  case were +1.2, +0.6, and +1.5 degrees; these data appear i n  the  
appendix under p r o j e c t  KMCR. 

P r o j e c t  KM03 designates data c o l l e c t e d  on October 10, 1984, from t h e  470' 
loop a t  LP-2 (F i yu re  5-6. The two sets o f  sensor data (Nos. 12 and 13) 
were c o l l e c t e d  a t  13:45 and 13:55, s t a r t i n y  two minutes a f t e r  a rese t  o f  
t he  Sensor Data Un i ts .  The data  sheets f o r  these two sets f o l l o w  t h e  
p r o j e c t  i n fo rma t ion  sheet f o r  p r o j e c t  KM03 i n  the  appendix. 

P r o j e c t  KM04 designates data c o l  l ec ted  on October 11, 1984, from t h e  380' 
l oop  a t  LP-3 (F igure  5-6. The seven sets o f  sensor data (Nos. 14-20) 
were c o l l e c t e d  from 10:50 t o  12:25; t h e  t i r s t  se t  (No. 14) was taken w i t h i n  
two minutes of r e s e t t i n 9  the  Sensor Data Uni ts .  The data sheets f o r  these 
seven se ts  f o l l o w  t h e  p r o j e c t  i n fo rma t ion  sheet f o r  p r o j e c t  KM04 i n  t h e  
appendi x  . 

5.6 LUCATION RESULTS 

Each se t  of sensor data (a long w i t h  i t s  corresponding p r o j e c t  
i n fo rma t ion )  was entered i n t o  t h e  computer running the  LocatorIDLMG 
sof tware (F i yu re  5-5). The r e s u l t  from each se t  o f  data i s  an X, Y, 
Z - l oca t i on  o f  t h e  source t ransmi t te r - loop,  t h e  tilt o f  t h e  loop i n  degrees 
from h o r i z o n t a l ,  and the  moment o f  the  loop i n  ampmeters-squared (Am2) 
(Table 5-5). The h o r i z o n t a l  l o c a t i o n  o f  each r e s u l t  i s  genera l l y  very 
c lose  t o  t h e  center  of i t s  corresponding loop p o s i t i o n  (F igure  5-6). The 
notab le  except ions are  data se ts  7-11 ( t h e  mod i f ied  se ts )  and data se t  14. 

The l o c a t i o n  r e s u l t s  from t h e  unmodified sets o f  data (Nos. 1-6) are 
t i g h t l y  grouped near t h e  geometric center  o f  t h e  loop a t  LP-1 
(F igure  5-7) ,  w i t h  a  mean depth o f  -1,241 feet .  The mean l o c a t i o n  i s  
o f f s e t  from t h e  center  o f  t h e  loop by about 10 f e e t  t o  t h e  south and seven 
feet  t o  t h e  west. The approximate depth i n  t h i s  area was g iven by t h e  mine 



FIGURE 5-7. Location Results from Data Sets 1-6. Dots represent 
individual results; the mean i s  shown as a triangle. 



enyineer as -1,250 feet .  The standard d e v i a t i o n  of t he  l o c a t i o n  r e s u l t s  i s  
about f i v e  f e e t  i n  t he  h o r i z o n t a l  d i r e c t i o n  and seven f e e t  i n  t he  v e r t i c a l  
d i r e c t i o n .  The mean t i l t  value i s  t h r e e  degrees from ho r i zon ta l ;  t h e  mean 
moment i s  about 4,900 AmZ'. 

The l o c a t i o n  r e s u l t s  from t h e  se ts  o f  data us ing  two sensors ( se ts  7-9) 
a re  sca t te red  somewhat f a r t h e r  from t h e  center  o f  t h e  loop (F iyure  5-6), 
bu t  s t i l l  f a l l  w i t h i n  i t s  per imeter ,  w i t h  depths rany iny  from -1224 t o  
-1240 f e e t .  The f a r t h e s t  o f f  o t  these i s  set  7, which uses on ly  t he  data 
from Sensors B and C. It should be noted tha t ,  i n  t h i s  case, the  
t r a n s m i t t e r - l o o p  i s  l oca ted  c lose  t o  the  v e r t i c a l  plane of ambiguity which 
b i s e c t s  t h e  l i n e  between t h e  two sensors being used. I n  a d d i t i o n  t o  
i nc reas ing  t h e  e r r o r  i n  t he  r e s u l t i n g  l oca t i on ,  beiny c lose  t o  t h i s  plane 
produces an unusual ly  h igh  tilt value o t  11 deyrees from ho r i zon ta l .  Usiny 
t h e  data from sensors A and C ( s e t  8 )  o r  Sensors A and B ( se t  9 )  produces 
l o c a t i o n  r e s u l t s  t h a t  a re  c l o s e r  t o  t h e  center  o f  t h e  loop and have more 
reasonable t i  1 t val  ues (5-6 degrees). 

The l o c a t i o n  r e s u l t s  from se t  10 are t h e  worst o f  any, l y i n g  25U f e e t  t o  
t h e  northwest o f  t h e  loop center  (F igure  5-6. The t i l t  i n d i c a t e d  i s  29 
degrees from h o r i z o n t a l .  Al though the  r o t a t i o n a l  e r r o r s  in t roduced i n  t h i s  
case by assuming t h a t  t h e  sensors are  a l igned w i t h  t h e  base l ine  (see 
Locat ion Test Data) cause a  s i y n i f i c a n t  d e v i a t i o n  i n  the  l oca t i on  r e s u l t ,  
t h e  r e s u l t  m iyh t  w e l l  be s a t i s f a c t o r y  as a  f i r s t  quick est imate. The 
l o c a t i o n  r e s u l t s  from se t  11 are  much b e t t e r  than those from set  10, i n  
accordance w i t h  t h e  lower r o t a t i o n a l  e r r o r s  in t roduced by us ing the  compass 
readings f o r  t he  azimuthal d i r e c t i o n s  o f  t he  sensors (see Locat ion Test 
Uata).  The h o r i z o n t a l  l o c a t i o n  i s  about 40 f e e t  from the  c l u s t e r  o f  
r e s u l t s  from data sets 1-6. The depth i s  -1227 tee t ,  w i t h  a  t i l t  o f  s i x  
degrees and a  moment o f  about 490U Am2. 

The l o c a t i o n  r e s u l t s  from data sets 12 and 13 are  we1 1 w i t h i n  the  
per imeter  o f  t h e  loop a t  LP-2 (F i yu re  5-8), al though they are more 
sca t te red  than the  r e s u l t s  from sets  1-6. The sensor data used here are  
somewhat n o i s i e r  than f o r  t he  prev ious p o s i t i o n  because o f  t h e  smal le r  1001 
s ize ;  t h e  readinys from Sensor C a re  p a r t i c u l a r l y  noisy because o f  t he  
f a l l - o f f  i n  s igna l  s t rength .  The mean o f  t h e  two l o c a t i o n  r e s u l t s  i s  12 
f e e t  t o  t he  south and one f o o t  t o  t h e  east from the  center  o f  t h e  loop. 
The mean depth i s  -1196 fee t ;  t h e  mine engineer i n d i c a t e d  a  depth o f  about 
-1225 f e e t  i n  t h i s  area. The standard d e v i a t i o n  o f  t he  l oca t i on  r e s u l t s  i s  
about 30 f e e t  i n  t h e  h o r i z o n t a l  d i r e c t i o n  and 25 f e e t  i n  t he  v e r t i c a l  
d i r e c t i o n .  The mean t i 1  t value i s  f i v e  deyrees from ho r i zon ta l  ; the  mean 
moment i s  about 850 Am2. 

The on l y  except ion t o  the  small c l u s t e r  o f  l o c a t i o n  r e s u l t s  near t he  
center  o f  t h e  loop a t  LP-3 i s  t h e  r e s u l t  from data  s e t  14 (F igure 5-6). 
The ho r i zon ta l  l o c a t i o n  i s  over 100 f e e t  south from t h e  center  o f  the  loop, 
t h e  i n d i c a t e d  depth i s  nea r l y  65 f e e t  shal lower than t h e  nominal depth, and 
the  i nd i ca ted  t i l t  i s  about 15 deyrees steeper than the  near ly - leve l  mine 
f l o o r .  This  data se t  was t h e  f i r s t  recorded a f t e r  r e s e t t i n g  the  Sensor 
Data Uni ts ;  i t  was taken a f t e r  on ly  two minutes o f  long-term i n t e g r a t i o n .  



FIGURE 5-8. Locatyon Results from Data Sets 12 and 13. 

FIGURE 5-9. Location Results from @ t a  Sets 15-20. Dots represent 
individual  results;  the mean i s  shown as a t r i ang le .  The aster isk 
indicates the geometric center o f  the loop. 



I n  t h e  case of t h i s  sma l l e r  and n o i s i e r  t r a n s m i t t e r ,  a  l onye r  i n t e g r a t i o n  
t i m e  was appa ren t l y  necessary t o  ach ieve good r e s u l t s .  The l o c a t i o n  
r e s u l t s  f rom da ta  s e t s  15-20 have a  mean h o r i z o n t a l  l o c a t i o n  about 11 fee t  
t o  t h e  south and two f e e t  t o  t h e  eas t  o f  t h e  loop  cen te r  (F i gu re  5-g) ,  w i t h  
a  mean dep th  o f  -1223 f e e t .  The s tandard d e v i a t i o n  o f  t h e  l o c a t i o n  r e s u l t s  
from se t s  15-20 i s  about s i x  f e e t  i n  bo th  t h e  h o r i z o n t a l  and v e r t i c a l  
d i r e c t i o n s .  The mean ti lt va'lue i s  two degrees f rom h o r i z o n t a l ;  t h e  mean 
moment i s  about 700 ampmeters-squarea. 

Loop p o s i t i o n  1 ---------- P r o j e c t :  KM02 ------------ 10/10/84 
Data s e t  Time X-Feet Y-Feet Z-Feet T i l t  Moment Comments 

4844 r e s e t  
4916 
5047 r e s e t  
4913 
49 13 
4906 
5005 w i t h o u t  A 
4852 w i t h o u t  B 
4904 w i t h o u t  C 
4883 no r o t .  
4884 compass 

mean r e s u l t s  and s tandard d e v i a t i o n s  f rom da ta  s e t s  1-6 
239.0 42.1 1241 3  4923 

+3.8 +3.4 - - +7 - + 1 - +6 1 - 

es t ima ted  a c t u a l  l oop  parameters 
245.8 52.5 -1250 1 4868 

Loop p o s i t i o n  2  ---------- P r o j e c t :  KM03 ------------ 10/ 10/84 

Uata s e t  Time X-Feet Y-Feet Z-Feet T i l t  Moment Comments 

12 13:45 -586.4 -33.9 -1220 5  90 9 r ese t  
13 1 3 ~ 5 5  -527.8 -25.2 -1171 5 797 

mean r e s u l t s  and s tandard d e v i a t i o n s  f rom da ta  se t s  12 and 13 
-557.1 -29.6 -1196 5 853 
+29.3 24.3 - +25 - - +0 - +56 

es t imated  a c t u a l  l oop  parameters 
-556.2 -16.8 -1225 1 1016 

Table 5-5. Loca t i on  r e s u l t s  f rom in-mine f i e l d  t e s t .  
Comnents a r e  exp la ined  under Loca t i on  Test 
Data. 



