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TIME AND AMPLITUDE STATISTICS FOR ELECTROMAGNETIC NOISE IN MINES 

Motohisa  Kanda 

A b s t r a c t  

The t ime  and a m p l i t u d e  s t a t i s t i c s  n e c e s s a r y  t o  a d e q u a t e l y  
d e s c r i b e  e l e c t r o m a g n e t i c  (EM) n o i s e  i n  mines a r e  i l l u s t r a t e d  
th rough  computer  s o f t w a r e  t e c h n i q u e s .  They a r e  1 )  A l l a n  V a r i a n c e  
Ana lyses  (AVA) , 2 )  I n t e r p u l s e  S p a c i n g  D i s t r i b u t i o n s  ( ISD) ,  
3)  P u l s e  D u r a t i o n  D i s t r i b u t i o n s  (PDD) , 4 )  Average C r o s s i n g  
Ra tes  (ACR) , and 5)  Ampli tude P r o b a b i l i t y  D i s t r i b u t i o n s  (APD) . 
These s t a t i s t i c s  a r e  i l l u s t r a t e d  u s i n g  d a t a  t a k e n  from a  r a t h e r  
l a r g e  s t o r e  o f  raw a n a l o g  d a t a  r e c o r d e d  i n  o p e r a t i o n a l  mines .  

The c u r v e s  g e n e r a t e d  f o r  t h e  i l l u s t r a t i o n s  c h a r a c t e r i z e  
t h e  n o i s e  envi ronment  i n  t h e  mines from which t h e  c o r r e s p o n d i n g  
d a t a  were  t a k e n ,  and s h o u l d  a i d  i n  t h e  d e s i g n  o f  r e l i a b l e  com- 
munica t ion  sys t ems  f o r  s u c h  mines .  

Key words :  A l l a n  v a r i a n c e  a n a l y s i s  ; a m p l i t u d e  p r o b a b i l i t y  d i s t r i -  
b u t i o n ;  a m p l i t u d e  s t a t i s t i c s ;  a v e r a g e  c r o s s i n g  r a t e ;  e l e c t r o m a g -  
n e t i c  i n t e r f e r e n c e ;  e l e c t r o m a g n e t i c  n o i s e ;  i m p u l s i v e  n o i s e ;  
i n t e r p u l s e  s p a c i n g  d i s t r i b u t i o n ;  magne t i c  f i e l d  s t r e n g t h ;  man- 
made n o i s e ;  p u l s e  d u r a t i o n  d i s t r i b u t i o n ;  t i m e  s t a t i s t i c s .  

1 . 0  I n t r o d u c t i o n  

The need  f o r  r e l i a b l e  communication sys t ems  i n  mines i s  a  l o n g - s t a n d i n g  

problem.  For  emergency u s e  when a l l  t h e  power i n  a  mine i s  c u t  o f f  t h e  r e s i -  

d u a l  e l e c t r o m a g n e t i c  (EM) n o i s e  i s  n o t  a  problem.  However, i f  a  communication 

sys t em were d e s i g n e d  f o r  emergency use  o n l y ,  i t  would have  two s e r i o u s  draw- 

b a c k s .  F i r s t ,  i t  would n o t  b e  r eady  f o r  u s e  i n  an emergency;  s e c o n d ,  i t  

would n o t  be  o f  any v a l u e  d u r i n g  normal  o p e r a t i o n s .  T h e r e f o r e ,  t h e  Bureau 

o f  Mines d e c i d e d  t o  d e s i g n  communication sys t ems  t h a t  c o u l d  be used  f o r  

b o t h  emergency and normal o p e r a t i o n a l  c o n d i t i o n s .  

During normal o p e r a t i o n  o f  a  mine ,  t h e  machinery  u s e d  c r e a t e s  a  wide 

r a n g e  o f  many t y p e s  o f  i n t e n s e  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  (EMI), and 

t h e r e f o r e  ambient  EM1 i s  a  major  l i m i t i n g  f a c t o r  i n  t h e  d e s i g n  o f  a  

communication sys t em.  

There  a r e  s e v e r a l  EM1 p a r a m e t e r s  t h a t  can  b e  measured:  magne t i c  f i e l d  

s t r e n g t h ,  H; e l e c t r i c  f i e l d  s t r e n g t h ,  E ;  conduc ted  c u r r e n t ,  i ,  and v o l t a g e ,  

v ,  be tween two c o n d u c t o r s .  Some measurements o f  e a c h  o f  t h e s e  p a r a m e t e r s  

were performed b u t  o n l y  one p a r a m e t e r  i s  d i s c u s s e d  h e r e ,  namely t h e  magne t i c  

f i e l d  s t r e n g t h ,  H ,  t h e  magni tude  o f  t h e  m a g n e t i c  f i e l d  v e c t o r  [ I ] .  S i n c e  

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

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

o f  i t s  f r e q u e n c y ,  t i m e ,  s e n s o r  o r i e n t a t i o n ,  and l o c a t i o n .  Smal l  changes  i n  

t h e s e  p a r a m e t e r s  can  c a u s e  many t e n s  o f  d e c i b e l s  v a r i a t i o n s  i n  t h e  measured 

f i e l d  s t r e n g t h .  



The purpose  of t h i s  r e p o r t  i s  t o  d e s c r i b e  and i l l u s t r a t e  f i v e  t ime and 

ampl i tude s t a t i s t i c s  needed t o  d e s c r i b e  t h e  random v a r i a t i o n s  o f  t h e  EM n o i s e  

i n  mines.  These s t a t i s t i c s  o f  EM n o i s e  a r e  t h e  s t a t i s t i c a l  d e s c r i p t o r s  o f  t h e  

n o i s e  p r o c e s s  needed t o  d e s i g n  and e v a l u a t e  a  te lecommunicat ion systems t h a t  

w i l l  o p e r a t e  i n  a  n o i s y  environment [2  $31 . 
I n  s e c t i o n  2 .0 ,  t h e s e  t ime  and ampl i tude s t a t i s t i c s  used f o r  t h e  a n a l y s i s  

o f  t h e  EM n o i s e  measured i n  mines a r e  d e s c r i b e d .  S e c t i o n  3.0 d e s c r i b e s  b r i e f l y  

t h e  measurement i n s t r u m e n t a t i o n  o f  an underground r e c o r d i n g  system,  a  d a t a  

t r a n s c r i b i n g  system, a  d a t a  p r o c e s s i n g  sys tem,  and t h e i r  c a l i b r a t i o n  p r o c e -  

d u r e s .  S e c t i o n  4.0 g i v e s  t h e  r e s u l t s  o f  t h e  recorded  d a t a  t a k e n  i n  t h e  mines 

ana lyzed  by t h e s e  t ime and ampl i tude s t a t i s t i c s  o f  EM n o i s e  t aken  i n  f o u r  d i f -  

f e r e n t  mines.  The c o n c l u s i o n s  a r e  given i n  s e c t i o n  5 .0 .  A recommendation f o r  

d a t a  p r o c e s s i n g  i n t o  a  s t a t i s t i c a l  form i s  given i n  s e c t i o n  6 . 0 .  

2.0 Measurands f o r  Time and Amplitude S t a t i s t i c s  f o r  EM Noise i n  Mines 

EM n o i s e  genera ted  i n  mines i s  g e n e r a l l y  a  n o n - s t a t i o n a r y ,  random p r o c e s s .  

T h e r e f o r e ,  t h e  most meaningful measurands f o r  EM n o i s e  g e n e r a t e d  i n  mines a r e  

s t a t i s t i c a l  ones .  We have used  f i v e  t ime and ampl i tude s t a t i s t i c s  i n  o r d e r  

t o  u n r a v e l  t h e  c o m p l e x i t i e s  inc luded  i n  t h e  EM, man-made n o i s e  i n  mines. We 

f e e l  t h a t  t h e  f o l l o w i n g  f i v e  measurands compose a  n e c e s s a r y  and s u f f i c i e n t  

s e t  o f  s t a t i s t i c s  upon which i n t e l l i g e n t  communication system des ign  d e c i s i o n s  

can be made. They a r e  : 

1. Al lan  Var iance A n a l y s i s  (AVA), 

2 .  I n t e r p u l s e  Spacing D i s t r i b u t i o n  ( ISD),  

3 .  P u l s e  Durat ion D i s t r i b u t i o n  (PDD) , 
4. Average Cross ing  Rate (ACR) , and 

5 .  Amplitude P r o b a b i l i t y  D i s t r i b u t i o n  (APD) . 
These a r e  d i s c u s s e d  below i n  d e t a i l .  

2 . 1  A l l a n  Var iance Ana lys i s  (AVA) 

I t  i s  e s s e n t i a l  t o  know how much d a t a  t o  g a t h e r  when d e a l i n g  w i t h  s t a -  

t i s t i c a l  q u a n t i t i e s .  T h e r e f o r e ,  i n  any measurement o f  a  s t a t i s t i c a l  phe- 

nomenon t h e  minimum l e n g t h  o f  t ime  over  which t h e  phenomenon i s  observed 

shou ld  be  determined.  Al lan  Var iance Ana lys i s  (AVA) can be used t o  accom- 

p l i s h  t h i s  d e t e r m i n a t i o n .  The b a s i c  i d e a  t o  be d i s c u s s e d  b r i e f l y  below has  

been implemented o f t e n  i n  t h e  d i s c u s s i o n  o f  f requency s t a b i l i t y  [ 4 , 5 , 6 ] ,  

and i s  a  s p e c i a l  c a s e  (sample s i z e  two) of t h e  more g e n e r a l  Al lan Var iance 

d i s c u s s e d  i n  t h e  r e f e r e n c e s .  



A r e c o r d  o f  t h e  phenomenon under c o n s i d e r a t i o n ,  y ( t ) ,  i s  d i v i d e d  i n t o  

a  number o f  e q u a l  t ime  segments o f  l e n g t h  r ,  and t h e  average  v a l u e  o f  y ( t ) ,  

yk, o f  each segment i s  c a l c u l a t e d  by 

t k + T  
1 

Yk = 7 I Y ( ~ )  d t ,  
k  

'). 
* k 

where yk i s  t h e  kth segment average  s t a r t i n g  a t  t ime  tk. N z x t r  t h e  sample 

v a r i a n c e  (sample s i z e  two) ,  a i ( 2 , r ) ,  o f  s u c c e s s i v e  averages  i s  c a l c u l a t e d .  

That  i s  

where 

i s  t h e  average  

A l l  an Var iance  

d e f i n e d  t o  b e  

o f  t h e  two s u c c e s s i v e  segment averages  yk and yk+l. The 

, ( 2 ) ,  f o r  t h i s  s p e c i a l  c a s e  (sample s i z e  two) i s  then  
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where t h e  b r a c k e t s  r e p r e s e n t  t h e  average  o f  a i ( 2 , ~ )  o v e r  a l l  p a i r s  o f  s u c -  

c e s s i v e  yk c o n s t r u c t e d  from y  ( t )  . 
The p r e c e d i n g  c a l c u l a t i o n  i s  r e p e a t e d  f o r  v a r i o u s  v a l u e s  o f  a v e r a g i n g  

p e r i o d ,  T .  For a  g iven maximum a l l o w a b l e  d e v i a t i o n  i n  y ( t )  t h e  minimum 

a v e r a g i n g  t i m e  can t h e n  be r e a d  o f f  t h e  graph.  An example i s  g iven i n  

s e c t i o n  4 . 0 .  A graph of  t h e  A l l a n  Var iance  t h a t  clds;o,t decrgas,e,-wL5,hhh~ 
i n d i c a t e s  t h a t  t h e  r e c o r d ,  y ( t )  , from which a 2  1 2 . ~ )  was c a w  -- _3_I..._U*- 

ed ne& - 
t o  b e  l o n g e r .  'FOR R GWEH (e,) - (t,+%, 

The d a t a  a r e  ana lyzed  t y p i c a l l y  by computer v i a  a  program des igned  t o  

compute t h e  a p p r o p r i a t e  A l l a n  v a r i a n c e .  I n  t h e  computer program l o g  a  

v e r s u s  l o g  T i s  p l o t t e d  on m i c r o f i l m  a l o n g  w i t h  t h e  a s s o c i a t e d  conf idence  

l e v e l s  [ 7 ] .  