Loop p o s i t i o n  3  ---------- Pro jec t :  KM04 ------------ 10/10/84 
~ a t a s e t  Time X-Feet Y-Feet Z-Feet T i l t  Moment Comments 

14 10:50 76.7 23.2 -1186 15 672 rese t  
15 11:05 77.8 98.7 -1217 3  692 
16 11:25 68.4 104.4 -1223 2  700 
17 11:40 66.7 108.9 -1223 2  699 
18 11:55 63.1 115.2 -1225 2  699 
19 12:lO 62.6 113.8 -1226 1 699 
20 12:25 60.6 114.4 -1226 2  699 

mean r e s u l t s  and standard dev ia t i ons  from data sets 15-20 
66.5 109.2 -1223 2  698 
+5.7 - +6 .O - +3 - + 1 - + 3  - 

est imated ac tua l  loop parameters 
64.3 98.6 -1250 1 759 

Table 5-5. Locat ion r e s u l t s  from in-mine f i e l d  t e s t .  
Comments are  expla ined under Locat ion Test 
Data .--Continued 

5.7 DISCUSSION OF RESULTS 

The mean l o c a t i o n  r e s u l t s  agree q u i t e  we l l  w i t h  the  est imated ac tua l  
loop p o s i t i o n s  (Table 5-5). The d i f f e r e n c e  between t h e  r e s u l t s  and 
the  ac tua l  loop p o s i t i o n s  i s  genera l l y  l e s s  than 1% o f  t h e  d is tance 
from t h e  loop p o s i t i o n s  t o  the  sensors. Also, t h e  standard d e v i a t i o n  
o f  t he  r e s u l t s  i s  as low as 0.5% o f  t he  mean range. This  l e v e l  o f  
e r r o r  compares w e l l  w i t h  t h e  shor t - te rm system SNR values o f  t h e  
measured data, which were genera l l y  35-45 dB (40 dB i s  equ iva len t  t o  
one percent ) .  The exact  r e l a t i o n s h i p ,  however, between no ise  i n  t h e  
measurements and e r r o r  i n  the  r e s u l t s  i s  no t  known and i s  probably no t  
1  i near. 

There i s  a  suggest ion o f  a  cons i s ten t  b ias  i n  t he  mean l o c a t i o n  
r e s u l t s  o f  about 10 f e e t  t o  t h e  south from the  center  of each loop 
p o s i t i o n  ( w i t h  vary ing  o f f s e t s  t o  t h e  east o r  west).  The mine 
engineer est imates an o v e r a l l  e r r o r  o f  l e s s  than f i v e  f e e t  i n  t h e  mine 
survey used t o  l o c a t e  t h e  h o r i z o n t a l  sensor pos i t i ons ,  bu t  survey 
e r r o r s  i n  t h e  v e r t i c a l  d i r e c t i o n  may be greater .  The eyeba l l  
assumption, f o r  example, t h a t  sensor B i s  a t  -3 f e e t  depth ( r e l a t i v e  
t o  sensor C a t  zero depth) and t h a t  sensor A i s  a t  -6 f e e t  depth may 
we l l  be o f f  by several f ee t .  I f  t h e r e  i s  a  systematic e r r o r  i n  
t he  suwey, i t  would produce a  cons i s ten t  o f f s e t  i n  t h e  r e s u l t s .  I n  
a d d i t i o n  t o  e r r o r s  i n  t he  l o c a t i o n  r e s u l t s  in t roduced by no ise  and by 
survey e r ro rs ,  t he re  are  p o s i t i o n  and o r i e n t a t i o n  e r r o r s  made when 
i n s t a l l i n g  the  sensors. 



The l o c a t i o n  c a l c u l a t i o n  r e s u l t s  appear b e t t e r  than  would be 
sugyested by t h e  c o n d i t i o n s  and t r e n d s  i n  t h e  SNR values i n  
Table 5-6. The e lapsed t i m e  g i ven  i s  t h e  approximate t i m e  s i nce  t h e  
l a s t  r e s e t  of t h e  long- term b l o c k  averay iny  a f t e r  t h e  s i y n a l  had been 
acqu i red  (measurements cou ld  n o t  be made s imul taneously ,  b u t  were 
w i t h i n  severa l  minutes of t h e  event  and each o t h e r ) .  The shor t - te rm 
SNR i s  measured a t  t h e  ou tpu t  o f  t h e  SDU lowpass f i l t e r ,  which has a 
t i m e  cons tan t  of 15 seconds and a no i se  bandwidth o f  0.01 Hz 
(second-order f i l t e r ) .  I n  most cases, i t  i s  i n  rough agreement w i t h  
t h e  expected SNH based on c a l c u l a t i o n s  us iny  t h e  es t imated  t r a n s m i t t e r  
moment and an assumed atmospheric no i se  l e v e l  of -126 dBHo w i t h  t h e  
same bandwidth. Th i s  suggests t h a t  system o p e r a t i o n  i s  a t  o r  near t h e  
atmospheric n o i  se 1 i m i  t . 

P r o j e c t  Elapsed Sensor A SNR Sensor t) SNK Sensor C SNR 
Name Time (m) L-term/S-term L-term/S-term L-term/S-term 

KM02 0 48/44 461 54 381 39 
10 341 39 41/50 34/30 
2 0 32/43 41/46 351 36 
30 32 / 42 41 / 51 35/47 

expected - - I43  - - I47 - - I46  

KM03 0 32/36 25/34 20130 
10 25/40 25/34 20131 

expected - - I36  - - I34 - - I28 

KM04 0 
15 
35 
60 
65 
80 
95 

expected 

1) Approximate, i .e., w i t h i n  a few minutes. 

Table 5-6. System S i  ynal  - to-Noise R a t i o  vs. t ime.  
A l l  va lues i n  dB except as noted. 

The long- te rm SNR i s  measured a t  t h e  ou tpu t  o f  t h e  SOU b lock -  
averay ing  process t h a t  operates con t i nuous l y  s i nce  t h e  t ime  o f  t h e  
l a s t  r ese t .  For  yaussian no ize,  averay iny  snould inc rease  t h e  SNK by 
10 dB f o r  every  t e n - f o l d  i nc rease  i n  t h e  averaging t ime.  I f  t h e r e  i s  
any d e t e r m i n i s t i c  change i n  t h e  t r a n s m i t t e d  s i g n a l  ampl i tude, i t  w i l l  
be i n t e r p r e t e d  as a var iance  and i nc l uded  i n  t h e  SNK c a l c u l a t i o n .  The 
decrease i n  t r a n s m i t t e r  moment amp l i tude  caused by t h e  decay o f  t h e  



cap-lamp ba t t e r y  voltage (Section 2.4) or  t ransmi t te r  current  r i  pple 
are examples o f  why the long-term SNR's might appear somewhat lower 
than the  short-term and not  improve s i g n i f i c a n t l y  w i t h  time. I n  t h i s  
case, the  gaussian noise would be averaged and the cor rec t  r e l a t i v e  
mean signal  amplitudes w i l l  be obtained even though the displayed SNR 
value i s  low. A cor rect  geometrical l oca t ion  answer w i l l  r e s u l t  but 
the ca lcu la ted t ransmi t te r  moment w i l l  be i n  e r ro r .  The reason why the 
displayed long-term SNR values appear t o  be about 10 dB lower than the 
short-term values, as wel l  as incons is tent  w i t h  the good locat ion 
resu l ts ,  i s  not  understood a t  t h i s  time. 

I n  reviewing the long-term SNR data i n  d e t a i l ,  i t  was observed t ha t  
anomalously h igh noise condi t ions ex is ted  on the  Y-channel o f  sensor A 
and the  Z-channel of sensor C f o r  p r o j e c t  l 0 2 ,  as we l l  as the Y -  and 
Z-channels o f  sensor A f o r  Pro jec t  KM04. These spurious l eve l s  
appeared t o  be on the order o f  6-10 dB higher than the l eve l  on a 
normal hor izonta l  channel. The heavy impact of the l a s t  case on the 
system SNR i s  shown c l e a r l y  i n  Table 5-6. I n  addit ion, an 
i n t e r m i t t e n t  noise problem on the v e r t i c a l  (2 )  channel o f  sensor C was 
observed i n  the  f i e l d  before and a f t e r  p ro j ec t  KM04. This was l a t e r  
i d e n t i f i e d  as a ground lead problem i n  the sensor preampl i f ie r  and 
corrected. Ground connections i n  the other sensor u n i t s  were a lso 
inspected and secured. Other possib le causes o f  the spurious noise 
leve ls  i n  the o ther  cases are problems from the cable damage, other 
grounding problems, o r  condensation. These noise problems d i d  not 
seem t o  ser ious ly  a f fec t  the  loca t ion  resu l ts ,  poss ib ly  because the 
leve ls  were s t i l l  r e l a t i v e l y  low and only two o f  n ine channels were 
involved i n  each o f  the a f fec ted  tes ts .  

The question o f  whether long-term averaging provides improvement o f  
the loca t ion  resu l t s  i s  answered by observing the t rend i n  the 
loca t ion  resu l t s  from data sets 14-20 (Figures 5-6, 5-9). There i s  a 
marked advance toward the center o f  the loop, s t a r t i n g  w i t h  the f i r s t  
data fo l l ow ing  a reset  (se t  14) and ending w i t h  the data t ha t  were 
averaged f o r  up t o  an hour and a ha l f .  

Overal l ,  the l oca t i on  resu l t s  show good consistency and accuracy. 
The low sca t te r  i n  the resu l t s  from p ro jec t  KM02 shows the prec is ion 
tha t  can be expected from a source w i t h  a f a i r l y  la rge moment o r  h igh 
SNR. Results from Pro ject  KM03 show the greater sca t te r  expected from 
no i s i e r  measurements (from a smaller loop) made over a short time. 
Pro jec t  KM04 again showed low scat ter ,  due i n  pa r t  t o  the longer 
block-averaging time. 



6.U CONCLUSIONS AND RECOMMEhDUTIONS 

The bas ic  goal of Phase I 1  of t h i s  proyram was t o  t e s t  t h e  key fea tures  
t h a t  would be needed i n  an e lect romagnet ic  system t h a t  uses 3-4 s ta t i ona ry  
3-ax is  sensors on t h e  surface t o - l o c a t e  a  magnetic loop antenna o f  l i m i t e d  
s i z e  deployed by a  miner  trapped i n  a  deep mine (1,000m). The major 
o b j e c t i v e s  were t o  v e r i f y :  

a )  sensor s e n s t i v i t y  
b )  noi  se cancel l a t i  on feas i  b i  1  i t y  ( i n  a  separate t e s t  ) 
c )  l o c a t i o n  method opera t ion  

P r a c t i c a l ,  r e l a t i v e l y  compact 3-ax is  search c o i l  sensors w i t h  an i n -  
t r i n s i c  no ise  l e v e l  approximately 3 orders o f  magnitude lower than nominal 
atmospheric no ise  l e v e l s  have been b u i l t  and tested.  These sensors have 
been used t o  demonstrate t h e  expected p r o p e r t i e s  o f  remote no ise  cancel la-  
t i o n .  Tni s  1 i m i t e d  experiment achieved adequate noise l e v e l  s  f o r  l o c a t i o n  
o f  d t rapped miner a t  a  depth o f  1 km throuyh an overburden w i t h  an 
an averaye c o n d u c t i v i t y  o f  0.01 S/m. The experiment d i d  no t  take 
advantage o f  phase co r rec t i ons ,  a x i s  alignment cor rec t ions ,  o r  impulse 
no ise  processing a f t e r  cancel 1  a t i o n .  Each o f  these ref inements can 
p o t e n t i a l l y  lead t o  f u r t h e r  no ise  reduct ion.  