2 .2  I n t e r p u l s e  Spac ing  D i s t r i b u t i o n  (ISD) [ 8 ]  

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

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

These d i s t r i b u t i o n s  a r e ,  o f  c o u r s e ,  f u n c t i o n s  o f  t h e  n o i s e  ampl i tude  l e v e l .  

Seven d i s t r i b u t i o n s  a r e  g i v e n ,  e a c h  f o r  a  d i f f e r e n t  n o i s e  ampl i tude  l e v e l ,  

c o v e r i n g  t h e  s i g n i f i c a n t  p o r t i o n  o f  t h e  dynamic range o f  t h e  n o i s e  p r o c e s s ,  

approx imate ly  4 5  dB. 



2 . 3  P u l s e  Dura t ion  D i s t r i b u t i o n  (PDD) [8 ]  

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

t h e  p u l s e  w i d t h s  and a r e  g iven  i n  terms o f  t h e  p e r c e n t a g e  of p u l s e s  which 

exceed v a r i o u s  w i d t h s  i n  s e c o n d s .  A s  i n  s e c t i o n  2 .2 ,  d i s t r i b u t i o n s  a r e  

g iven  f o r  each o f  t h e  seven  l e v e l s .  

2 .4  Average Cross ing  Rate (ACR) [8 ]  

The average c r o s s i n g  r a t e s  p r e s e n t  t h e  average  number o f  t imes  t h e  n o i s e  

ampl i tude  c r o s s e s  v a r i o u s  l e v e l s  and i s  g iven  a s  p o s i t i v e  c r o s s i n g s  p e r  second 

v e r s u s  n o i s e  ampl i tude  l e v e l .  

2 .5  Amplitude P r o b a b i l i t y  D i s t r i b u t i o n  (APD) 

The ampl i tude  p r o b a b i l i t y  d i s t r i b u t i o n s  a r e  p r e s e n t e d  a s  a  f r a c t i o n  o f  

t h e  t ime  t h e  enve lope  exceeds  v a r i o u s  l e v e l s .  The APD i s  t h e  most common 

s t a t i s t i c a l  measurand r e q u i r e d  f o r  a n a l y s i s  o f  t h e  performance o f  communication 

s y s t e m s .  The d e t a i l s  o f  t h e  measurement o f  APD's and t h e  r e s u l t i n g  p l o t s  o f  

d a t a  t a k e n  a r e  g iven i n  p r e v i o u s  l i t e r a t u r e  [ 8 , 9  , l o  , 11 ,12] .  

Noise  Measurement Techniques 

3 . 1  Measurement I n s t r u m e n t a t i o n  

T h i s  s e c t i o n  o f  t h e  r e p o r t  d e s c r i b e s  t h e  sys tem used t o  measure t h e  t ime  

and ampl i tude  s t a t i s t i c s  o f  EM n o i s e  i n  mines.  P a r t s  o f  t h i s  sys tem a r e  d e -  

s c r i b e d  i n  d e t a i l  i n  t h e  p r e v i o u s  l i t e r a t u r e  [9 ]  . F i g u r e s  1, 2 ,  and 3  g ive  

b lock  diagrams of  t h e  underground r e c o r d i n g  sys tem,  t h e  d a t a  t r a n s c r i b i n g  

sys tem,  and t h e  d a t a  p r o c e s s i n g  sys tem.  

3 .1 .1  Underground Recording System 

F i g u r e  1 g i v e s  t h e  b l o c k  diagram of  t h e  sys tem.  The p r i n c i p a l  pa ramete r  

measured i s  magnet ic  f i e l d  s t r e n g t h .  E l e c t r o s t a t i c a l l y - s h i e l d e d  loop  an tennas  

a r e  used t o  i n t e r c e p t  t h e  r a d i a t e d  magnet ic  f i e l d  and t o  s u b s t a n t i a l l y  d i s -  

c r i m i n a t e  a g a i n s t  any e l e c t r i c - f i e l d  component. For t h e  f requency  range 

between 10 kHz and 250 kHz, t h e  l o o p  an tenna  i s  a  c o l l a p s i b l e ,  s i n g l e - t u r n  

diamond c o n f i g u r a t i o n  w i t h  an a r e a  o f  about 0 . 7  s q u a r e  m e t e r s .  For t h e  

f requency  range between 150 kHz and 32 MHz, a  s i n g l e - t u r n ,  38-cm d iamete r  

loop  an tenna  i s  used w i t h  a  b a l u n .  A s w i t c h  on each  ba lun  a l lows  t h e  use  

o f  s e v e r a l  impedance-matching networks  ( f o u r  f o r  t h e  low f requency  c a s e  and 

e i g h t  f o r  t h e  h i g h  f requency  c a s e )  which c o n s i s t  o f  t r a n s f o r m e r s  and coup l ing  

c a p a c i t o r s  t o  g ive  t h e  d e s i r e d  match o v e r  t h e  r e q u i r e d  f requency r a n g e .  The 

o u t p u t s  o f  t h e  b a l u n s  a r e  fed i n t o  commercial ly a v a i l a b l e ,  b a t t e r y - p o w e r e d ,  

e l e c t r o m a g n e t i c  i n t e r f e r e n c e  and f i e l d  s t r e n g t h  mete r s  ( h e r e a f t e r  r e f e r r e d  t o  
a s  E I F S  m e t e r s ) .  
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I n  o r d e r  t o  measure t h e  t ime  and a m p l i t u d e  s t a t i s t i c s  f o r  t h e  EM n o i s e  

i n  mines ,  t h e  AGC c i r c u i t  o f  t h e  EIFS me te r  i s  d i s a b l e d .  S i n c e  t h e  g a i n  o f  

t h e  r e c e i v e r  i s  now c o n s t a n t ,  t h e  magni tude  o f  t h e  I F  o u t p u t  i s  d i r e c t l y  

r e l a t e d  t o  t h e  band l i m i t e d  i n p u t  n o i s e  s i g n a l  magni tude .  