A  breadboard l o c a t i o n  system was suppl ied t o  t h i s  proyram i n  order  
t o  eva lua te  t h e  proposed l o c a t i o n  method i n  shal lower mines p r i o r  t o  
b u i l d i n g  an opera t iona l  p ro to type f o r  use i n  deep mines (1,000m). I n  
a d d i t i o n  t o  t h e  sensors, t h e  system cons i s t s  o f  3 Sensor Data Un i ts ,  
which serve as rece ivers ,  and a  Locat ion Analys is  Un i t ,  which i s  a  
p o r t a b l e  computer w i t h  unique sof tware f o r  l o c a t i o n  c a l c u l a t i o n .  The 
l o c a t i o n  method developed by Develco has proven e f f e c t i v e  over a  v a r i e t y  
o f  sensor a r ray  c o n f i y u r a t i o n s  and cond i t i ons  i n  computer s imulat ions,  
scaled lab-ar ray  t e s t s ,  and t h e  in-mine t e s t .  The in-mine t e s t  w i thout  
no ise  c a n c e l l a t i o n  conducted on t h i s  proyram demonstrated t h a t  an accuracy 
o t  less than 1% o f  depth could be achieved i n  a  380111 deep mine w i t h  a  
c o l  i near array.  

It i s  recommenaed t h a t  t he  Bureau o f  Mines conduct a d d i t i o n a l  t e s t s  w i t h  
t h e  breadboard l o c a t i o n  system. A t  f i r s t ,  these should be under 
c o n t r o l  1  ed, nominal c i  rcumstances a t  a  shal low research mine t o  f u l l y  
eva lua te  t h e  bas ic  procedures and func t ions .  The emphasis should be on 
t h e  methods and reproduci b i  I i t y  of t he  surveying and sensor emplacement i n  
t h e  f i e l d .  Then t e s t s  should be conducted a t  a  v a r i e t y  o f  deep mines, 
i n c l u d i n g  some greater  tnan 4OUm, t o  gain experience w i t h  e f f e c t s  such 
as e l e c t r i c a l  i n t e r f e r e n c e  and s c a t t e r i n g  i n  d i f f e r e n t  environments. 
Add i t i ona l  i n v e s t i g a t i o n s  i n t o  noise c a n c e l l a t i o n  should emphasize 
a l y o r i t h m  development and t e s t i n g  w i t h  no ise  data obta ined under a  
v a r i e t y  o t  cond i t i ons  . 



I t  should then be possible to  fu l ly  determine the requirements for  a 
complete prototype operational deep-mi ne 1 ocation system using noise 
cancel la t ion.  This version might incorporate the following general 
features : 

1) A fourth sensor fo r  noise cancellation which can be installed 
a t  a large distance (10-15 km) from the other three sensors 
to  measure noise only for  remote cancel 1 ation. 

2 )  Compact, low power signal acquisition/digi t iz ing equipment. 

3)  RF data l inks t o  transmit signal information from the sensors 
and eliminate the need fo r  long cables. 

4) Wideband, ful ly  adaptive noise cancel la t ion and narrowband 
impulsive noise processing in software. 

5) A di rec t  ser ia l  d ig i ta l  data link between the signal acqui- 
s i t i on  equipment and the computer used to  make the location 
calcualtions. This would speed the collection of measured 
data and reduce the chance of recording errors.  

6) High-eff i ciency , constant 1 eve1 s'i ne wave transmitters for  
miners would eliminate harmonic interference and signal 
decay, and extend battery l i f e .  



Appendix I. Sumnary o f  method used t o  determine power spec t ra l  dens i ty  
f o r  c a n c e l l a t i o n  t e s t s .  

Proyram used f o r  t he  sumnation o f  FFTs on the  Data 6000 Wave Analyzer (Data 
Prec is ion ,  Anal og ic  Corp .) : 

10 MAGCAl = FFT (Buf A1,,0,0,0,3) 
20 SQ.A1 = SQ (MAGCAl) 
30 ADD.Al = ADD.Al + SQ.Al 

C a l c u l a t i n g  t h e  power spec t ra l  dens i ty :  

R = reading on d i s p l a y  (cursor  'ONn) 
A t  = sampling i n t e r v a l  ( 5  ms i n  t h i s  ana lys i s )  
N = number o f  samples (512 i n  t h i s  ana lys i s )  
N, = number o f  squared FFTs summed. 

G = channel gain, i n c l u d i n g  recorder,  i n  V/(A/m). 



Appendix 11. Location Test Data Sheets. 

The fo l low ing  abbreviat ions are used i n  the Sensor Data o f  the Sensor 
Data Un i t  data tables, i n  order: 

CHAN - the channel ( X , Y ,  o r  Z) corresponding t o  the fo l low ing  
three ent r ies .  

Amp1 - the displayed s ignal  amplitude i n  p ic to tes las .  

P - the displayed phase i n  degrees. For a reference channel 
(see below), phase i s  r e l a t i v e  t o  the SDU clock. For a 
non-reference channel , phase i s  re1 a t i  ve t o  reference 
channel. 

SNR - the long-term signal-to-noise r a t i o  i n  decibels o f  the 
ind iv idua l  channel. 

REF - the reference channel o f  the SDU. This i s  selected 
automat ica l ly  according t o  the strongest s ignal .  

SNRS - the long-term system signal- to-noise r a t i o  i n  decibels. 

T - the elapsed t ime i n  seconds s ince system reset .  

PM - the  phase d i f fe rence  i n  degrees between the SDU's 
reference channel and the primary SDU's reference channel. 

SNRS - the  short-term system signal  -to-noise r a t i o  i n  decibels. 

T - the low-pass f i l t e r  t ime constant i n  seconds. 



; ==--- ---===a ; ------ PROJECT NCIME < 4  CHAR) I 
: KM02 

I 
I 

D A T E  & T I M E  (25 CHAR) 
I - = p - - - - ~ = ~ = = = 3 , s = = r : s = r : = = = X = = = = = = = = = - - - ~ t ~ I  

: OCTOBER 10, 1984 Wednesday P . M. I a 

:,----.----,,,,-------------------------: 

M I N E  L O C A T I O N  (25 CHeR) 
;----------------------===:3:======c==----a - ---------- 
I K-M, HOBBS, NEW MEXICO 8 I 
I 1 
I,-,,-,,,,-,,,,--,----------------------I 

COMMENTS (25 CHAR) 
I------------------------------------- , -  ------- ---------------------------: 

POSITION 1 - 1000' LOOP 

COORDINFITE SYSTEM B F I S I S  (225 CHAR) 
;=====E=====I=============3:X:II=I=r=r=====: 

I I 

TRANSLATED MINE COORDINATES • :-------------,-,,,-------------------' 

C O O R D I N A T E  B F I S E L I N E  SIGNCIL PR X MFIRV 
X--AZIMUTH UNITS FREQUENCY SDU 
:==r======: : ====- : : ===a== : : =a=== : 
I I I a I a I a 
I I I 

I 9 0 I I 
F a 10.6 a • B • 

'--------I ----- ' I ------ I I ----- ' 
(0-360 I)=> < F / M )  < H Z )  <A/B/C) 

E Q U I P M E N T  S E R I A L  NUMBERS 
; I I I Z = = = = = = = = ~ = I = = : = e = = = = = = ~ = = = = = = = = = = = :  

I SDU CS= 
1 

I SENSOR Flr  I 

1 :----------------:--------------------: 
I SDU B: I SENSOR BZ I 

4 4 s 

;----------------;--------------------; 
I SDU C= 3 

I SENSOR Ct I 

3 a 

;----------------;--------------------: 

SENSOR PLACEMENT DCITfi 
I----3m-----'--I-----j=-,:-------:==l====.; , ---- ,-------I----- 
: SEN X-LOC : Y-LOC : 2-LOC X-AZM : 
:-----;=======;.====~=.==;====4=3;I~=====: 

a I I 
I A -576.75 50.88 -6.0 144.2 * a  

:-----;-------;-------:-------;-------: 



: ====== : : ====== : 
TIME <HHtMM> : 1 2 ~ 3 3  I PROJECT : ~ ~ 0 2  I 

I I 
I ------ I ------ : 

EXPECTED EXPECTED EXPECTED 
CURRENT TIMES AREA EQUALS MOMENT 
, ;  \ I :=======: : ------- --- ------- : 
I : -:- * I 

4916 
I --- 

I ------- : I :-------: ------- : 
< AMPS > <SGI-METERS) < AMPx Mx M) 

SENSOR DATA UNIT A 
I,-----m-----------:--p------;I=------I *------*----------- 
: CHAN : Camp1 <pT> : P <DEE> : SNR I 

:------L:'-----------~---------:---=5----I 

m X : 0.3706 E01 : -172 : 36 I 

:------;-----------:---------:--------: 
I Y : 0.5211 E01 : -171 : 30 m 

I I I . I 

I Z : 0.4616 E01 : 168 : 39 I 

;------:-----------;---------:--------: 
: REF SNRS T PM SNRS T i 
I --- I l --- I -- I 

I -- I I --- a --- : : ==== : I -- I m -- I I -,- I I --- I 

SENSOR DATA UNIT B 
:=====2::======3====;========3=:========; 

: CHAN : Amp1  <pT> : P <DEG> : SNR m 

:======;======I====:=========:========; 

: REF, SNRS T PM SNRS T :  
: === : I -- 8 

I -- I I --- I 8 --- I I ---- I ---- I I -- I 
I -- m 

I --- I 
I --- I 

SENSOR DATA UNIT C 
I-,,,--I-----------D---------:--------D ------I----------- I--------- 

: CHAN : a m p 1  <pT> : P (DEE) : SNR I 

;======;======a====:=========;========: 
I X : 0.5000E01 : 178 : 33 I 

:------:-----------:---------:--------: 
I Y : 0.3742 E01 : 111 : 37 I 

;------:-----------;---------;--------: 
I Z : 0.9429 E01 : -6 : 35 8 

. . . I 

: REF SNRS T PM SNRS T :  
: === : I -- I 

I -- I : === : I ---- I I ---- I -- I 
I -- I I --- I 

I --- I 



I ------ 8 
8 ------ I : =====a : 

T I M E  CHH=MM) : 12:45 8 PROJECT KM02 I 

I I 
I ------ I ------ : 

E X P E C T E D  E X P E C T E D  E X P E C T E D  
CURRENT TIMES ARE& EG2UAl-S MOMENT :-------: \ / I-------: 

8 ------- --- : ======= I 
I : - : -  : 8 I 8 --- 
8 I 4200 : :-------: I - - - - - - - I ---,-,- : 

CAMPS) C Sm-METERS) CAMPxMxM) 

SENSOR D A T A  UNIT 
I --,-,- , ------ :$==========:=========:==------I 

: C H A N  3 A m p 1  C p T )  : P CDEG) : SNR I 

I------I-----------I--------- ---,-,-- , ------ I-----------8---------:--------: 

I Y 1 0.5238 E01 I - 173 I 

2 8 I 

:------:-----------:---------:----------I 

I Z : 0.4644 E01 I - 180 I 

44 I 

: ------ ' -----------:---------:--------I 
: REF SNRS T P M  SNRS T : 
: === : : ==== : I -- I I -- 8 

I -- 8 
I --- I 
I --- 8 I -- I : === : 

SENSOR D&T& UNIT B 
:======:===========:=========:====a===: 