A commerc ia l ly  a v a i l a b l e ,  b a t t e r y - p o w e r e d ,  p o r t a b l e ,  a n a l o g  magne t i c  

t a p e  r e c o r d e r  i s  used  f o r  r e c o r d i n g .  S i n c e  t h e  bandwidth  o f  t h i s  p o r t a b l e  

t a p e  r e c o r d e r  i s  l i m i t e d  t o  50 kHz, t h e  I F  o u t p u t  from t h e  EIFS meter  i s  

c o n v e r t e d  down from 455 kHz t o  40 kHz u s i n g  m i x e r s .  The t a p e  s p e e d  chosen on 

r e c o r d  and on p layback  i s  1 5  i n c h e s  p e r  second  ( i p s ) .  A t  t h i s  speed  t h e  

p o r t a b l e  t a p e  r e c o r d e r  f r e q u e n c y  r e s p o n s e  r ange  i s  100 H z  t o  50 kHz a t  t h e  

2 dB p o i n t s  i n  t h e  d i r e c t  r e c o r d i n g  mode, The i n p u t  v o l t a g e  r ange  i s  

a d j u s t e d  t o  r e c o r d  t h e  s i g n a l  l e v e l  be tween 10 m i l l i v o l t s  and 1 v o l t  rms 

w i t h  g a i n  o f  0  dB. 

An e x t e r n a l  s e t  o f  s e a l e d ,  l e a d - a c i d  b a t t e r i e s  i n  an  e x p l o s i o n - p r o o f  

e n c l o s u r e  i s  used  t o  d r i v e  t h e  p o r t a b l e  t a p e  r e c o r d e r .  The c u r r e n t  i s  

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

The power r e q u i r e m e n t  i s  a p p r o x i m a t e l y  1 3  w a t t s  a t  a  nominal  1 7 . 5  v o l t s .  

T h i s  b a t t e r y  s y s t e m  p r o v i d e s  power f o r  abou t  8  h o u r s  o f  r e c o r d i n g .  

3 . 1 . 2  Da ta  T r a n s c r i b i n g  System 

The c u m u l a t i v e  p e a k - t o - p e a k  f l u t t e r  o f  t h e  p o r t a b l e  t a p e  r e c o r d e r  i s  

a round 0 . 8  p e r c e n t ,  whereas  t h a t  o f  t h e  l a b o r a t o r y  t a p e  r e c o r d e r  i s  around 

0 . 4  p e r c e n t .  The t i m e  d i s p l a c e m e n t  e r r o r  i s  p e r h a p s  more i m p o r t a n t ,  b e i n g  

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

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

t r a n s c r i b e d  t h r o u g h  a  l a b o r a t o r y  t a p e  r e c o r d e r  whose s e r v o  sys t em can t a k e  

o u t  t h e  f l u t t e r  and wow i n t r o d u c e d  by t h e  p o r t a b l e  t a p e  r e c o r d e r .  F i g u r e  2 

g i v e s  t h e  b l o c k  d iag ram o f  t h e  sys tem.  To g i v e  a  r e f e r e n c e  t ime b a s e ,  a  

s t a b l e  25-kHz s i g n a l  i s  r e c o r d e d  on a  s e p a r a t e  t r a c k  a t  t h e  t ime t h e  mine 

r e c o r d i n g s  a r e  made. A t  p l a y b a c k  t ime  ( a f t e r  t r a n s c r i p t i o n )  t h i s  s i g n a l  i s  

u s e d  t o  c o n t r o l  t h e  s e r v o  o f  t h e  l a b o r a t o r y  t a p e  r e c o r d e r .  

3 . 1 . 3  Data P r o c e s s i n g  Sys tem 

T h i s  p o r t i o n  o f  t h e  measurement sys t em i s  d i f f e r e n t  from any p r e v i o u s l y  

used .  The d a t a  p r o c e s s i n g  sys t em c o n s i s t s  p r i n c i p a l l y  o f  t h e  l a b o r a t o r y  

a n a l o g  magne t i c  t a p e  r e c o r d e r  a s  a  p l a y b a c k  u n i t ,  an a m p l i f i e r ,  an e n v e l o p e -  

d e t e c t o r  r e c e i v e r ,  a  d i f f e r e n t i a l  a m p l i f i e r ,  an a c t i v e  low-pass  f i l t e r ,  and 

a  d i g i t i z e r .  F i g u r e  3  g i v e s  t h e  b l o c k  d iag ram o f  t h e  sys t em.  The a m p l i f i e r  

i s  u s e d  p r i m a r i l y  f o r  impedance c o n v e r s i o n  between t h e  o u t p u t  impedance o f  

t h e  l a b o r a t o r y  t a p e  r e c o r d e r  and t h e  i n p u t  impedance o f  t h e  e n v e l o p e - d e t e c t o r  

r e c e i v e r .  The 40-kHz o u t p u t  o f  t h e  l a b o r a t o r y  t a p e  r e c o r d e r  i s  f e d  i n t o  an 



e n v e l o p e - d e t e c t o r  r e c e i v e r  t o  e x t r a c t  t h e  baseband n o i s e .  S i n c e  t h e  d e t e c t o r  

o u t p u t  i s  coupled w i t h  a  f i x e d ,  dc b i a s  v o l t a g e  (- 6V), t h e  d i f f e r e n t i a l  ampl i -  

f i e r  i s  used  t o  t a k e  o u t  t h i s  dc o f f s e t .  The baseband n o i s e  i s  t h e n  f e d  i n t o  

an a c t i v e ,  low-pass  f i l t e r  t o  c u t  o f f  t h e  h i g h e r  f requency components above 

3  kHz b e f o r e  d i g i t i z i n g .  For d i g i t i z i n g ,  10 k  samples p e r  second w i t h  4096 

samples p e r  r e c o r d  a r e  used t o  produce 2500 r e c o r d s .  This cor responds  t o  

about  17  minutes  o f  r e a l - t i m e  d a t a .  

A l a r g e  d i g i t a l  computer i s  used t o  compute t h e  t ime  and ampl i tude  s t a -  

t i s t i c s  o f  t h e  EM n o i s e  d a t a  recorded  i n  t h e  mines.  The b a s i c  s o f t w a r e  was 

developed by L.R. Espeland and A.D. Spau ld ing  o f  t h e  O f f i c e  o f  Telecommunica- 

t i o n s ,  I n s t i t u t e  f o r  Telecommunications S e r v i c e  1131, and was modif ied by t h e  

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

any d e t a i l ,  b u t  t h e  program and cor responding  i n f o r m a t i o n  w i l l  be a v a i l a b l e  

from t h e  a u t h o r  upon r e q u e s t .  