: C H A N  A m p 1  C p T )  : P CDEG) : SNR 8 

I ----,---- ---,,,,, I ------ I-----------:---------:--------: 
I X : 0.5566 E01 I -175 I 3 9 8 

: REF. SNRS T P M  SNRS T :  
I --- 8 
I --- 8 

I -- I 
I -- 8 

I --, 8 --- I ---- I I ----I I -- I 
I -- I I --- 8 I --- 

SENSOR D A T A  UNIT C 
:------:-----------:---------I--------I 

I--------* 

: C H A N  : A m p 1  C p T )  : P CDEG) : SNR I 

:------:-----------:---------8--------8 
I - - - - - - - -a  

I X : 0.5001 E01 a 179 m 35 I 

: REF SNRS T P M  S N R S  T : 
: === : 8 -- I 

I -- 8 : === : I ---- I - - - - a  I -- I 
I -- 8 

I --- 8 
8 --- 8 



: ====== : I------: 0 ---,-, 

T I M E  < H H = M M )  : 13:00 0 P R O J E C T  i KM02 o 
0 0 
0 ------ 0 

0 ------ 0 

E X P E C T E D  E X P E C T E D  EXPECTED 
CURRENT T I M E S  AREA EGZUALS MOMENT 
====a== : \ '-------: 0 ------- --- : =I===== : 

I : - : -  0 I 0 0 --- 
I : 4900 - - - - - - - : :-------: ' -------: 

< AMPS < SQ-METERS) <CIMPxMxM> 

SENSOR DATFI UNIT A 
'-=====:===========:=========:========: 8 -  

: CHAN : A m p 1  <pT) : P <DEB) : SNR o 
:====a=:===========:=========;========: 

: REF SNRS T P M  SNRS T : 
1 === : l -- 8 

8 -- # 
I --- l 0 --- 0 ----I 0 ---- 8 0 -- 

0 -- : : === : 

SENSOR D A T A  UNIT B 
:======:===========:====X=====:========: 

: C H A N  1 A m p 1  <pT> : P <DEG)  : SNR l 

:-----=:*-----------o,,-,-,---o--,--,,- o-----------o---------o--------: 

I X I 0.5544 E01 0 -175 0 43 I 

:------:-----------:---------:--------o 

I Y 8 0.2814 E01 0 -177 : 38 0 

:------:-----------:---------:--------* 
0 z 8 0.1015 E02 0 159 0 67 I 

:------:-----------:---------:--------' 
: REF, SNRS T P M  SNRS T :  
: a==: : I -- 0 

0 -- 0 
0 --- I 
l --- 8 

0 ---- 0 0 ---- 0 ' -- I 
l -- 0 : === : 

SENSOR D A T A  UNIT C 
0=-----8-----------0---------0--------0 , -----I- --------- o---------o--------o 

: C H A N  : A m p 1  <pT) ! P <DEG)  : SNR I 

m------o-----------o--------- --------a 0 ------ 8-----------o---------:--------o 

: REF SNRS T P M  SNRS T : 
: === : 0 -- 0 

0 -- 0 : === : : E=== : # -- 8 0 -- 0 : === : 



: =I===== : I ----,, I , ------, 
TIME <HHtMM) : 13~10 I PROJECT i KM02 I 

I I ' ------ ' I ' ------ 8 

EXPECTED EXPECTED EXPECTED 
CURRENT TIMES EIRECI EQUEILS MOMENT :-------: \ / :-------' ------- --- : ===a=-,= : 

SENSOR DCSTA UNIT R 
I------@--------,--I--------, ,,,,,,,,I 

: CHAN : Amp1 <pT> : P <DEG) : SNR I 

I-,----I---,,---,-- --------, # ------ #-----------:---------'--------: I -------- 
I X # 0.3708 El # -171 I 

3 4 
I 

;------:-----------:---------:--------I 

w w a a I 

: REF SNRS T PM SNRS T :  
I ---I --- I I -- I 

I -- I : === : I ---- # 
I ---- I I -- I 

I -- I : === : 

SENSOR DCSTCI UNIT B 
:======:===========:==I======:========: 

: CHAN : A m p 1  <pT)  : P <DEG> : SNR I 

........................................ 
m X : 0.5549 El I -175 I 38 I 

:------:-----------:---------:--------: 
# Y : 0.2836 El I -175 a 3 1 I 

:------:-----------:---------:--------; 
l Z : 0.1014E2 I -168 I 57 I 

. . . . 
: REF SNRS T PM SNRS T :  

SENSOR DATA UNIT C 

: CHEIN : a m p 1  <pT)  : P <DEG) 1 SNR I 

: REF SNRS T PM SNRS T : 
I --- I 
I --- I # -- I 

I -- I : === : : ===I : I -- I 
I -- I : ==I : 



T I M E  CHHzMM) : 1 3 ~ 2 0  a PROJECT f KM02 8 

I I ------ ------ : 
EXPECTED EXPECTED EXPECTED 
CURRENT T I M E S  AREA EQUALS MOMENT 
;-------; \ / ;=======: --- : ======= : 
I ; -;- ; I I I --- : 5000 I 
I ------- : : ----: I -,,----: 

CAMPS) CSQ-METERS) (FSMPxMxM) 

SENSOR D A T A  UNIT A 
:-----=:;----3---5=--:---------I--,,,-,, I--------; 

: CHAN : A m p 1  <pT> : P CDEG) : SNR I 

I------I-,--------,I---------;--a-----l m------,-----------a--------- 

: Z : 0.4635E l  I -161 I 

46 
I 

: ------ I-----------:---------:--------' 
: R E F  SNRS T PM SNRS T : 
: === : I -- I 

I -- I : === : ; ==== : I -- I 
I -- I : ==e= : 

: Z :  : 32 : : 1170 : : 17 : 43 : : 15 : I 

:---:--:--:--:---:--:----:--:--:--:---: 

SENSOR DATCS UNIT B 
....................................... 

: CHAN : e m p 1  C p T )  P CDEG) : SNR 8 

I------1--------,--I--------- I------r-----------l---------:--------I --------I 

I X : 0.5553 E l  I -175 I 38 I 

:------;-----------;---------;--------; 
I Y : 0.2824 E l  I -178 I 3 1 I 

;,------;-----------;---------;--------; 

a Z : 0.1013 E2 I -133 I 5 8 I 
I 

;,---.---;-----------:---------:--------; 
: REF, SNRS T PM SNRS T :  
I --- I 
I - - - a  

I -- I 
I -- I a --- I 

I --- I I ---- I I ---- I I -- I 
I -- I I I --- --- I 

SENSOR D A T A  UNIT C 
:======:=====,======;======I==;========; 

: CHAN : Amp1  C p T )  P CDEG) : SNR I 

....................................... 
I X : 0.4978 E l  I 177 I 3 4 I 

I 
-- m I - - - -  I 

I Y : 0.3694 E l  I 6 I 35 I 

I ;:----------;---------;--------: 
I Z : 0 . 9 3 9 8 ~ 1 ~  I - 7 I 35 I 

;,------,;-----------;---------;--------: 
: R E F  SNRS T PM SNRS T : 
I --- a --- a -- a I --- I I --- ; ==== ; I -- I 

I -- I I --- I 
I -- I I --- I 



: = = 3 = = = 3  : : ====== ; 
TIME <HH=MM> : 13:30 I PROJECT i KM02 1 

I I 
I ------ I I 

I ------ I 
EXPECTED EXPECTED EXPECTED 
CURRENT TIMES AREA EaUAl-S MOMENT 
: ====5=== : \ / :====I==: : ------- --- ------- : 
I : -:- ; I I I --- 
rn 4913 
I ------- : \ :-------: ' ------- : 

CAMPS > CSGZ-METERS) C GMPx Mx M > 

SENSOR DFITFI UNIT A 
------I-----------I---,----- ----- I ------ I-----------I---------:---- : 
: CHAN : A m p 1  CpT) : P CDEG> : SNR I 

m------ I------:-----------:---------:--------: --------,-, ----,---- --,,,,,, 

I X : 0.3715 E l  I -172 I 

34 
I 

:------'-----------;---------:--------' 

8 . . . 
: REF SNRS T PM SNRS T : 
I --- I , --- I -- I 

I -- I I --- 1 
I --- I I ---- I I ----I a -- a 

I -- I : === : 

SENSOR DATA UNIT B 
....................................... 
: CHAN 1 A m p 1  <pT> : P CDEG) : SNR I 

;------;-----------I----,----I-----,,-I 
1--------- I--------, 

I X : 0 . 5 5 4 7 E l  I -175 I 3 9 I 

;------:-----------:---------:--------: 
I Y : 0.2816 E l  D -177 a 3 1 I 

I I 
-- . . m 

I Z : 0.1012 E 2  1 - 106 I 56 I 

:------:-----------;---------'--------I 

: REF SNRS T PM SNRS T :  
I --- I I ---, I -- I 

I -- I I --- I 
I --- I I ---- I I ---- I I -- I 

I -- I : === ; 
: Z :  : 41 : : 1688 : : 0 I : 51 : : 15 : 
I I '---:--:--:--:---:--:----'--:--:--:---: 

SENSOR DFITA UNIT C 
....................................... 

: CHCIN 1 A m p 1  CpT) : P CDEG) : SNR I 

....................................... 
I X : 0 . 4 9 7 6 E l  I 177 I 3 4 • 

: REF SNRS T PM SNRS T :  
: === : m -- I 

1 -- s : ===: ; ; ==== : I -- I I -- I : =3= : 



: =========: a 

------ P R O J E C T  NAME C 4  CHAR3 : a 

1 KMBC m-,--,-,,-: 

D A T E  St T I M E  (25 CHAR)  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

OCTOBER 10, 1984 Wednesday P.M. 

M I N E  L O C A T I O N  (25 CHAR3 
:=============================------==a 

I K-M, HOBBS, NEW M E X I C O  a 
I I 
'-------------------------------------I 

COMMENTS C 2 5  CHAR)  
;===========I====================; . . 
i I 

I SENSORS B AND C ONLY I 
'-------------------------------------I 

C O O R D I N A T E  S Y S T E M  B A S I S  (25 CHAR)  
: = = = = = = = = = = = = = = = = = = = = = E = = = = = = = = l = = = = = = = :  

a TRANSLATED MINE COORDINATES I 

C O O R D I N A T E  B A S E L I N E  SIGNeL P R  I MARY 
X-- CIZ I M U T H  UNITS FREGIUENCY SDU 
I--------* 
*--------I ; ===== ; ; ====== : ; ===== : 

E Q U I P M E N T  S E R I A L  NUMBERS 
;================:===I================: 

I SDU 43: 4 • SENSOR A S  I 

4 :----------------:--------------------: 
I SDU B= 3 I SENSOR B: I 

3 ;----------------:--------------------: 
a SDU C :  4 I SENSOR C: I 

4 ;----------------:--------------------: 

SENSOR P L A C E M E N T  D A T A  
I-----I-------I-------:-------a-------l , ------- 
: SEN X-LOC Y-LOC : Z-LOC : X-AZM : 
I----- -------I--,---- ------- -------I 

I a -128.57 308.62 I I 
I -3.0 : 151.0 

:-----:-------:-------:-------:-------: 
I a 
I rn 295.67 : 552.18 0.0 : 147.5 
;--.---.;-------;-------:-------:-------: 
I C I : -128.57 I 

I : 151.0 : 308.62 -3.0 :-----;-------:-------:-------:-------: 



: ====I= : : ===-,I= : 
TIME <HH:MM) 1 ~ ~ 4 5  a PROJECT KMBC a 

I I 
I ------ a --L--- : 

EXPECTED EXPECTED EXPECTED 
CURRENT TIMES ARECI EQUALS MOMENT 
I-------: I ------- \ / :------- : --- : ======= ; 

SENSOR DCITA UNIT A 
....................................... 
: CHAN : e m p 1  <pT> ! P <DEG> : SNR I 

I------*-----------;---------;--------I I------#----------- 

I X a 0.5566 E l  ! -175 a 
3 9 

I 

:------'-----------;---------;--------: 
a Y I 0.2836 E l  a - 178 a 

3 3 I 

;------:-----------;---------;--------; 
I z I 0.1016 E2 a 105 a 5 3 I 

I 

: -:-----------;---------;--------: 
: REF SNRS T PM SNRS T : 
; === ; I -- I 

a -- I I --- a --- : ==== ; I -- a 
I -- a : === ; 

: Z :  : 42 : : 710 : a -0 : : 53 : : 15 : 
I a a I a a I I a 

:---:--s--@--'---'--'----@--a--'--m---' 
I 

SENSOR DATCS UNIT B 
....................................... 
: CHAN : A m p 1  <pT> 8 P <DEG> : SNR a 
I-,----#----------, I------I-----------:---------:--------: --------- -------, 
I X • 0.5001 E l  a 179 a 35 I 

;------:-----------;---------:--------; 
I Y a 0.3726 E l  a 157 a 38 I 

:------;-----------;---------;--------: 
a Z : 0.9430El a - 5 a 37 I 

:------:-----------;---------;--------: 
: REF SNRS T PM SNRS T : 
a --- a 
I --- a 

I -- I 
I -- I a --- a 

I --- a 
a ---- a , ----I I -- I 

a -- a : === : 

SENSOR DATA UNIT C 
I ------ :----------- --------- --------I #------ -----------:---------:--------a 

: CHAN A m p 1  <pT> : P CDEG> : SNR I 

:------;-----------:---------@--------a 

: REF SNRS T PM SNRS T : 
I --- a I ---, I -- I 

a -- I : === : : =3== : I -- I 
I -- a : === : 



:=========I ------ P R 0 3 E C T  NAME ( 4  CHAR)  : 
KMCA 

I 

I 

I---,,-,--: 

DFITE & T I M E  (25 CHAR) 
;=======-======================-------I 

I 
OCTOBER 10, 1984 Wednesday P.M. I 

m I '-------------------------------------' 

M I N E  L O C A T I O N  (25 CHfiR) 
................................................. 

I K - M ,  HOBBS, NEW MEXICO m 
m I 
m-------------------------------------@ 

COMMENTS 2 CHAR) 
;====================5=--=================; 

m I 

l SENSORS A & C a 
@-------------------------------------I 

C O O R D I N A T E  S Y S T E M  B A S I S  (25 CHAR) 
............................... 

I I 

m TRANSLATED MINE COORDINATES - m 
'------------------------------------L' 

C O O R D I N A T E  B A S E L I N E  SIGNCIL PR I MCIRY 
X- -AZIMUTH UNITS FREGIUENCY S D U  

#--------I , -------- ; ====--, ; : ====== : I ----- I I -----I 

E Q U I P M E N T  S E R I F I L  NUMBERS 
---------------- I----------------:--------------------I --------------------I 

I SDU A: 1 l SENSOR f i r  1 I 

;----------------:--------------------' 
l SDUB:  3 I SENSOR B r  3 8 

m SDU C m  3 I SENSOR C r  3 I 

SENSOR PLACEMENT D A T A  
....................................... 
: SEN : X-LOC Y-LOC Z-LOC X-AZM : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
m CI : -576.8 : 50.88 I -6.0 I 90 l 

;-----:-------;-------:-------;-------; 
m B 295.7 : 552.20 I 0.0 I 9 0 m 

m-----;-------;-------:-------:-------: 

l C : 295.7 : 552.20 I 0.0 I 90 I 

;------,;-------:-------;-------;-------; 



; =a==== : : ====== ; 
TIME <HH=MM) : 12:45 1 PROJECT KMCA 1 

1 1 
I ------ -,,,,- : 

EXPECTED EXPECTED EXPECTED 
CURRENT TIMES ARECI EGZUFILS MOMENT 
,,,,,,,,l \ / I-------I ------- 1 -------a --- : ====-I- ; 

SENSOR DATA UNIT CS 
I-,,---l-----------l---------;==---,-,; #------I-----------*--------- 

: CHeN : A m p 1  <pT) : P <DEG> : SNR I 

:------~===========::=====Z====:========; 

a z I 5.434 1 0 I 

44 1 1 

I------:-----------;---------:--------: 

: REF SNRS T PM SNRS T I  : 
1 -- 1 1 --- 1 1 -- I : === : I -- 1 1 --- : a=== : 1 -- 1 : === : 

: Z :  : 31 : : 590 : a 0 : : 44 : : 15 : 
I I I 1 I I I I 1 - : :---:--I--~--a---l--m----I--I--a--l--- 

SENSOR DfiTCS UNIT B 
l------l-,-,---,-,-l---------l--------l 1---------#-------- 

: CHFIN : FImp1 <pT)  : P CI1)EG) : SNR I 1 

l---,--I-----------l---------l--------l ------ 1-----------1---------*--------1 

I X 1 0.5520 I 0 I 3 5 1 
1 

:------:-----------:---------;--------: 
I Y a 7.546 1 0 1 38 I 

: REF, SNRS T PM SNRS T :  
I --- I 1 --- 1 -- I 

1 -- 1 
I --- 1 
1 --- 1 

1 ---- 1 ---- 1 1 -- I 
1 -- I : === : 

; Y :  : 36 : : 819 : : 0 : : 45 : : 15 : 
1 a 1 s 1 1 1 1 I 1 1 
l---:--l--*--m---l--*----m--a--l--l---l - - 

SENSOR DCSTFI UNIT C 
;----,-,-,1,--,-,-,1 : 3 = X = I = = : = = = = = = = = = = =  --------- l--------l 

: CHAN : A m p 1  <pT)  : P CDEG> : SNR 1 

: REF SNRS T PM SNRS T : 
I --- 1 I --- 1 1 -- 1 : --- I --- I ---- 1 1 ---- I 1 -- 1 

1 -- I 1 -- I : === : 



------ P R O J E C T  NAME < 4  CHAR)  : 
! KMAB 

D A T E  S T I M E  <25 CHfSR) 
: = ~ = a = = = = = = = = = = = = = = = = r = = = = = = = = = = = = = - - - - - a  

a a 
a 

I OCTOBER 10, 1 9 8 4  Wednesday  P.M. I 
a--_----------------------------------a 

M I N E  L O C A T I O N  (225 CHAR)  
:=====================================a 

I a 
a K-My HOBBS, NEW MEXICO -------------------------------------: 

COMMENTS (25 CHAR)  
a,-----,--,--,--,--------------------- -------------------------------------: 
a a 

a 
a SENSORS A & B ONLY a 
a-------------------------------------* 

COORDINCSTE S Y S T E M  B A S I S  (25 CHAR)  
:=========================r======- - - - - :  

a 

a TRANSLATED MINE COORDINATES 

C O O R D I N A T E  B F I S E L I N E  S I G N A L  PR I MARY 
X--  A Z I M U T H  UNITS FRE1;7UENCV 
a ----,,,- a ------ a SDU 
#--------; : ===== ; ------ : ===--,=, : 

E m U I P M E N T  S E R I A L  NUMBERS 
:---------------- -=.--=-------------==:a 

a SDU A: 1 a SENSOR A: 1 a 

a SDU Bs- 4 a SENSOR B: 4 a 

a SDU C r  4 a SENSOR C: 4 a 

SENSOR PLACEMENT D A T A  
a-----a-------a,,-,,--a------- ----- a-------a-------a-------'-------; ------- 
: SEN : X-LOC : Y-LOC : Z-LOC : X-AZW : 
:=====;======-;=I=====:======'-:======-,: 



; ====== ; : ====== a 

TIME <HH=MM) : 12:41j I PROJECT I KwB I 

I I I ' ------ I I ---,,, : 

EXPECTED EXPECTED EXPECTED 
CURRENT TIMES AREA EaUALS MOMENT 
;-------; \ / ;=======; --- : ======= I 
I : -;- : I I a --- 
a I 4800 : :-------: I ------- I --,-,,- : 

< RMPS ) CSQ-METERS) CAMPxMxM) 

SENSOR DATA UNIT A 
I------.-----------I,-,------I---- '------I----------- I---------I--------; 
: CHAN : A m p 1  CpT) i P CDEG) : SNR I 

a------I-----------;---------;----2-3-: I ------ 
I----------- 

I Y a -0.0262 a 0 I 
28 I 

;------;-----------;---------;--------I 

I z I 5.434 I 0 I 4 4 8 

:------;-----------;---------;--------I 

: REF SNRS T PM SNRS T - :  
I --- I --- I -- I 

I -- I : === ; ; ==== ; I -- 0 
I -- I I -,- I 

I --- I 

SENSOR DCSTCS UNIT B 
....................................... 
: CHAN : CSmp1 CpT) : P CDEG) : SNR a 
I I-----------:---------:--------; ,--,----, -,--,,,, 

8 X I -6.212 I 0 I 3 9 I 
I 

;------;-----------;---------;--------* 
I Y I 4.207 I 0 I 33 I 

8 

;------;-----------;---------;--------I 

I z : 12.20 I 0 I 53 I 

:------;-----------'---------;--------I 

: REF, SNRS T PM SNRS T : 
a --- I 
I --- I I -- I 

I -- 1 : === : : ==== ; I -- I 
I -- I I --- I 

I --- I 
I I I I I I I I I : Z : 42 : 710 ! a 0 : : 5 3  : : 15 : 
' - - - ' - - ' - - ' - - ' - - - ' - - a - - - - ' - - m - - ' - - ' - - - 8  

SENSOR DATA UNIT C 
:===-==;==I========;=========::========: 

: CHFIN : Amp1  CpT) P (DEB) : SNR I 

;------;-----------;---------;--------; 
: REF SNRS T PM SNRS T : 
: === ; I -- * 

I -- I I --- a I ---I I ---- I I ----I I -- I 
I -- I : === : 



:=====I===: ------ P R O J E C T  NAME (4  CHAR)  : a 

a KMN R 
'---------a 

a 

D A T E  Sz T I M E  (25 CHAR) 
:===========,========I-=============-------: 

a 
OCTOBER 10, 1984 Wednesday P.M. 

a 

I a 
'----,---------------------------------a 

M I N E  L O C A T I O N  (25 CHCIR) 
:==================================---a 

I a 

a K-M, HOBBS, NEW MEXICO I 
I-------------------------------------' 

COMMENTS (25 CHAR)  

a 

a NO ROTATIONS FROM BASELINE a 
a-------------------------------------a 

C O O R D I N A T E  S Y S T E M  B A S I S  (25 CHAR) 
;=-===================================: 
a a 

a TRANSLATED MINE COORDINATES - I 
a-------------------------------------a 

COORDINCSTE B A S E L I N E  SIGNCSL PR I MARY 
X- -AZIMUTH UNITS FREQUENCY SDU 
:========: : ===== ; ; ====== : : ===== 

E Q U I P M E N T  S E R I C I L  NUMBERS 
:================;====================; 
a SDU A: 1 SENSOR A: 1 a a 

:----------------:--------------------I 

a SDU B: 4 SENSOR B: 4 a a 

-. ;----------------:--------------------a 

a SDU C r  3 SENSOR C: 3 a 

SENSOR PLACEMENT D A T A  
a-----a-------a-------a------- -------a I-------,------- 
: SEN 1 X-LOC : Y-LOC : Z-LOC : X-AZM : 
m-----a-------a------- a-----a-------,a-------:-------:-------a ------- -------I 

a A : -576.75 -6.0 : 150.1 a 50.88 a I 

;-----;-------:-------:-------:-------: 
a B : -128.57 : 308.62 -3.0 : 150.1 a I 

;-----:-------:-------:-------:-------; 
a C : 295.67 : 552.18 0.0 : 150.1 a a 

:-----a-------;-------:-------:-------; 



I ------ I I ------I : ====== I 
T I M E  <HH=MM> : 12:45 I PROJECT i KMNR 8 

I I 
I ------ I --,,,, : 

EXPECTED EXPECTED EXPECTED 
CURRENT T I M E S  AREA EmUAl-S MOMENT 
; ======= : \ / ;=======: --- : =a===.== I 

- 

: ; -;- : I I I --- 
• I 4200 ' ------- : 0 :-------: I ----,-- : 

C AMPS > < SQ-METERS > CAMPxMxM) 

SENSOR DCITA UNIT A 
:=====C==;=======r====;=========:==---- - -m 

: CHAN : A m p 1  <pT> : P CDEG) : SNR I 

....................................... 