The 3-dB cw s i g n a l  bandwidth o f  t h e  whole measurement sys tem,  i n c l u d i n g  

t h e  r e c o r d i n g ,  t r a n s c r i b i n g ,  and d a t a  p r o c e s s i n g  sys tems ,  is  p r i m a r i l y  

determined by t h e  d a t a  p r o c e s s i n g  sys tem.  The p r e d e t e c t i o n  bandwidth o f  t h e  

measurements f o r  t h e  f requency range between 10 kHz and 250 kHz i s  1 . 0  kHz, 

whereas t h e  bandwidth f o r  t h e  f requency range between 250 kHz and 32 MHz 

i s  1 . 2  kHz. The a p p r o p r i a t e  p r e d e t e c t i o n  bandwidths a r e  i n d i c a t e d  i n  each 

f i g u r e .  The dynamic range o f  t h e  whole measurement sys tem i s  p r i m a r i l y  

l i m i t e d  by t h e  magnet ic  t a p e  r e c o r d e r  t o  about  45 dB. 

3 .2  C a l i b r a t i o n  

C a l i b r a t i o n  p rocedures  s i m i l a r  t o  t h o s e  fol lowed i n  deve lop ing  t h e  APD's 

r e p o r t e d  e a r l i e r  a r e  used [ 9 , 1 4 ] .  For average c r o s s i n g  r a t e s  and ampl i tude 

p r o b a b i l i t y  d i s t r i b u t i o n s ,  t h e  number o f  t imes  a  s e l e c t e d  l e v e l  i s  exceeded 

i s  determined f o r  each  o f  seven  l e v e l s .  These seven l e v e l s  a r e  approximately  

2 ,  4 ,  1 0 ,  30,  100 ,  300, and 800 mV, and a r e  c a l i b r a t e d  u s i n g  a  cw s i g n a l  each 

t ime  t h e  d a t a  a r e  d i g i t i z e d .  The e s t i m a t e d  l i m i t s  o f  e r r o r  f o r  EM n o i s e  

measurements o f  t ime and ampl i tude s t a t i s t i c s  a r e  2 5  dB [9]. 

4.0 Noise Measurement R e s u l t s  

Data f o r  t ime and ampl i tude  s t a t i s t i c a l  a n a l y s i s  of t h e  EM n o i s e  were 

t aken  d u r i n g  a c t u a l  o p e r a t i o n  o f  t h e  f o l l o w i n g  mines: 1 )  Robena No. 4 Coal 

Mine, Waynesburg, Pennsy lvan ia ;  2) Grace Hardrock Mine, Morgantown, Pennsy lvan ia ;  

3) McElroy Coal Mine, Moundsvi l le ,  West V i r g i n i a ;  and 4) Itmann No. 3  Coal 

Mine, Mullens ,  West V i r g i n i a .  The d e t a i l e d  d e s c r i p t i o n s  o f  t h e s e  mines a r e  

given i n  t h e  p r e v i o u s  l i t e r a t u r e  [9 ,10 ,11 ,12] .  Although u s u a l l y  t h r e e  

o r thogona l  components o f  t h e  magnet ic  f i e l d  were measured a t  t e n  t o  twelve 



f r e q u e n c i e s  i n  t h e  range from 10 kHz t o  32 MHz, t ime and ampl i tude  s t a t i s t i c a l  

a n a l y s i s  f o r  t h e  v e r t i c a l  component o f  t h e  magnet ic  f i e l d  a t  1 0  kHz, 70 kHz, 

and 1 MHz o n l y  a r e  r e p o r t e d  a s  i l l u s t r a t i v e  examples i n  t h i s  r e p o r t .  

F ive  f i g u r e s  compromise a  s e t  where each  o f  t h e  f i v e  t ime and ampl i tude  

s t a t i s t i c s  i s  d i s p l a y e d  ; namely,  A l l a n  Var iance  A n a l y s i s  (AVA) , I n t e r p u l s e  

Spacing D i s t r i b u t i o n  (ISD) , P u l s e  Dura t ion  D i s t r i b u t i o n  (PDD) , Average 

Cross ing  Rate (ACR), and Amplitude P r o b a b i l i t y  D i s t r i b u t i o n  (APD). Each 

o f  t h e s e  s e t s  o f  cu rves  shown i n  f i g u r e s  4  th rough  11 d i s p l a y s  d i f f e r e n t  

measurements made a t  t h e  f o u r  mines l i s t e d  above.  More comprehensive r e s u l t s  

o f  ampl i tude  s t a t i s t i c s  a l o n e  a r e  g iven  i n  t h e  p r e v i o u s  l i t e r a t u r e  [ 9 , 1 0 , 1 1 , 1 2 ]  . 
The l e n g t h  o f  t ime f o r  each  measurement i s  23 m i n u t e s ,  and 17 minutes  

o f  a c t u a l  r e a l  t ime d a t a  i s  p r o c e s s e d  t o  o b t a i n  t h e  t ime and ampl i tude  

s t a t i s t i c s  f o r  t h e  t o t a l  n o i s e  i n  t h e  mines.  Each r e s u l t  o f  A l l a n  Var iance  

A n a l y s i s  shows t h e  v a l i d i t y  f o r  t h e  c h o i c e  of  a  s e v e n t e e n  minute measurement 

t ime .  This  s e v e n t e e n  minute t ime  p e r i o d  f o r  each  measurement i s  adequa te  

f o r  c o v e r i n g  t h e  v a r i a t i o n s  due t o  t h e  l o c a l  work c y c l e ,  a t  l e a s t  f o r  s h o r t  

(3-4  minute) c y c l e s  common i n  working s e c t i o n s  o f  r o o m - a n d - p i l l a r  mines.  For 

example,  f i g u r e  6 - a  shows t h e  r e s u l t  o f  t h e  A l l a n  Var iance  A n a l y s i s  (AVA) o f  

EM n o i s e  a t  2 MHz measured a t  t h e  Robena No. 4  Coal Mine. The f i g u r e  i n d i -  

c a t e s  t h a t  t h e  0 . 3  second averaged d a t a  have a  s t a n d a r d  d e v i a t i o n  o f  1 8 %  

(Q 1 . 5  dB) from 17 minute averaged d a t a ,  whereas  t h e  5 minute  averaged d a t a  

have on ly  a  s t a n d a r d  d e v i a t i o n  o f  5% (s 0 .4  dB) from 1 7  minute  averaged d a t a .  