: REF SNRS T PM SNRS T : 
I --- I I -- I I --- I I -, I , --- a -- I I ---I : ==== : I -- I I I ,-, --- 

SENSOR D A T A  UNIT B 
I------ I------;-----------:---------:--------; ----------- - -  ------,- 

: CHAN : A m p 1  <pT) : P <DEG> : SNR I 

I------.----------- --------- ---,--,,I 

I X 0.5566 E01 I -175 I 39 I 

:------;-----------:---------:--------a 

I Y I 0.2836 E01 I -178 I 3 3 I 

:------:-----------;---------;--------I 

I Z : 0.1016 E02 I 105 I 53 I 

m rn I I I 

: R E F ,  SNRS T PM SNRS T :  
I --, I I --- I -- l 

I -- I I ---I 
I --- I I ---- I I ----I : == : : === : 

: Z  : : 42 : ! 710 : -0 : : 53 : : 15 : I 

I I I I I I I I I I I 
' - - - ' - - m - - ' - - a - - - ' - - ' - - - - ' - - ' - - ' - - ' - - - :  

- 
- 

SENSOR D A T A  UNIT C 
:======:===========:==I======:========; 

: CHAN : A m p 1  <pT> : P CDEG) : SNR I 

I---,--I,-,-------- --------- --------I 
I X : 0.5001 E01 I 179 I 35 • 

: R E F  SNRS T PM SNRS T : 
: === : I -- I -- a : ==a ; : ==== : a -- I I -- I I --- 8 I --- , 



------ P R O J E C T  NAME <4  CHAR)  : m 
1  KMC R 
I----,----: 

DCITE St T I M E  <25 CHCIR) 
m - - - - - - - - - - r - - - - - - - - - - - - - - - - - - m  .................................. 

OCTOBER 10, 1 9 8 4  Wednesday P.M. 

M I N E  L O C A T I O N  (25 C H a R )  
; - - - - - - - = = s = = = = = E = = = = 3 = = = = = 5 = = = = = = = - - - m  

I K-M, HOBBS, NEW MEXICO 1  
l ~,--,,,---,---------------------------: 

COMMENTS < 2 5 i  CHFIR) 

COMPASS READING FOR AZIM 

COORDINCITE S Y S T E M  B A S I S  (25 CHAR) - 

....................................... 

TRANSLATED MINE COORDINATES 

C O O R D I N A T E  B C I S E L I N E  SIGNCIL P R I M A R Y  
X--FIZIMUTH UNITS FREGtUENCY SDU 
:=======a: : ===E= : : ====== : I  I ----, ----- I  I 

E Q U I P M E N T  S E R I C I L  NUMBERS 

I SDU Cb: 1 1  SENSOR CI: I 

I - -  -- 
--  

I SDU BP 4 
m - 

I  SENSOR B z  A . - . . 
I  SDU C r  3 SENSOR C :  3 I  I  

:----------------;--------------------; 

SENSOR PLACEMENT DCITA 
:-----:-------:-------:====-,==: 
: SEN X-LOC : Y-LOC : Z-LOC : 
:-----;-------.-------l-------m - - - - - # - - - - - - - I  

-,----- m --c---- 

X-AZM ------- l ------- 



I ------ I 
--c--- 1 : ------ I ------ 

TIME <HH=MM) : 1 2 ~ 4 5  a PROJECT i KMCR a 

I I 
I ------ I ------ : 

E X P E C T E D  EXPECTED EXPECTED 
CURRENT TI IMES CIRECI EG!UALS MOMENT 
:------3: \ / :=======:: --- : ======= : 

SENSOR DCITA UNIT G 
: = = = = E = : = = s = e = = = s = e = : = = = = = = = ~ = ; = = = = = - - = = I  

: CHCIN : a m p 1  < : P CDEG) : SNR I 

I------I----------- --------- --------I ------ ,-- --------:---------:--------I 
I X I 0.3750 E01 I -170 

I 
I 34 

I 

;------:-----------:---------:--------m 

I -- I I . 
: REF SNRS T P M  SNRS T -  : 
: === : I -- . I --- I * ---I : ==== : I ,- I 

I -- I I -- I : === : 

SENSOR DeTA UNIT B 
....................................... 

: CHAN : 6 m p 1  <pT> : P <DEG> : SNR I I 

:====E=:========CL==:========E=:I==E====: 

I X I 0.5566 E01 I -175 I 3 9 I 

-----------:---------:--------: : ------ ' 
I Y rn 0.2836 E01 1 -178 I 33 I 

:------:-----------:---------:--------I 

I I I I • Z s 0.1016 €02 I 105 a 53 I 

:------:-----------:-------&-:--------' 
: REF SNRS T PM SNRS T : 
: === : I -- I : === : : ==== : I -- I 

I -- I I -- I : === ; 
: z :  : 42 : : 710 : : -0 : : 53 : : 15 I 

I I I I I I I I 
I---:--:--:--:---'--.----'--'--'--.---a - 

8 - 
SENSOR DATA UNIT C 

:======:===========:=========:===s====: 

: CHAN : A m p 1  <pT> : P <DEG) I SNR I I 

:.====E.=:===========:=========:========: 

I I I I I • X 0.5001 E01 179 35 
:------:-----------:---------:--------: 
I Y I 0.3726 E01 I 

157 
I 

38 
I 
I 

:------:-----------:---------:--------: 
I I I I I 
I Z I 0.9430 E01 I - 5 37 
:------:-----------:---------;--------: 
: REF SNRS T PM SNRS T : 
I - - - a  , --- I -- I I --- I I ---- I I ---- I I -- 

I -- I I --- I 
I -- I I --- I I --- I 

: Y I 36 : 819 : -43 : : 45 : : 15 I 

I I I I I I I 
'---:--'--:--8---m--*--_-I--8-_'--a---' 



I---------, 
'---------I ------ P R O J E C T  NAME (4  CHAR) : 1 

a KM03 
s---------: 

DeTE St T I M E  (25 CHAR) 
:S=P======~===5~========:============----I 

I I 
a 

I OCTOBER 10, 1984 Wednesday P.M. I 
I ---------------------------------@ 

M I N E  L O C A T I O N  (25 CHCtR) 
: - - - - = = = = = s = = I = = = = = = = = = = = = = = I  

I I 

I K-M, HOBBS, NEW MEXICO rn 
'-------------------------------------l 

COMMENTS (25 CHAR) 
;=================L-==S==========; 

I I 
I 

I POSITION 2- 480'  LOOP I 
,-----,-,-----,,-,-------------------@ 

COORDINCSTE SYSTEM BCIS IS  (25 CHAR) 
;=========s================C-=====-==========: 

m I 

I TRANSLATED MINE COORDINATES - 8 '-------------------------------------' 

COORDINCSTE B A S E L I N E  S IGNF IL  PR I MARY 
X-- FIZ XMUTH UNITS FREQUENCY SDU 
;======a=: : ===== I I ------ ------I I I ----- I a ----- I 

EGlUIPMENT SERICIL  NUMBERS 
:=========s==I==E;=========l=====E====: 

SDU FI: 1 a SENSOR A: 1 I 

:----------------:--------------------I 

I SDU B: 4 I SENSOR B: 4 I 
I - ;----------------;--------------------: 

s SDU C r  3 I SENSOR C: 3 I 

SENSOR PLACEMENT DCSTA 
;----=:;-------;=------:===----:==~====: 
: SEN X-LOC Y-LOC : Z-LOC : X-AZM : 
;-----:-------;-------:------=I=======: 
I A I -576.75 I 50.88 : -6.0 144.2 I 

:-,---,-;-------;-------:-------:-------: 
I B I -3.0 : 151.0 : -128.57 308.62 : I 

:.----.-;-------:-------:-------;--------: 
I C I 295.67 I 552.18 : 0 : 147.5 I 

:.------'-------:-------;-------;-------: 



; ====== : ; ------ I ------ 
T I M E  < H H = M M )  : 13:45 I P R O J E C T  : ~ ~ 0 3  m 

I m I I ------ I I ------ 
E X P E C T E D  E X P E C T E D  E X P E C T E D  
C U R R E N T  T I M E S  AREA EGlUALS MOMENT 
:-----==; \ 1 ;=======: I -,,,,,, --- I ------- : 

SENSOR DATFI UNIT CI 
:------~=====3====1==;=========;=-------; 

: C H A N  : Amp1 <pT) : P <DEG) : SNR I 

:------:=I=========:=========;==------; 

I Z : 0.3030 El -65 : 46 I 

;------:-----------;---------:--------a 

: REF SNRS T P M  S N R S  T . :  
: ==3: : m -- I 

m -- m 
--- m --- m : =a== : I -- m 

m -- m : === ; 

SENSOR D A T A  UNIT B 
....................................... 
: C H A N  : Amp1 C p T )  P CDEG) : SNR I 

........................................ 
I X 0.1142 EO : -155 : 12 
;------:-----------m---------:--------m 

m Y : 0.1197 El : 6 : 20 a . . . I 

m Z : 0.1742 El : 40 : 54 
;------;-----------:---------:--------; 
: REF,  S N R S  T P M  S N R S  T :  
: === ; I -- I m -- ; === : : ==== : I -- m 

I -- I : === : 
: Z  : : 25 : : I 2 5  : : -0 : 34 : : 15 : 
: - - - : - - : - - - : - - : - - - : - - f - - - - : - - : - - : - - : - - - :  

- 
SENSOR DATCI UNIT C 

;,---,---,--I----,---,.,--,,-,,. ;=====3: -----------,---------,--------I 

: CHeN : a m p 1  C p T )  : P CDEG) : SNR m 

....................................... 