G e n e r a l l y ,  when t h e  n o i s e  g e n e r a t i o n  mechanism i s  r e l a t i v e l y  s t a t i o n a r y  , t h e  

Al lan  V a r i a n c e ,  a 2  (2 , r )  , t e n d s  t o  d e c r e a s e  a s  t h e  averag ing  p e r i o d ,  r  , i s  

i n c r e a s e d .  However, t h e r e  a r e  c a s e s  when t h e  Al lan  Var iance ,  a 2  ( 2  , T )  , does 

i n c r e a s e  w i t h  an i n c r e a s e  o f  t h e  a v e r a g i n g  p e r i o d ,  T ,  a s  shown i n  f i g u r e  1 0 - a  

( t a k e n  a t  70 kHz a t  t h e  Itmann No. 3 Coal Mine).  I t  i s  b e l i e v e d  t h a t  t h e  work 

c y c l e  f o r  t h i s  l o n g w a l l  mine i s  much l o n g e r  t h a n  s e v e r a l  m i n u t e s ,  and 17  

minutes  o f  r e a l  t ime d a t a  i s  n o t  s u f f i c i e n t l y  long  enough t o  g i v e  s t a t i s t i c a l l y  

meaningful  r e s u l t s  f o r  an e n t i r e  work c y c l e .  

For  Average C r o s s i n g  Rates  (ACR) and Amplitude P r o b a b i l i t y  D i s t r i b u t i o n s  

(APD) , t h e  seven l e v e l s  which a r e  exceeded a r e  approx imate ly  2 ,  4 ,  1 0 ,  30, 

1 0 0 ,  300,  and 800 mV. For I n t e r p u l s e  Spacing D i s t r i b u t i o n s  ( ISD),  and Pu l se  

Spacing D i s t r i b u t i o n s  (PSD) , t h e s e  a r e  t h e  l e v e l s  a t  which a  p a r t i c u l a r  t ime 

i n t e r v a l  i s  exceeded.  These seven  l e v e l s  a r e  c a l i b r a t e d  u s i n g  a  cw s i g n a l  

each  t ime t h e  d a t a  was d i g i t i z e d .  The t ime i n t e r v a l s  t h a t  a r e  exceeded a r e  

0 . 2 ,  0 . 6 ,  2 ,  6 ,  20, 60,  200, 600,  2000, 6000, and 20,000 m i l l i s e c o n d s .  The 

i n t e r p r e t a t i o n s  o f  t h e s e  o t h e r  f o u r  t ime s t a t i s t i c s  a r e  r a t h e r  obv ious .  For 

example,  i n  f i g u r e  4  -b , t h e  I n t e r p u l s e  Spac ing  D i s t r i b u t i o n  (ISD) i n d i c a t e s  

t h a t  55 p e r c e n t  o f  t h e  t ime t h e  i n t e r p u l s e  s p a c i n g  exceeds  2000 m i l l i s e c o n d s  

a t  t h e  EM n o i s e  l e v e l  of  46 dB above one microampere p e r  meter .  S i m i l a r l y ,  i n  

f i g u r e  4 - c ,  t h e  P u l s e  Dura t ion  D i s t r i b u t i o n  (PDD) i n d i c a t e s  t h a t  1 2  p e r c e n t  o f  



t h e  t i m e ,  t h e  p u l s e  w i d t h s  exceed  200 m i l l i s e c o n d s  a t  t h e  EM n o i s e  l e v e l  o f  

2 dB above one microampere p e r  m e t e r .  I t  s h o u l d  be n o t e d  t h a t  a l t h o u g h  t h e  

I n t e  r p u l s e  S p a c i n g  D i s t r i b u t i o n s  (ISD) and t h e  P u l s e  D u r a t i o n  D i s t r i b u t i o n s  

(PDD) a r e  complementary t o  e a c h  o t h e r ,  one canno t  be o b t a i n e d  from t h e  o t h e r .  

I n  f i g u r e  4 - d ,  t h e  Average C r o s s i n g  Rate (ACR) c h a r a c t e r i s t i c  i n d i c a t e s  t h a t  

t h e  ave rage  p o s i t i v e  c r o s s i n g s  a t  an EM n o i s e  l e v e l  o f  20 dB above one mic ro -  

ampere p e r  me te r  a r e  300 c r o s s i n g s  p e r  second .  F u r t h e r ,  i n  f i g u r e  4 - 3 ,  t h e  

Ampli tude P r o b a b i l i t y  D i s t r i b u t i o n  (APD) i n d i c a t e s  t h a t  20 p e r c e n t  o f  t h e  

t i m e ,  t h e  EM n o i s e  exceeds  28 dB above one microampere p e r  m e t e r .  These f i v e  

t ime  and a m p l i t u d e  s t a t i s t i c s  a r e  e s s e n t i a l  t o  a d e q u a t e l y  d e s c r i b e  EM n o i s e  

i n  mines .  

5 . 0  Conc lus ions  

The t ime and ampl i tude  s t a t i s t i c s  i l l u s t r a t e d  i n  t h i s  r e p o r t  a r e  t h o s e  

n e c e s s a r y  t o  a d e q u a t e l y  d e s c r i b e  t h e  t i m e - d e p e n d e n t ,  EM n o i s e  i n  mines .  

They a r e  1 )  A l l a n  Var i ance  Analyses  (AVA), 2) I n t e r p u l s e  Spac ing  D i s t r i b u t i o n s  

(ISD) , 3) P u l s e  D u r a t i o n  D i s t r i b u t i o n s  (PDD) , 4 )  Average C r o s s i n g  Ra tes  (ACR) , 
and 5 )  Ampli tude P r o b a b i l i t y  D i s t r i b u t i o n s  (APD) . These s t a t i s t i c s  a r e  i l l u s  - 

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

mines t h r o u g h  computer  s o f t w a r e  t e c h n i q u e s  . The p a r a m e t e r  a s s e s s e d  t h r o u g h  

t h i s  s t a t i s t i c a l  approach  i s  t h e  magnet ic  f i e l d  s t r e n g t h .  The a b s o l u t e  v a l u e s  

o f  t h e  magne t i c  f i e l d  s t r e n g t h  a n a l y z e d  a r e  o b t a i n e d  w i t h  c a l i b r a t e d  e q u i p -  

ments .  The f r e q u e n c y  r a n g e s  o f  t h e  magne t i c  f i e l d  s t r e n g t h s  c o v e r  from 

10 kHz t o  32 MHz. The l e n g t h  o f  t i m e  n e c e s s a r y  t o  p r o v i d e  s t a t i s t i c a l  

v a l i d i t y  was de te rmined  from t h e  A l l a n  Var i ance  A n a l y s i s  t o  b e  abou t  1 7  minu tes  

f o r  most o f  t h e  mines measured.  The c u r v e s  g e n e r a t e d  f o r  t h e  i l l u s t r a t i o n s  

c h a r a c t e r i z e  t h e  n o i s e  envi ronment  i n  t h e  mines from which t h e  c o r r e s p o n d i n g  

d a t a  were t a k e n ,  and s h o u l d  a i d  i n  t h e  d e s i g n  o f  r e l i a b l e  communication sys t ems  

f o r  such  mines .  

6 .0  Recommendat i o n s  

There a r e  shor t comings  i n  u s i n g  t h e s e  p a r t i c u l a r  computer  s o f t w a r e  t e c h -  

n i q u e s  t o  o b t a i n  t h e  s t a t i s t i c s  p r e s e n t e d .  F i r s t ,  c o s t  i s  v e r y  h i g h  due t o  

t h e  number o f  man-hours needed t o  d i g i t i z e  and p r o c e s s  t h e  d a t a .  Second,  

i f  t h e  l e n g t h  o f  t ime  r e q u i r e d  t o  pr-ovide s t a t i s t i c a l  v a l i d i t y  were l o n g e r  

than  1 7  m i n u t e s ,  o t h e r  p r a c t i c a l  l i m i t s  would be e n c o u n t e r e d  i n  u s e  o f  t h e  

computer .  

A s i g n i f i c a n t  r e d u c t i o n  i n  b o t h  t ime  and c o s t  would be  ach ieved  i f  h a r d -  

ware was deve loped  t o  p r e s e n t  t h e  d a t a  i n  t h e  r . equ i red  s t a t i s t i c s  p r e s e n t e d  

h e r e  w i t h o u t  t h e  s e r i o u s  l i m i t a t i o n s  due t o  t h i s  s o f t w a r e  approach .  
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Figure  1. Block d i ag ram of underground recording sys t em.  
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Figure 2.  Block diagram of transcribing system. 
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Figu re  4-a .  AVA, 10 kHz, ve r t i c a l  component, 1. 0 kHz predetection 
bandwidth, December  5, 1972, 11:25 a. m . ,  Robena No. 4. 
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Figur& 4-be ISD, 10 kHz, vertical component, 1 .0  kHz predetection 
bandwidth, December 5, 1972, 11:25 a .  m . ,  Robena No. 4.  



Figure 4-c. PPD, 10 kHz, vertical component, 1.0 kHz predetection 
bandwidth, December 5, 1972, 11:25 a. m., Robena No. 4. 
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Figure 4-d. ACR, 10 kHz, ver t ica l  component, 1.0 kHz predetection 
bandwidth, December  5, 1972, 11:25 a .  m. ,  Robena No. 4. 
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bandwidth, December  5, 1972, 11:25 a .  m . ,  Robena No. 4. 
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TAU MIN. = 3.000 T/TAU = 1.0000 

MEAN VALUE = 3.5882+001 

I 10 100 

AVERAGING TIME T IN SECONDS 

F i g u r e  5-a. A V A ,  70  kHz,  v e r t i c a l  c o m p o n e n t ,  1. 0 kHz p r e d e t e c t i o n  
bandwidth, D e c e m b e r  5, 1972 ,  2:45 p. m. , R o b e n a  No. 4. 



Figure 5-b. ISD, 70 kHz, vertical component, 1.0 kHz predetection 
bandwidth, December 5, 1972, 2:45 p.m., Robena No. 4. 
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Figure 5-c. PDD, 70 kHz, ver t ical  component, 1 .0  kHz predetectlon 
bandwidth, December 5, 1972, 2:45 p . m . ,  ~ o b e n a ' N o .  4. 



Figure  5-d. ACR, 70 kHz, vert ical  component, 1.0 kHz predetection 
bandwidth, December 5, 1972, 2:45 p.m., Robena No. 4. 



Percent of Time Ordinate is Exceeded 

Figure 5-e. APD, 70 kHz, vert ical  component, 1.0 kHz predetection 
bandwidth, December 5, 1972, 2:45 p. m.,  Robena No. 4. 



TAU M I N .  = 3 . 0 0 0  T/TAU = 1 . 0 0 0 0  

MEAN VALUE = 5 . 5 3 3 0 + 0 0 1  

F igure  6-a.  AVA, 2 MHz, ver t i ca l  component, 1.2 kHz predetection 
bandwidth, December  5, 1972, 2:3 5 p .m. ,  Robena No. 4.  
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Figure 6-b. ISD, 2 MHz, ver t ical  component, 1.2 kHz predetection 
bandwidth, December 5, 1972, 2:3 5 p. m.  , Robena No. 4. 
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Figure 6-c. PDD, 2 MHz, vertical component, 1.2 kHz predetection 
bandwidth, December 5, 1972, 2:3 5 p. m.,  Robena, No. 4. 
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Figure  6-d. ACR, 2 MHz, ver t ical  component, 1.2 kHz predetection 
bandwidth, December  5, 1972, 2:3 5 p. m . ,  Robena No. 4. 