X : 0.1457 E-1 : -133 : ** 
;------;-----------;---------:--------; 
I Y : 0.9325 E O  : -98 : 21 
8 -- 

- -  - - 
I I 

-- 
8 

m Z : 0.5173EO : -16 : 33 I 

;------:-----------:---------'--------; 
: REF S N R S  T P M  S N R S  T : 
; === : -- m 

I -- m : ==I : I ---- I ---- m m -- I 
I -- I ; === : 

: Y  : : 20 : : I 7 1  : : 142 : 33 : : 15 I 

I I m m I I I I m I I I 
m - _ - m - - ' - - m - - ' - - - ' - - m - - - - m - - ' _ - * - - ' - - - m  



; ====== : I --,-,, 

T I M E  CHH:MM> : 13:55 I PROJECT : ~ 0 3  8 

I I I 
I ------ I I 

I ------ I 
EXPECTED EXPECTED EXPECTED 
CURRENT T I M E S  AREFI 
I ----,-- 

EG!UCSLS MOMENT 
I ------- ; \ / ;=======: --- : ======= ; 
I ; - ; -  * I : 900 I --- 
I 
I ------- : \ :-------: a -------: 

C FIMPS > C SQ-METERS > C AMPx Mx M 

SENSOR DATFI UNIT A 
:======:===========:=========:========; 
: CHAN : A m p 1  C p T >  : P CDEG) : SNR I 

:======:===========:=========:========:. 
8 X : 2280 EO : -171 : 9 

I 

;------:-----------;---------:--------I 

8 Y : 6969E-1  -132 : -7 I 

:------;-----------:---------;--------I 

8 Z : 3 0 0 4 E l  : -57 : 40 . 
I 

:------'-----------;---------;--------' 
: R E F  SNRS T PM SNRS 

I -- 8 I --- I T : 
: === : 8 -- I I --- I : ==== : : =a : I --- --- 8 

: z  : : 25 : : 624 : : 136 : 40 : : 15 I I 

:---:--:--:--:---:--:----:--:--:--:---: 

SENSOR D A T A  UNIT B 
:------:-----------I---------;-------,=.I 

: CHAN ! A m p 1  <pT> : P CDEG) : SNR • ------.----------- ---,----- -,--,,-- 

8 X : 1569 ED : 172 6 I I 

:------:-----------;---------;--------I 

s Y : 1201 E l  : 7 : 22 I 

:------:-----------;---------;--------I 

: R E F  SNRS 
I --- 8 

T 
I --- I -- l 

8 -- I I --- I 
s --- I PM SNRS T :  

I ---- I I ---- , I -- I 
I -- I I --- I , ---I 

SENSOR D A T A  UNIT C 
8 8-----------:---------:--------8 --------- ,----,,,I 
: CHAN : A m p 1  <pT> : P CDEG) : SNR I 

I------8----------- I------I-----------:---------:--------, --------- ------,-I 

: R E F  SNRS T PM SNRS T : 
: === 8 -- I 

8 -- I I --- I I --- : ==== : I -- I 
I -- I I --- I I --- I 



:=====--==: ------ PROJECT NAME <4  CHAR) : 
KM04 I 

a 
I - - - - - - _ _ _ a  I 

D A T E  T I M E  (25 CHAR) 
I-------------------------------------. I------------------------------------, 

a I 

I OCTOBER 11, 1984 Thursday A.M. 
I---------------------------------- I 

I 

M I N E  L O C A T I O N  <25 CHAR) 
....................................... 

I I 

I K-M, HOBBS, NEW MEXICO a 
m-------------------------------------. 

COMMENTS C 2 5  CHAR) 
....................................... 

I I 

• PCSITION 3 - SMALL 400' LOOP m '-,,,-,----------,,-------------------. 
COORDINATE SYSTEM B A S I S  C 2 5  CHAR) 

: = = = = = = = = = = = = = = = = = = = 5 = = = = = = = = = = = = = = = = = = :  

I I 
I 

I TRANSLATED MINE COORDINATES a 
I-------------------------------------' 

COORDINATE B A S E L I N E  SIGNFIL P R  I MARY 
X--AZIMUTH UNITS FREGIUENCY SDU 
:========: : ===== : I I ------ ------ I : ===== : 

EQUIPMENT S E R I A L  NUMBERS 
....................................... 
I SDU A: 1 SENSOR A: 1 I a 

:----------------:--------------------I 

I SDU B:- 4 SENSOR B: 4 I I 

:----------------;--------------------* 
I SDU C :  3 SENSOR C: 3 I 

SENSOR PLACEMENT DATA 
I-----*------ a:-------'------- -------I 

: SEN : X-LOC 1 Y-LOC : Z-LOC : X-AZM : 
:-----;---=---;-------a-------1-------a n- - - - - - -m- - - - - - -a  

I A : -576.8 a 50.88 I -6.0 a 144.2 * 
:-----;-------:-------:-------I-------: 

I B : -128.6 * 380.60 I -3.0 I 151.0 a 
I 

:-----:-------:-------:-------:------- : 
a C 295.7 I 552.2 I 0.0 I 147.5 a 

I 

:-----;-------:-------:-------:-------: 



TIME <HH=MM> : 10:50 I PROJECT : ~ ~ 0 4  I 
I 8 I ------ ------ : 

EXPECTED EXPECTED EXPECTED 
CURRENT TIMES AREA EGZUALS MOMENT 

\ / ;=======: I ---,-,_ I --- I ------- I 
I : -:- : I : 700 I --- 
I 
1 ------- : 1 :-------: ------- : 

CAMPS > < Sa-METERS) ( AMPxMxM) 

SENSOR DATA UNIT A 
I------ ----:-----------;--------- ----------- ---------I--,.-,,,,I I--------* 

: CHAN : A m p 1  <pT> : P CDEG) : SNR 1 I 

;======;===========:;=========;========: 
I X : 0.4353 EO : -123 : 23 I I 

:------;-----------:---------;--------a 

I Y : 0.9589 EO : -1 : 17 I I 

;------;-----------:---------;--------; 
I Z : 0.1073 El : 163 : 15 I 

;------:-----------:---------:--------' 
: REF SNRS T PM SNRS T -: 
: === I -- a 

I -- I : === : I ,-,, I I ---- I I -- I 
I -- I I --- I 

I --- I 
: X :  : 15 : : I 1 9  : : 176 : 19 : : 15 I I 

I I I I 
:---:--:--'--m---'--I----@--I--a--~--_' 

, I I I I 

SENSOR DATA UNIT B 
;------:-----------;---------I--------I 

I--------# 

: CHfiN : A m p 1  <pT> i P CDEG) : SNR I I 

l------I-----------I---------I--------I , ------ ,-----------I--------- #--------I 

, X : 0.5946. EO : -175 1 LL • 
;------;-----------'---------:--------' 
I Y : 0.2020 EO : -174 : 14 I 

;------;-----------'---------:--------' 
I Z : 0.1956 El : -134 : 55 I 

I I I rn w 

: REF SNRS T PM SNRS T :  
; === : 1 -- I I --, I I ---, I ---- I I ---- 1 I -- I 

I -- I I --- I 
I -- I I --- I 

: Z :  : 29 : : I 7 0  : : 0 0 : 43 : : 15 I I 

I I I I I I 8 I I 
:,---,:--:-- '--I---.-- '---- '--n--a-_a-_-m 

SENSOR DATA UNIT C 
:------;-----------I---------I--------I ,---------'--------I 

: CHCSN : CSmp1 <pT> : P <DEG> : SNR I I 

I------~-----------I--------- --------I 

I 8 
1 X : 0.4431 EO : -177 : 13 
;------:-----------;---------;--------: 
, Y : 0.8140 EO : 7 : 22 I 

:------;-----------'---------;--------; 
I I 
I Z : 0.1428 El 1 34 : 40 0 

;------;-----------I---------:--------: 

: REF SNRS T PM SNRS T : 
: ; I -- I I --, I I --- I ---- I I ---- I I ,- I 

I -- @ 
I --- I 

I -- I I --- I 
: Z :  : 23 : :207 : : -1 70 : 40 : : 15 I I 

I I :---:--:--:--m---:--:----~--:--:--:---: 



; ====== : : ===a== : 
TIME <HH:MM> : 1 1 : ~ ~  I PROJECT : ~ 0 4  I 

I I I 
I ------ I --,-,- : 

EXPECTED EXPECTED EXPECTED 
CURRENT TIMES AREFI EQUALS MOMENT 
: ======= ; \ 1 ;=======I I ----,,_ I --- , ------- I 
: ; - : -  1 

I : 700 I --- 
I I ------- : 1 :-------: ------- I I 

<AMPS > < SQ-METERS > < AMPxMxM) 

SENSOR DeTFI UNIT G+ 
I------I-----------:---------:--------I I ------ 

I----------- I 

: CHAN : A m p 1  <pT> : P <DEG> : SNR I 

:======:===========:=========:========; 
I X : 0.4795 EO : -148 : 17 1 

;------;-----------'---------:--------I 

I Y : 0.8883 EO : 23 : 13 I I 

;------I-----------:---------:--------; 

I Z : 0.1060 E l  -172 : 15 
:------:-----------;---------:--------; 
: REF SNRS T PM SNRS T : 
; === : I -- I 

I -- I I --- I I --- I ---- I I ---- I I -- I 
I -- I : === : 

: X  : : 14 : : 933 : : -146 I : LO : : 15 : I 

I I I I I I I I I 
:---I--'-- '-- '---I-- '----'--I-- '-- '---m 

I 

SENSOR DATFI UNIT B 
....................................... 
: CHAN : A m p 1  <pT> P <DEG> : SNR I 

;------:------=----I---------I--------* 
I--------- I--------I 

: REF SNRS T PM SNRS T :  
: === : I -- a 

I -- I I --- I * --- I ---- I 1 ---- I I -- I 
I -- I I --- I 

I --- I 
z I 

: 2 6  : 977 : : O  : 40 : : 15 
I I 

I 
: - - - I - - ' I - - ' - - - ' - - * - - - - 8 - -a - -n - -a - - -n  

I I 

SENSOR DATFI UNIT C 
:,-----,,--,I-,,,,,,,-l--------I :====== ----------- #---- - - - - -#- - - - - - - - I  

: CHFIN : Amp1 CpT) P <DEG> : SNR I 

I------:-----------;---------;--------; 
I ------ 

I Y : 0.7974 EO : 7 : 22 
;------;-----------;---------;--------: 
I Z : 0.1432 E l  : 99 : 44 I 

:------:-----------:---------:--------: 
: REF SNRS T PM SNRS T : 
I --- I --- 1 I -- I I --- I I -- I I --- I ; ==== : I -- I I --- I I -- I I --- I 
: z I : 24 ! : l o 1 3  : : 157 : 40 : : 15 I I 

I I I I I I I I I I I I 
I--_~--'--~--'---'--I----a-_I--I--a---m 



; ==ex== : : ====I= ; 
T I M E  <HH:MM> : 1 1 ~ 2 5  I PROJECT : ma4 I 

I I I 
I ------ I ------ : 

E X P E C T E D  EXPECTED EXPECTED 
CURRENT T I M E S  A R E l l  EG!UAI-S MOMENT 
: ====-== a ------- : \ f '-------: --- : =====I= ; 
I ; I I : 700 I --- 
I I ' - - - - - - - : :-------: a ------- I 

< f iMPS) C SQ-METERS > CAMPxMxM) 

SENSOR D l l T A  UNIT A 
a-3----a-----------I---------I--,-,,-,, I- ----I-----------,--------- I--------: 
: C H A N  A m p 1  <pT> : P <DEG> : SNR I 

I------*-----------;---------;--------. ,------I----------- 
I 

a X : 0.4876 EO : -159 : 18 I 

:------'-----------;---------:--------' 
I Y : 0.8893 EO 10 : 13 I 

:------.-----------:---------;--------I 

a Z : 0.1065 E l  : -170 : 16 I 

;------:-----------;---------:--------I 

: R E F  SNRS T PM SNRS T : 
I ---I 
I --- m 

I -- I 
a -- I I --- I 

I --- a 
I ---- I 
I ---- I I -, I 

a -- a : === : 
: X I : 15 : : 2156 : : -87 a : 19 : : 15 : 
a I I I a I a s I 
~---:--'--'--'---'--:----'--'--a--'---: 

SENSOR D A T A  UNIT B 
;======:===========:=e========;========; 

: C H e N  : A m p 1  <pT> : P <DEG> : SNR I 

........................................ 

I X : 0.6283. EO : -179 : 19 • 
:------:-----------'---------:--------' 
a Y : 0.2017 EO : -178 : 10 I 

:------:-----------:---------:--------; 
a Z : 0.1946 E l  : -57 : 49 I 

m a a s I 

: REF, SNRS T PM SNRS - r :  
: === : a -- I I --- I ---- I I -- I I --- : I -- I IF--- I 

I -- a : === : 
: z  : : 27 : : 2196 : : 38 ; ; 15 ; 
I I a I I I a a I a a 
a---'--'--'--'---'--'----a--a--a--'---~ - 

SENSOR D l l T A  UNIT C 
....................................... 
: CHAN : A m p 1  <pT> : P CDEG) SNR I 

:------;-----------;---------*--------a 
#--------I 

: R E F  SNRS T PM SNRS T 1 
: === ; a -- a 

I -- s : === : a ---- I I ----I s -- I 
I -- I : === : 

: Z  : : 25 : : 2237 : : 107 : 37 : : 15 I a 

a I I a I I I I I I '---'--'--'--~---.--:----'--'--~--'---: 



T I M E  <HH:MM) : 11:40 I P R O J E C T  : ~ ~ 0 4  I 
I I I 
l ------ I l --,-,- : 

E X P E C T E D  E X P E C T E D  E X P E C T E D  
CURRENT T I M E S  AREA E Q U A L S  MOMENT ;-------: \ / .-------I 

I ------- 8 I ------- I --- I ------- 

c AMPS > c ~ ~ - M E T E R S  > CCIMPXMXM) 

SENSOR D e T A  UNIT FI 
I------.-----------'---------:--------,-, , -----,-----------,--------- 

I 

: C H A N  : A m p 1  C p T )  : P (DEG)  : SNR 8 
:=-----;-----------I---------#--------. ----------em--------- 

I X : 0.4898 EO : -171 : 19 • 
:------:-----------:---------:--------I 

I Y : 0.8891 EO : -7 : 13 a 
:------:-----------:---------;--------' 
I Z : 0.1063 E l  : -173 : 16 I 8 

I - - -  - 8 8 8 8 

: REF SNRS T P M  SNRS T : 
I --- I 
8 --- I I -- I 

I -- I I --- a 8 --- a - - - - a  I ---- I -- a 
I -- I ; ==i= : 

SENSOR D A T e  UNIT B 
......................................... 

: C H A N  : A m p 1  C p T )  : P CDEG) : SNR I 

......................................... 
I X : 0.6286 EO $ 175 : 19 I 

------;-----------:---------;--------: 
8 Y : 0.1984EO : -179 : 10 I 

;------:-----------' *---------:--------' 
I Z : 0.1944 E l  : -23 : 47 I 

8 8 8 # 8 

: REF. SNRS T f=M SNRS T 1 
I - - - a  ---, I -- I 

I -- . I --- I I ---I I ---- I I ----I I -- I 
I -- I I --- I 

8 --- # 

SENSOR D A T A  UNIT C 
:======:===========:=========:======== : 
: CHeN : A m p 1  C p T )  : P CDEG) : SNR a 

:------:-----------:---------I--------' 
I--------@ 

: REF SNRS T P M  SNRS T : 
: =1= : I -- I 

I -- I I --- I 
I --- I I ---- I I ---- 8 a -- a 

I -- # 
I -,, I ---, 

: Z :  : 25 : : 3125 : : 70 I : 40 : : 15 : 
a a I a I I I I I I a I 
' - - - 8 - - ' - - I - - ' - - - ' - - ' - - - - ' - - ' - - ' - - ' - - - '  



: =====I : ; ==---- I ---- 
T I M E  <HH:MM> : 11:55 I PROJECT : KM04 I 

I I 
I ------ I I ------ : 

EXPECTED EXPECTED EXPECTED 
CURRENT T I M E S  AREA EQUALS MOMENT 
:====--,=a: \ / :====i==: : ------- I --- -------, 
I : -:- : I I I --- 
a m 700 
I ------- : I :-------: I ------- : 

< AMPS > <SQ-METERS) CFSMPxMxM> 

SENSOR D A T A  UNIT A . -- 
: CHAN : A m p 1  <pT> : P <DEB> : SNR I 

I----rc-I-----------I-----,---;------I-I I---- -I----------- 
I--------- I 

w I • X : 0.4908 EO 2 -174 : 19 
w --- - w . 

I 
I Y : 0.8860 EO 1 -3 : 14 I 

;------;-----------:---------:--------' 
I Z : 0.1061 El : 175 : 16 I I 

;------:-----------;---------:--------u 

: REF SNRS T PM SNRS T : 
I --- I I -- I ; === ; I ---- I , ---- I -- I 
I --- I w -- I I -- I : ==e= : 
; X  : : 15 ; : 4082 : : 10 I I : 21 : 15 : 
W I I I I I I I I 8 I '---'--'--'--'---'--'----'--'--'--'--- : 

SENSOR D A T A  UNIT B 
....................................... 
: C H A N  e m p 1  <pT> : P <DEG> : SNR I 

I------I-----------I-----,---I------,-I ,------I----------- I--------- I--------, 

a I 
I X : 0.6261. EO : 175 : 19 

:------;-----------;---------:--------: 
: R E F ,  SNRS T PM SNRS T :  
I --- I I -- I : === : I ---- I , ----I I -- I 

a -- I I --- I 
I --- I I -- I I --- I 

SENSOR D A T A  UNIT C 
;======:==a=====--,==:=========:========: 

: C H l l N  : A m p 1  <pT> : P CDEG) : SNR I 

........................................... 

I Y : 0.7929 EO : 8 : 23 I I 

:------:-----------;---------:--------: 
I Z : 0.1425 El : - 3  1 43 I 

:------:-----------:---------:--------: 
: R E F  SNRS T PM SNRS T : 
: ===r : I -- e : === ;- I ---- I I ---- I I -- I 

I -- * I --- I 
I -- a I --- I 

: z I : 26 : : 4281 : m : 39 : : 15 I 
I : 20 I 

I I I I I I I I I 
' - - - : - - ' - - : - - : - - - . - - . - - - - ' - - ' - - ' - - ' - - - a  



I ------ I I ------ 1 : ====== : 
T I M E  <HH:MM) : 12:10 1 PROJECT : KM04 8 

EXPECTED EXPECTED EXPECTED 
CURRENT T I M E S  6 R E A  EQUALS MOMENT 
I-------* I------ I \ / ;=======: a ------.- I --- I ------- I 
a ; - : -  : I I I a --- 7nn 

SENSOR D A T A  UNIT A 
; = = = = = ~ , ; ~ = = = = = = = = = = ; = = = = = = = = I : = = = = - - - - a  

: CHAN : A m p 1  <pT> : P CDEG) : SNR I I 

:======:;===========:=========:=====---a 

I 
1 X : 0.4900 EO : 179 : 19 I 

*,----.--;-----------;---------;--------I 

a Y : 0.8861 EO : -7 : 15 I 1 

I -- 8 8 I 

a Z : 0.1060 E l  169 : 17 I I 

:------;-----------;---------:--------* 
: R E F  SNRS T PM SNRS T $ 
; ====; : I -- a 

I -- 1 ; === ; I ---- I 1 ---- I -- I 
I -- I I --- I 

I --- I 
: X :  : 16 : 4898 : 52 27 : 1 15 : I 

I I : - - - : - - : - - : - - : - - - : - - : - - - - n - - m - - m - - m - - - :  I I 

SENSOR D A T A  UNIT B 
I------I----------- --------- -------, 
: CHAN : A m p 1  <pT> : P <DEG) : SNR a 

....................................... 

a X : 0.6247 EO : 179 : 20 a 1 

------;-----------;---------;--------I 

I Y : 0.2005 EO : -167 : 11 1 

8 S 8 . 8 

I Z : 0.1937E l  : 48 : 44 I 

; ------ ' -----------:---------;--------a 

: REF SNRS T PM SNRS T : 
: --,=a : I -- a 

I -- I ; === ; I ---- I I ---- I -- I 
I -- a 

I --, I --- I 
: Z :  : 27 : : 4946 : : 0 1 : 41 : : 15 : 
I I I I I a I I I I I m---~--*--'--.---@--.----'--'--~--~---: - 

SENSOR D A T A  UNIT C 
;------a-----------I-------,-I----,,--. I-------.---- I---------#--------I 

: CHAN : A m p 1  <pT> : P <DEG) : SNR I 

....................................... 
I I 
a X : 0.4455 EO : -178 : 17 

8 . . m 

: R E F  SNRS T PM SNRS T : 
=== ; I -- I I -- I : === : : ==I= : I -- I 

I -- I a --- I 
I --- I 

: Z :  : 26 : : 4980 : : -10 : 37 : : 15 : I 

I I I I I I a I I I I I 
I---l--m--I--m---a--*----m--*--n--'---m 



I -,---- I ------ I I --,,,, I ------ 
T I M E  <HH:MM) : 12:23 I PROJECT 1 ~ 0 4  I 

I I a ------ a a --,,,- : 

E X P E C T E D  EXPECTED EXPECTED 
CURRENT T I M E S  ARE44 EGTU44LS MOMENT 
;-------; \ / ;=======: I ---,,,_ I --- I ------- I 
: 1 - : -  : I 

300 a --- 
I 
I ------- : I :-------: -,,-,-- : 

<AMPS > CSQ-METERS) <FIMPxMxM> 

SENSOR D e T R  UNIT A 
:------;-----------;---------l--------I I--------* 

: CHAN : A m p 1  <pT> : P <DEG) : SNR I 

1------1-----------:---------:--------8 1 ------ I----------- 
l 

a X : .4897 EO : 167 : 19 I 

;------;-----------;---------;--------I 

• . 8 • I 

: REF SNRS T P M  SNRS T :  
: ==3 : I -- I 

I -- I I -,- I 
I --- I ; I=== : I ,- a 

I -- I ; === ; 

SENSOR D A T e  UNIT B 
;------I----------- I-----------:--------- -,-------#--------I I--------I 

: CHAN : A m p 1  <pT)  : P <DEG> : SNR • 
....................................... 
I x : .6230 EO -176 : 20 8 I 

:------:-----------:---------:--------I 

, Y : .ZOO5 EO : -154 : 11 I 
I . 8 1 -  I 

- 

I Z : .I935 E l  : 80 : 43 a 
I 

:------:-----------;---------;--------a 

: R E F  SNRS T PM SNRS T :  
I --- I 
I --- I I -- I 

I -- I I --- I 
I --- I I ---- I 1 ---- 1 I -- I 

I -- I I --- I 
I --- a 

SENSOR DATFI UNIT C 
I ,-,-,--,--- ,,---,-,- --------I , --- -:-----------:---------:--------a 

: CHAN A m p 1  <pT) : P <DEG> : SNR I 

I--,---l--,----,,--I,,------- --------I 

I X : ,4446 EO : -177 : 17 I 

;------:-----------;---------:--------: 

: REF SNRS T P M  SNRS T : 
: === : I -- I 

I -- I I --- I 
I --- I. ; I==--, ; I -- a 

I -- I I --- I 
I --- I 
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