Percent of Time Ordinate is Exceeded 

Figure 6-e.  APD, 2 MHz, ver t ical  component, 1 .2  kHz predetection 
bandwidth, December 5, 1972, 2:35 p . m . ,  Robena No. 4. 
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TAU MIN. = 3.000 T/TAU = 1.0000 

MEAN VALUE = 3.4767+001 

I 10 100 

AVERAGING TIME T IN SECONDS 

F i g u r e  7 -a .  AVA, 1 MHz, v e r t i c a l  component,  1. 2  kHz predetect ion 
bandwidth, Apr i l  24, 1973, 10:30 a .  m .  , G r a c e  Mine.  



PERCENT OF TIME ORDINATE IS EXCEEDED 

Figure  7-b. ISD 1 MHz, ver t ical  component, 1.2 kHz predetectlon 
bandwidth, April  24, 1973, 10:30 a .m. ,  Grace  Mine. 



Figure 7 -c .  PDD, 1 MHz, vertical component, 1 . 2  kHz predetection 
bandwidth, April 24, 1973 1 10:3 0 a. m. , Grace Mine. 



MAGNETIC FIELD STRENGTH, H (dB RELATIVE TO I MICROAMPERE PER METER) 

Figure 7-d.  ACR, 1 MHz, vertical  component, 1 . 2  kHz predetection 
bandwidth, April 24, 1973, 10:30 a .  m .  , Grace Mine. 



Percent of Time Ord i note is Exceeded 

Figure  7 -e .  APD, 1 MHz, ver t ica l  component, 1.2 kHz predetection 
bandwidth, Apri l  24,  1973, 10:30 a .  m. , Grace  Mine. 



TAU MIN. = 3 . 0 0 0  T/TAU = 1 . 0 0 0 0  

MEAN VALUE = 2 . 3 3 9 3 + 0 0 1  

I 10 100 

AVERAGING TIME T IN SECONDS 

Figure  8-a .  AVA, 1 MHz, ver t ical  component, 1 . 2  kHz predetection 
bandwidth, Apri l  10, 1973, 1:10 p. m., McElroy Mine. 
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Figure 8-b.  ISD, 1 MHz, ver t ical  component, 1.2 kHz predetection 
bandwidth, April  10, 1973, 1:10 p. m e ,  McElroy Mine. 



Figure 8-c. PDD, 1 MHz, ver t ical  component, 1.2 kHz predetection 
bandwidth, April  10, 1973, 1:10 p.m.,  McElroy Mine. 
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Percent of Time Ordinate is Exceeded 

Figure 8-e. APD, 1 MHz, ver t ical  component, 1.0 kHz predetection 
bandwidth, Apr i l  10, 1973, 1:10 p .m. ,  McElroy Mine. 



TAU MIN. = 3 . 0 0 0  T/TAU= 1 . 0 0 0 0  I - 
MEAN VALUE = 1 . 7 5 4 0 + 0 0 1  

F igu re  9-a. AVA, 10 kHz, ve r t i ca l  component, 1. 0 kHz predetect ion 
bandwidth, Apri l  17, 1973, 11 :40 a .  m .  , I tmann No. 3 .  



PERCENT OF TIME ORDINATE IS EXCEEDED 

Figure 9-b. ISD, 10 kHz, vertical component, 1.0 kHz predetection 
bandwidth, April 17, 1973, 1 1 :40 a .  m .  , Itmann No. 3 .  



Figure  9-c.  PDD, 10 kHz, ver t ical  component, 1 .0  kHz predetection 
bandwidth, April  17, 1973, 11 :40 a. m.  , Itmann No. 3. 



MGNETIC FIELD STRENGTH, H (dB RELATIVE TO I MICROAMPERE PER METER) 

Figure 9-d. ACR, 10 kHz, vertical component, 1 . 0  kHz predetection 
bandwidth, April 17, 1973, 11:40 a .  m. ,  Itmann No. 3 .  
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Figure  9-e. APD, 10 kHz, ver t ical  component, 1 . 0  kHz predetection 
bandwidth, Apri l  17, 1973, 11:40 a .  m. , Itmann No. 3 .  
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TAU MIN. = 3.000 T/TAU = 1.0000 

MEAN VALUE = 2.4862+001 

I 10 100 

AVERAGING TIME r IN SECONDS 

Figure 10-a. AVA, 70 kHz, ver t ical  component, 1 .0  kHz predetection 
bandwidth, Apri l  17, 1973, 12:50 p. m.  , Itmann No. 3. 
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PERCENT OF TIME ORDINATE IS EXCEEDED 

Figure  10-b. ISD, 70 kHz, ver t ical  component, 1.0 kHz predetection 
bandwidth, Apri l  17, 1973, 12:50 p. m.  , Itmann No. 3. 
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PERCENT OF TIME ORDINATE IS EXCEEDED 

Figure 10-c. PDD, 70 kHz, ver t ical  component, 1.0 kHz predetection 
bandwidth, April  17, 1973, 12:50 p.m., Itmann No. 3. 
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Figure 10-e. APD, 70 kHz, ver t ical  component, 1.0 kHz predetection 
bandwidth, April 17, 1973, 12:50 p. m. , Itmann No. 3. 



TAU M I N .  = 3 . 0 0 0  T/TAU = 1 . 0 0 0 0  

MEAN VALUE = 2 . 7 1 1 8 + 0 0 1  

AVERAGING TIME T I N  SECONDS 

Figure  11- a. AVA, 1 MHz, ver t i ca l  component, 1. 2 kHz predetection 
bandwidth, Apr i l  17, 1973, 12:20 p. m. , I tmann No. 3 .  



Figure 11 -b. ISD, 1 MHz, vertical component, 1.2 kHz predetection 
bandwidth, April 17, 1973, 12:20 p .m. ,  Itmann No. 3. 



Figure 11-c. PDD, 1 MHz, vertical component, 1.2 kHz predetection 
bandwidth, April 17, 1973, 12:20 p. m. , Itmann No. 3. 
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Figure  11 -e.  APD, 1 MHz, ver t ical  component, 1 .2  kHz predetection 
bandwidth, April  17, 1973, 12:20 p. m .  , Itmann No. 3. 
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